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ii Summary: 
 
   Bioaerosols include bacterial cells, pollen, fungi, cell fragments and other biogenic organic 

compounds. A fraction of these bioaerosols serve as ice-nucleating and cloud condensation agents. 

Ice nucleating bacteria (INA) are the most efficient known ice nucleator. The bacteria get aerosolized 

from their source environments, into the lower atmosphere. They are capable of excreting highly 

specialized proteins to the their outer membrane, which act as a template for the formation of ice. The 

protein is produced by transcription of a single gen called the ina gene. In the atmosphere this proces 

induces precipitation and the bacteria are redeposited down to Earth. This life cycle of the INA 

bacteria connects the biosphere with the atmosphere and involves the process of ”bioprecipitation”.  

   In this study an ice-nucleation-active (INA) strain of Pseudomonas syringae strain (R10.79), 

isolated from rain, is investigated as a model for INA bacteria. The aim of our laboratory studies is 

to (i) investigate the expression of the ina gene and the factors that cause the expression, with focus 

on the growth phase of the cell and cold induction (ii) investigate how aerosolization affects the 

viability, in particular the effects of the desiccation. 

   The INA protein sequence have been identified and antibodies produced (GenScript, Germany). 

Antibodies are used to target INA proteins on the surface of single cells, so they are visualized and 

quantified by flow cytometry. The expression level is determined according to the fluorescence 

intensity of the antibody binding to the protein. The expreesion level throughout the growth phase of 

the cell and the effect of cold-conditioning was tested as a potential inducing mechanism for gene 

expression.  

   In order to assess the effects of aerosolization on the viability and activity of bacterial cells a 

bioaerosol experimental setup was constructed. Flow cytometry was used to study physiological 

responses of the cells. The membrane integrity was used to define as viablity parameter. A cell with 

an intact membrane was defined viable.  

 Our results indicate that the 1/3 of aerosolized cells were able to survive the process.   INA protein 

production were shown to depend on the physiological state of the cells, by a high proportion of INA 

cells observed in the mid-exponential growth phase. The exposure of cells to low temperatures, which 

is normally considered to be the main driver of INA protein synthesis, had no significant effect on 

the ice nucleation activity of the cells, evaluated by drop freeze method. 
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iii Sammenfatning 
 
   Bioaerosoler inkluderer bakterie celler, pollen, svampe celler, celle fragmenter og andre biogene 

organiske stoffer. En fraktion af disse bioaerosoler fungerer som is-nukleerende og skykondenserende 

agenter. Is-nuklerende bakterier (INA) er det mest effektive is-nukleatorer endnu identificeret. 

Bakterierne bliver aerosoliseret fra miljø på jorden op i nedre atmosfæren. Det er i stand til at 

producere højt specifikke proteiner, som der transpoteres til deres ydre membrane, hvor de fungere 

som en overflade for isdannelse. Proteinet produceres af transkiption af et enkelt gen kaldet ina genet. 

I atmosfæren inducerer denne proces nedbør, hvilket resulturer i at bakterierne falder ned på jorden 

igen. Denne livscyklus for INA bakterierne sammenbinder biosfæren med atmosfæren, og involverer 

prosses ”bionedbør”. 

   I dette studie undersøges en is-nuklerende bakterie af arten Pseudomonas syringae, som er isoleret 

fra regn. Formålet med vores laboratorie studier er at i) undersøge ekspressionen af ina genet og de 

faktorer som lægger til grund for dets ekspression, med fokus på cellens vækststadie og 

kuldeinducering ii) undersøge hvilken påvirkning aerosolisering af cellernes viabilitet, især effekten 

af tørkestress er i fokus.  

   INA protein sekvensen er indenficeret og antistoffer produceret (GenScript, Germany). Disse 

antistoffer benyttes til at detekterer og kvantifisere INA proteiner på den ydre overflade af enkelt 

celler, ved brugen af flow cytometri. Genexpressions niveauet undersøges gennem vækstfasen af 

cellen, og kuldeinducering testes som en potential inducerings kilde for genekspressionen.  

   Effekten af aerosoliseringen på cellernes viablitet testest ved et bioaersol eksperimentielt set-up, 

som var konstrueret. Flow cytometri benyttes til at studere den fysiologiske respons af aerosolisering 

på celler, membran integriteten benyttes som viabilitets parameter. En celler med en intakt 

cellemembran defineres som viabel. 

   Vores resultater indikerer at 1/3 aerosoliserede celler er i stand til at overleve processen. INA 

protein produktionen var vist at afhænge af det fysiologiske stadie af cellen, med den højeste anddel 

af INA celler detekteret i den mid-eksponentielle fase af cellens vækstfase. Kuldeinducering af 

cellerne, hvilket normalt vis er betegnet som hoved mekanismen for INA protein syntese, viste ikke 

at have nogen signifikant effekt på den is-nuklerende aktivitet af cellerne, som var evalueret ved en 

dråbe fryse forsøg.   
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iv Thesis Outline 
 
This master thesis is composed of five chapters. 

 

Chapter 1 contains the introduction to the thesis. In this chapter background knowledge is given on 

microorganisms in the atmosphere, the process of ice nucleation, ice nucletion bacteria and their ice 

nucleating protein and its impact on climate/weather impact. Furthermore, in this chapter objectives 

and hypothesis of the thesis are presented. 

 

Chapter 2 contains the article manuscript, which include the method, results and discussion of the 

experiments. The experiments were carried out on a model ice nucleating active species, based on 

two fields of exploration; the geneexpression of the ice nucleating gene, and the viability effect of 

aerosolization on this strain.  

 

Chapter 3.1 presents the aerosolization set up built at Lund University, Ergonomics and Aerosol 

studies, and how this set up was optimized from a microbiological perspective.  

 

Chapter 3.2 presents the flow cytometry viability staining optimizing procedure for bioaerosol 

studies.  

 

Chapter 4 contains a joint conclusion on all experiments, and suggestions for further investigations.  
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1 Introduction 
 
1.1 Airborne microorganisms and desiccation stress 
 

   We as humans breathe it, move and travel through eddies and tides of air without thinking “air is 

actually alive” (Womack et al., 2010). Each m3 of the atmosphere is, however, inhabited with 10 000 

– 100 000 microbial cells (Burrows et al, 2009) that belong to a diverse assembly of taxa (Brodie et 

al, 2007). These airborne microbial cells are exposed to high level of solar radiation, repeated freeze-

thaw cycles, a high level of oxidants, and severe desiccation.  

 

   In particular desiccation is detrimental for bacterial cells and precludes their activity in the 

atmosphere. Changes in cellular water levels, both desiccation and rewetting, poses physiological 

constraints that very few organisms can tolerate (Potts, 1994). A general pattern has however been 

observed in tolerance to desiccation. Desiccation tolerant organisms tend to be small, such as bacteria, 

yeast, or tardegrades (Potts, 1994). The question is how these organisms survive in dry environments. 

 

   There are two major types of desiccation: matric desiccation, where single cells are desiccated 

exposed to the atmosphere and osmotic desiccation, where cells are desiccated in an aqueous solution 

(Potts, 1994). Desiccation causes shrinking of capsular layers, increase in intracellular salt levels, 

crowding of macromolecules, reduced membrane fluidity, and changes in physiological processes 

such as cell growth (Potts, 1994). Especially membrane lipids and proteins are vulnerable to 

desiccation. The effects of dessication can be counteracted by the ability of cells to synthesize 

compounds such as trehalose, sucrose and inositol, which helps them to maintain the fluidity of the 

membrane (Webb, 1967). Not all airborne bacteria are dessicated, though. In clouds, bacteria 

condense water vapor on their surface and end up immersed in cloud droplets. Cloudborne bacteria 

encounter great variation in osmolarity, due to repeated condensation-evaporation cycles (Pruppacher 

and Jaenicke, 1995). Cloud water also contains a mixture of chemical compounds, among which 

strong acids and oxidants represent an additional stress to the cells (Joly et al, 2015).  

Despite being exposed to all these harsh stress factors, a significant fraction of the microorganisms 

in clouds remains alive and metabolically active (Amato P. et al, 2007).  

   The influence of aerosolization on bacterial viability remains poorly investigated. This is one of the 

two major aims of our study. We prepared an aerosolization set up with a focus on the desiccation 

and hyperosmotic stress that the cells will experience when becoming airborne. 
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1.2 Heterogeneous ice nucleation 

   Freezing of pure liquid water is a complex process. When water molecules are in a liquid state they 

cluster into different size clusteres, which are only seperated by a small energy barrier and thus 

dynamically switch from one to another (Stryer, 2012). When this process occurs bellow 0 °C without 

the water clusters reaching a stable stage, the water is in a so-called supercooled state (Morries et al, 

2004). The transformation of liquid water or water vapor into ice, which is a stable phase, need to be 

initiated by a process of nucleation, which can be either homogeneous or heterogenous (Szyrmer and 

Zwadzki, 1997). Supercooled water remains unfrozen until it freezes spontaneously at -39°C, and this 

type of freezing is called homogeneous freezing. If a catalyst, a substance that can reduce the energy 

needed for ice formation, is present, water is able to freeze at temperatures as warm as -1°C. The 

catalyst, in this connection, is also called an ice nuclei (IN) and can be of biological origin, as pollen, 

bacterial cells, fungi cell fragments, or of non-biological orgin such as mineral dust, sood and black 

carbon (Hoose and Möhler, 2012). An ice nucleus is often characterized by the threshold temperature 

at which the nucleation occurs. A population of IN is often defined by the number of active nucleation 

sites the activity of which is a function of temperature. Heterogeneous ice formation is considered 

the most abundant type of ice formation (Szyrmer and Zwadzki, 1997).  

   According to Khain et al (2000), there are four nucleation mechanisms through which IN may 

operate; (i) deposition nucleation, during which water vapor directly transforms into ice on the surface 

of IN, (ii) condensation nucleation, where a liquid layer is first formed on the surface of IN after 

which the liquid freezes, (III) immersion nucleation, during which an IN is located within the droplet 

and induces its freezing, and (iv) contact nucleation, when freezing is induced by collision of a 

supercooled drop and the IN. In this study immersion freezing will be investigated.  

 
1.3 Pseudomonas syringae and other ice nucleation active bacteria  
 
  Pseudomonas syringae is a 3-µm long, rod shaped, Gammaproteobacteria. It was originally isolated 

from a diseased lilac three (Syringa vulgaris L.), from which it got is name. P. syringae is a gram 

negative strictly aerobic bacteria. Although once numbering more than 40 species, all are now 

classified as a single species P. syringae (Hirano and Upper, 2000). With a growth optimum of 28°C 

they are considered mesophilic (Young et al, 1992). They are motile due to presence of polar flagella. 

Lindow et al, (1983) was first to describe the ice-nucleation activity of P. syringae.  

Ice nucleation activity has been found among a broad variety of microorganisms, diatoms, pollen, 

fungi, and bacteria (Delort et al, 2010). The wellbest studied among different ice-nucleation active 
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(INA) organisms are INA bacteria. Known INA strains are classified to genera Pseudomonas, 

Xanthomoas and Erwinina. Most of these bacteria are common plant pathogens and their ice-

nucleation activity allows them to damage leaf tissue in order to get access to nutrients, such as sugars, 

organic acids, and amino acids.  

These plant pathogenic INA bacteria attracted a lot of interest because they cause massive crop 

damage and thus have a large economic impact on agriculture (Morries et al 2004). On the other 

hand, cell fragments of Pseudomonas syringae have exploit commercially in order to produce 

artificial snow with lower energetic costs (Hartmann et al, 2013). INA bacteria have been also used 

in food industry. As they induce freezing at higher temperature, they allow for an energy efficient 

concentrating process useful for the production of juice and beer (Lorv et al, 2014).       

A typical leaf may carry up to 107 bacteria per cm2 (Morries et al, 2004). These bacteria are 

exposed to strong UV radiation, low water availability, strong temperature variations, and fluctuating 

nutrient availability, which all contribute to a stressful environment. However, plant surface bacteria 

developed adaptions to these conditions. These adaptations might also make these bacteria suitable 

for surviving during their atmospheric transport (Morries et al, 2004; Delort et al, 2010).   

 
 
1.4 Bacterial ice nucleation protein 
 

The ice nucleation activity in bacteria depends on the presence and expression of the ina gene.  

Highly specific ice nucleation proteins (INP), which are transported and exposed on the outer 

membrane of the cells. INP is 150-180kD large and consists of a hydrophobic N-terminal, a 

hydrophilic C-terminal and a highly repetitive region (Morris et al, 2004). It is the combination of 

these three unique strutures that makes the ice nucleation possible. The structure of INP’s repetitive 

region, which consists of 48 consensus octapeptide repeats (Ala-Gly-Tyr-Gly-Ser-Thr-Leu-Thr), 

allows it to arrange water molecules into a lattice form, facilitating the formation of ice. The 

hydrophobic N-terminal serves as the membrane anchor and probably allows the aggregation of INPs 

in larger forms for enhanced ice nucleation activity. The hydrophilic C terminal is rich in basic 

residues and highly variable among different alleles (Morries et al, 2004). It was shown by Li et al 

(2012) that the C-terminal is not responsible for anchoring the INP into the cell membrane nor its 

transport to the outer surface of the cell. This domain needs to be further investigated. Some INA 

bacteria have been observed to excrete their INP by secreting outer membrane vesicles (OMV), which 

are known to function as extracellular ice nucleating material. There are a few species, where this has 

been observed: Erwinia carotovora, Erwinia hericola, Erwinia uredovora, Pseudomonas 
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flourescens, and Pseudomonas syringae (Lorv et al 2014; Michihami et al 1995; Santl-Temkiv et al, 

2015) 

   Bacterial ice nucleation activity is conferred by one ina gene (Green and Warren, 1985), but several   

ice crystal controlling families have been reported to produce multiple protein isoforms. These gen-

families are speculated to arise from gen duplications creating species-specific genes (Lorv et al 

2014). However, all six different ina gene sequences (InaQ, InaX, InaU, InaZ, InaW), which were 

sequenced so far, show similar primary structure. Purified INP has been shown to exhibit ice 

nucleation activity at -6°C or lower while whole bacterial cells have been shown to exhibit ice 

nucleation activity at temperatures up to -2°C (Kawahara, 2002). The higher nucleation efficiency of 

INPs that are anchored in the cell membrane is likely due to the fact that the membrane stabilizes 

large INP aggregates, which are the most active class of bacterial IN (Govindarajan and Lindow 

1988). This has been supported by a study by Šantl-Temkiv et al (2015), in which the cells of 

P.syringae were found to initiate ice particle formation at -2°C and the cell fragments at -8°C. In a 

culture of clonal INA cells, which are subjected to the same environment, the cells exhibit a variable 

expression of the ina gene (Morries et al, 2004). The majority of the cells do not express the ina gene 

and others express it to different extent, which is reflected by the temperature range, at which 

individual cells nucleate ice. This phenotypic heterogeneity, which is characteristic for a series of 

bacterial genes (Ackermann, 2015), has so far not been explained for the ina gene.  

   Most microorganisms live in communities and these consist of small populations of genetically 

identical cells. Thus, it is of great interest to study the difference between these cells with regard to 

gene expression and consequentially their phenotypic traits, which shape the community of these 

genetic identical cells. Lab based experiments with genetically identical cells have given knowledge 

about microbial individuality and its beneficial consequences for the community of cells (Ackermann, 

2015). The so-called phenotypic heterogeneity may help individuals to survive in a changing 

environment. This can be considered an important biological trait, which is shaped by natural 

selection and thus prone to evolution (Ackermann, 2015). 

Individual bacterial cells show ice nucleation activity between –2°C and –10°C. A hypothesis is that 

strength of ice nucleation activity is based on secondary modifications of INPs, such as glycosylation 

and phosphatidylinositol that are involved in aggregation and anchoring of the ice nucleation protein 

to the outer membrane (Turner et al, 1991) (Kozloff et al, 1991). However, the current theory explains 

the strength of ice nucleation by the size of a nucleation site (Fletcher, et al 1958). In case of INPs, 

their aggregation into larger oligomers shifts their activity to warmer temperatures compared to 
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monomers (Morries et al, 2004). Three types of INA bacteria has been identified according to their 

activity: Type I, with the most active ice nucletion proteins, with onset freezing temperatures up to -

2°C. Type II with an moderate activity, freezing temperature around -4.5C. Type III, the weakest ice 

nucleation activity, onset freezing temperatures of less than -8C (Lorv et al, 2014). Gene expression 

in INA bacteria is induced by low temperature, nutrient limitation or is seasonally regulated 

(Nemecek-Marshall et al, 1993), but the regulation still remains poorly understood. In this study we 

focus on gene expression during different growth phases and the effect of cold conditionioning of the 

cells. 

 
 
1.5 Aerosols and bioaerosols 
 
   An aerosol is defined as a suspension of liquid or solid in a gas (Blanchard and Syzdek, 1982).  The 

size may vary from a few nanometers to several tens of microns. Size is the main parameter for 

characterizing an aerosol, regarding its residence time in the atmosphere (Calvo et al, 2013). It has 

been shown that particles within the range of 0,1 µm - 5 µm are the ones that remain the longest in 

the atmosphere and are able to travel up to 500km (Calvo et al, 2013).  

 Aerosols origin from either natural or anthropogenic origins. Anthropogenic aerosols are emitted 

primary from urban industrial areas, and include sources such as traffic, industrial activities and 

emmision from housing. In rural areas the main sources are biomass burning and emmision such as 

soot and black carbon. Among natural sources seas and oceans, deserts, soils, volcanoes, vegetation 

and lightning are potential sources. Aerosols can have two major impact in the atmosphere i) to serve 

as particles that absorbes light or particles that scatter light, which can either have a warming or 

cooling effect respectively (Blanchard and Syzdek, 1982).  

  The main factors influencing the emission rate of aerosols are wind speed, temperature and humidity 

(Morries et al, 2004). Wind has been identified the major driver for aerosolisation from vegetation 

and soil, (Delort et al, 2010). Splashing raindrops on surfaces colonized by microorganisms such as 

plant leaves also lead to aerosolization (Graham et al, 1977). From oceans, aerosols get emitted by 

the process of bubble bursting (Blanchard and Syzdek, 1982). 

 Recently a growing focus has developed on bioaerosols including bacterial cells, pollen, fungi, cell 

fragments and biogenic organic compounds. Cloud droplets provide a liquid solution of organic and 

inorganic compounds that could serve as nutrients to some types of cloudborne microorganisms 

(Delort et al 2010). Cloud water was shown to contain a high concentration of carboxylic acids and 

aldehydes with short carbonaceous chains (Marinoni et al. 2004) that are easily accessible to 
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microorganisms. Bacteria isolated from clouds were shown to have the enzymatic equipment 

necessary for degrading these monoacid and diacid compounds (acetic, lactic, formic and succinic 

acids) (Amato et al 2006), which supported the theory of bacteria adaption for atmospheric life.  

 
 
1.6 Weather effects of ice nucleation active bacteria in the atmosphere 
 
   Model studies have shown that bacteria have a resident time up to ~10 days in the atmosphere and 

it has been estimated that ∼1024 bacteria were emitted to the atmosphere each year on global scale. 

(Burrows et al, 2009). This would allow microbial cells to travel hundreds or thousands of kilometres 

in the atmosphere. The residence time might however be shortned down to 3-4 days, when condensed 

water is present (Burrows et al, 2009). In the cloud droplets the bacteria express IN proteins, which 

leads to initiation of precipitation. As described in section 1.2 the ice nucleation streght of ice 

nucleating bacterial proteins makes ice formation possible at temperatures as warm -2ºC, and exceeds 

the nucleation strength, of non-biological particles. It is therefore relevant to wonder if the bacterial 

ice nucleation property is linked to an evolutionary strategy of getting airborne and thereby playing 

a role in the hydrological cycle. From a microbial ecological point of view, a redeposition of the 

bacteria disseminated by air seem to be an advantage for the bacteria (Joly et al 2013). This creates a 

life cycle of the bacteria connecting the biosphere with the atmosphere. A life cycle that might have 

great impact on the hydrological cycle of the Earth. INA bacteria have been detected in different part 

of the water cycle and the atmosphere, such as air, cloud water, rain, hailstones, rivers, lakes, and 

groundwater (Hill et al, 2014) (Šantl-Temkiv et al., 2013), which supports the hypothesis of 

hypothetical concept of “bioprecipitation”.  

 A potential positive feed back loop might be present with precipitation promoting growth of plants, 

followed by a potential for epiphytic and INA bacteria to poliferate, and greater release by 

aerosolization would lead to potential more rainfall in this region (Joly et al, 2013).  

Few studies on the the total concentration of IN bacteria have shown that the presence of INA bacteria 

in clouds only has an impact on a regional scale (Hoose et al, 2010), but within the last decade a 

growing focus been on identification and quantification the particles acting as ice nuclei in the 

atmosphere.  

 The atmospheric abundance of INA bacteria was measured to be 0,001% of all airborne bacteria by 

Garcia et al (2012).  Due to their low concentrations in air, it is a huge challenge to understand the 

distribution of INA bacteria in the atmosphere and their potential role in the water cycle. Several 

attempts have therefore been made in order to include microorganisms into atmospheric models. 
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According to Sahyoun et al (2016) the importance of heterogeneous freezing by airborne INP still 

needs to be confirmed. In order to do this, there is a need to quantify i) INA cell fragments in the 

atmosphere ii) INP, which are carried by soils or dust particles. This will lead to a greater 

understanding of ice nucleation active bacteria`s influence on the hydrological cycle of the Earth.   
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Hypothesis and Objectives 
    
   The objective of this study is to investigate the expression of the ina gene in the model organism P. 
syringae R10.79 ice nucleation active strain, and in addition to study the survival and activity of 
P.syringae at simulated atmospheric conditions.  The objectives were addressed by testing the 
following hypothesis: 
 
 
Aersolization studies 
 
H1a: The aersolization of the ice nucleation active model organism syringae R10.79 while being 
exposed to desiccation stress will show survival rates higher than ~80% survival according to 
membrane integrity and 40-55% according to culturability (Zhen et al 2014).  
This hypothesis was examined by an aerosolization set up followed by an analysis of a reduction in 
cultivability and loss in membrane integrity was determined by flowcytometry  
 
 
Expression studies 
 
H2a: The expression of the ina-gene in the model organism P.syringae R10.79 is depending on the 
growth state of the cell, with a higher expression level in the later growth phases, after vital metabolic 
processes are well established. 
This hypothesis was examined by a growth experiment, in combination of an immunofluorscence 
assay to detect the INA protein as a measurement of expression at a given growth phase. 
 
H2b: The subpopulations INP+, INP++ derived from the total fraction of INA active cells, will show 
a selection towards a higher proportion of highly active cells after sorting and regrowth. This 
hypothesis was tested by flowcytometry cell sorting of a sample stained with antibodies, followed by 
a regrowth and antibody staining. 
 
H2c: The expression of the ina gene will increase with cold induction.  
This hypothesis was tested by immunofluorescence assay in combination with a phenotypic IN 
activity-assay.  
 
H2d: The INA protein will be visualized located on the poles of the cells after cold induction.  
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Abstract 
 
   The Earth’s atmosphere can be considered a gaseous ocean in which biological particles, the so-

called bioaerosols, are suspended. A fraction of these bioaerosols serve as ice nucleation and cloud 

condensation agents. Some ice-nucleation active (INA) bioaerosols have been identified as bacteria 

that live on plant-surfaces, such as the species Pseudomonas syringae. The cells of P. syringae are 

INA due to the production of highly specialized INA proteins, which serve as a template for ice 

formation. We investigated a model INA strain P. syringae R10.79 (i) for the effect of aerosolization 

on cell viability, (ii) the impact of cold induction and growth phase on ina gene expression, and (iii) 

the distribution of INA proteins on surfaces of single cells. We designed a bioaerosol experimental 

set-up and found that 34-46% of cells remained viable after aerosolization. By using 

immunofluorescence assay and flow cytometry, we quantified the proportion of cells expressing ina 

genes. The highest density of INA cells was found in the mid-late exponential phase. It was possible 

to divide the INA cells into three subpopulations according to their gene expression level. Although 

the immunofluorescence assay showed that cold induction enhanced the ina gene expression in some 

growth phases, it did not have an enhancing effect on the INA assessed by droplet freezing assays. 

Finally, we performed confocal microscopy on the sorted INA cells and observed that the INA protein 

was distributed over the entire cell surface. Understanding the effects of aerosolization on bacterial 

survival and ina gene expression will ultimately provide insights into the role of bioaerosols in Earth`s 

hydrological cycle 

 

 

 

Keywords: Bioaerosol, aerosolization, viability, ina gene expression, ice nucleation activity, flow 
cytometry 



2.1 Introduction 
 

   It was the French meteorologist Soulage, who first identified a bacterial cell in an ice crystal (Morris 

et al 2004), which lead the way for exploration of microbial life in the atmosphere. Since then, there 

has been an increased focus on INA bacteria that produce highly specialized INA proteins and anchor 

them in their outer membrane, where they serve as templates for ice formation up to temperatures 

just below 0ºC. Some ice-nucleating agents have been identified as plant-surface bacteria, such as 

Pseudomonas syringae (Kawahara et al, 2002) (Zweifel et al, 2012). Living epiphytically, these 

bacteria are exposed to high UV-radiation, low water availability and large temperature shifts 

(Morries et al, 2004). These adaptions to life in the extreme environment of the phyllosphere could 

explain that the same bacterial strains can survive atmospheric transport, where they are exposed to 

similar types of stress (Šantl-Temkiv et al, 2012).  

 

   It has been proposed that these bacteria may play an important role in nucleating ice in supercooled 

clouds, and thereby stimulate precipitation (Lohmann and Feitcher, 2005). By the redeposition with 

precipitation these bacteria connect the biosphere on ground with the aerosolised biosphere in the 

atmosphere. When being dispersed into the atmosphere, bacterial cells encounter in particular severe 

matric desiccation stress, which causes a high degree of shrinking of capsular layers, an increase in 

intracellular salt levels and crowding of macromolecules in the cytoplasm (Potts, 1994). Mathi et al. 

(1990) demonstrated that the survival of P.syringae cells during the aerosolization process depended 

on ambient environmental conditions such as temperature and relative humidity and the droplet size 

of the aerosol.  

 

 The ice nucleation activity of P.syringae is influenced by both abiotic and biotic factors including 

temperature, growth state, and protein localization (Vanderveer et al, 2014). It has further been argued 

that a polar localization of proteins, induced by the cold, would facilitate interactions between 

proteins and result in larger aggregates. (Vanderveer et al 2014). Govindarajan and Lindow (1987) 

were the first to propose the protein aggregation model for ice nucleating proteins, and this remains 

the prevailing theorical framework for distinguishing between INA cells according to the strength of 

their INA activity. According to this theory, freezing at warmer temperatures is explained by larger 

protein aggregates as the size of ice nuclei was found to increase logarithmically with warmer freezing 

temperatures.  
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  It has been claimed by Deininger et al, (1998) that as cold conditioning and metabolite accumulation 

might trigger the expression of the ina gene. However the induction mechanisms may be strain 

depended (Pooley et al, 1991)(Deininger et al, 1998) 

Lipids and other membrane components may stabilize the active site (Kozloff, et al, 1983). This was 

supported by a study by Hartmann et al. (2013) in which the protein activity was shown to depend 

on whether the INA protein complex was attached to the outer membrane of an intact bacterial cell 

or to membrane fragments, with protein complexes attached to the membrane inducing freezing at 

warmer temperature.  

 

   Despite recent advances, the detailed effects of aerosolization on the viability of INA bacteria and 

the regulation of their gene expression remain poorly understood, making further investigations 

relevant. In this paper we report the results of a laboratory study, where a  P.syrinage R10.79 was 

used as a model INA bacterium  to (i) investigate the expression of the ina gene and the factors that 

cause its expression in single cells, in particular the effect on the growth state of the cell and the effect 

of cold conditioning, and (ii) to investigate how aerosolization affects the viability, in particular the 

effects of the severe desiccation stress, which are encountered when being aerosolized.  
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2.2 Methods 
 
2.2.1 Bacterial strain 
    

   The rod shaped gammaproteobacterium Pseudomonas syringae strain R10.79 (see table 1) was 

investigated. This strain has a white, transparent color, and an ice nucleation activity at temperatures 

up to -2°C. It was isolated from rain from an airmass with mixed maritime/continental orgin (Santl-

Temkiv et al, 2015).  The isolate was purified on R2 agar medium (Reasoner and Gelreich, 1985) and 

freeze stocks were made with 30% glycerol and stored at -80°C. 

 
Tabel 1: Characteristic of the investigated model species 

 

2.2.2 Aerosolization of P. syringae 

Strain 

indentifier 

Phylum Taxonomic 

affiliation 

(genus,species) 

Pigmentation of 

the colonies on 

R2A medium 

Ice nucleation activity 

in PBS 

R10.79 Gamma-

Proteobacteria  

Pseudomonas 

syrinage 

None Active at -2°C 

Biosampler, SKC, 
Inc. 

 Aerosol generator (SLAG) adapted from Mainelis, 
2005 

NaCl Solution 0,1 %, 
0,9 %) 

Biosampler 
(Qbio)=12.5lpmin-1 

Biotrak (0.5- 25 µm) 

SMPS (0.01- 0.6 µm) 

APS (0.5- 20 µm) 

Bacterial delivery flow (1 mL/min-1) 

Aerosolization Air flow (QSLAG) 16 lpmin-1 

Non-Aerosolized suspension 

Bursting bubble 

Air flow channel 

Dilution Flow (Qdry) 30 lpmin-1 

Needle for bacterial solution delivery 

Porous Disk 

 
Aerosolized particles 
 
Bursting droplets 
 
Suspension droplet 
 
         Porous Disk 

 

Figure 2.2.2.1: Bioaerosol experimental set up.  

Temperature/ RH probe 
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   The effects of aerosolization on bacterial cell viability and activity was assessed using a bioaerosol 

experimental set up, constructed at Lund University. P.syringae was grown to its stationary stage 

(Abs600nm = ∼ 1), with a cell density of 109cells/mL and resuspended in 0.9% NaCl. The bacterial 

suspension was sprayed into the bioaerosol chamber with a Sparging Liquid Aerosol Generator 

(SLAG) (Mainelis et al, 2005) using an airflow of 15 liter min-1 (Qslag). SLAG uses a bubble-bursting 

principle and thus simulates natural aerosolization from liquid surfaces. A suspension of bacteria was 

pumped with a flow rate of 1mL/min-1 and dripped onto the porous stainless steel disk. There, a thin 

liquid film was formed and filtered air sparged through the disk into the film causing it to break into 

bubbles that subsequently burst, releasing particles into the air. The released particles was captured 

by the sparging air stream and carried into the tube.  In the tube an inflow of 30 lpm particle free 

(Qdry) air was used in order to desiccate the aersolized bacteria before recollection. An inflow of 30 

liter min-1 particle free (Qdry) air was used to desiccate the aersolized bacteria before recollection.  

Normal atmospheric pressure of 1 atm was used and the  desiccation time for bacteria was estimated 

to be 0.4 sec-1. The aerosol size distribution was monitored real-time with an Aerodynamic Particle 

Sizer (APS 0.5-20µm), a Scanning Mobility Particle Sizer (SMPS, 0.01-0.6µm) and a fluorscent 

instrument (Biotrak - 0.5-25µm). The SMPS measures the size distribution of the background 

particles based on the ability of the particle to travel through an electric field, recorded by a 

spectrophotometer. The APS also meaures the size distribution of the particles in the range of the 

bacterial size (0.7 µm -1 µm) by a spectrophotometer, in addition also measures the intensity of the 

light scattering of the particles.  The aerosols were collected in an impigner containing 100 mL 0.9% 

NaCl solution. The aerosols were collected either by a Lonza Ns29/32 glass impigner or the 

Biosampler (SCK Inc). The impigner was ran with a flow of 2 liter min-1 and a collection time of 30 

min. (Grinshpun et al, 1997) The physical impinger sampling efficiency, E, was calculated according 

to Grinshpun, et al, (1997). 

 

Eq.2.2.2.1  𝐸 = 	   $%&'$()*
$%&

 

 

CIN is defined by the aerosol concentration upstream of the impinger and COUT is defined as aerosol 

concentration downstream of the impinger. Salt solution (0.9%), was used as a background control 

for 15 min before and after measurement. The background was measurered by the APS.   
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2.2.3 Enumeration of culturable bacteria 

 

   Culturability was measured by quantifying colony forming units of the culture before and after 

aerosolization. Culturability was determined according to Zhen et al, (2014). 

 

Eq. 2.2.3.1	  	  C =
N1 ∗ f1
V1  

 

N1 defined by the average number of colonies (out of triplicates), f1 the dilution factor and V1 as the 

volume of liquidsample on plate (100uL). Culturable reductivity, CR, was furthermore determined 

according to Zhen et al (2014): 

 

Eq. 2.2.3.2	  	  CR = 1 −
n1
n2 ∗ 100% 

 

n1 defined by the culturability of aerosolized bacteria and n2 as the culturability of fresh culture.  

 

 

2.2.4 Quantification of bacterial numbers 

   The total bacterial counts were either measured using a flowcytometer Novocyte Acea (Biosciences 

Inc), where the forward scatter set with a threshold of 500, and the samples were run with the slowest 

flow-rate of 14µL/min-1, or using an Accuri C6 (BD) flow cytometer (Lund University), where the 

settings were a side scatter of 5000 and a forward scatter of 20000 and the flowrate was 14µL/min 

with a 10uM core. 

   The number of viable cells was measured using theBacLight™ viability kit (Life technologies, 

Thermo fisher), which consists of two dyes, SYTO9 and PI. SYTO9 stains all cells, and has the 

fluorsescence emission maximum at 530 nm, whereas Propidium iodine (PI), which is a large 

molecule, can only enter dead cells with disrupted cell membrane and has an emission maximum at 

630nm.  1.5 µl of Syto9 and/or PI was used for staining 1 mL of bacterial suspension. Stained samples 

were incubated 15 min in dark before being analyzed by Accuri C6 flow cytometer. For analysis the 

compensation was applied according to the Flowjo manual (V10.0.7, Ch 2, Flowjo, LLC 2013-2016) 

in order to correct for fluorescence spilling into other detectors. This is required when using 

multicolor staining and was relevant for the viability kit (BacLight™, Life technologies, Thermo 
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fisher), which includes both staining with STTO9 and Propidium iodide (PI). Secondary fluorescence 

might arise from overlapping emission spectra. Single stained controls are therefore run to determine 

the degree of spil-over. The aim of the compensation is to create the same mean fluorescence for both 

single stains.  

 

2.2.5 Immunofluorescence analysis of ina gene expression  

 

  The proportion of cells expressing the ina gene was determined using a Novocyte (Acea Biosciences 

Inc) flow cytometer. The liquid culture of R10.79 was grown and samples were collected during 

different growth phases. A full growth-curve experiment was carried out with samples collected at 

the a) lag phase (OD600nm 0.084), b) early exponential phase (OD600nm 0.138), c) exponential phase 

(OD600nm 0.276), d) late exponential phase (OD600nm 0.583) and e) stationary phase (OD600nm 0.684) 

respectively.  For each growth phase two samples were collected and half of the samples were cold 

induced for 2h at 4 degrees. The cells were stained with primary antibodies (GenScript, Germany) 

specific to the repetitive region of the INA protein sequence. Sequandary antibodies (Goat anti-mouse 

IgG H&alexa-647, Termi Fisher Scientific) were used as a fluorescent tag. The secondary antibodies 

Goat anti-mouse IgG H&L (Alexa-647) (Thermo Fisher, Scientific) has a flourescence emission 

maximum of 668nm. INA proteins could thereby be labeled on the surface of single cells, which 

could subsequently be quantified by flow cytometry and visualized by confocal microscopy. For 

analysis of percentages of INA cells derived from flowcytometry, these percentages were muliplied 

with cell densities of the investigted growth phases measured by the qPCR that targeted the 16S rRNA 

gene (Bendix, unpop 2015).  

 

2.2.6 Visualizing the distribution of INA proteins on single cells of R10.79 

   A lag-phase sample collected at OD, 0.084600nm was used for the sorting. The sample were stained 

according to the immunofluorescence assay. Using the cell sorter (FACSAria III, BD Biosciences), we 

identified three subpopulations according to their fluorescence intensity and sorted them separately. These 

are termed INP+, INP++, and INP+++. In addition, cell that did not express the ina gene (INA-) were 

sorted for use as a reference. The subpopulations were used for further microscopy and regrowth. 100µL 

of the sorted non-induced subpopulations (INP-, INP+, INP++, and INP+++) were fixed with 

paraformaldehyde (PFA) at a final concentration of 4% and incubated for 20min. The samples were 

washed 3 times with 1X PBS, and placed on a 0.2 µm filter. The samples were air dried before staining 

with the nucleic acid stain 100X Sybr green.  
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2.2.7 Regrowth of the sorted samples: 

   In order to investigate whether high level of ina gene expression can be transmitted between generations, 

we grew liquid cultures of sorted subpopulations, INP+, INP++ (including the INP+++) and investigated 

their ina gene expression. The liquid cultures were sampled at the same growth phases as with the original 

culture. The samples were labeled using the same immunoflourescence method, and the INA cells were 

quantified with Novocyte flow cytometer as described in section 2.2.5.  

 

2.2.8 Stress tolerance experiments: osmotic desiccation in a hypersaline environment 

   Triplicates of a stationary phase cultures (OD600nm, 0.7) were washed and resuspended in miliQ, 0,1% 

Nacl and 0.9% NaCl, in order to evaluate the effect drying in a salt solution. Twenty-µL droplets were 

placed in petridishes in a clean bench and left for 2 h until they dried. Dessicated cells were recollected 

with the salt solution in which they were resuspended the at first. Thereafter the cells were stained with 

the LiveDead kit quantified by flow cytometery (Novocyte Biosciences Inc). A reference sample was 

prepared using a cell suspension of non-dessicated cells suspended in 0.9% NaCL, where the viability 

reduction was calculated.  

 

2.2.9 Ice nucleation activity (IN) assays: 

 

 

 

 

 

 
 
   Figure 2.2.9.1 shows a schematic representation of the IN-assays. Cell cultures were first 

centrifuged at 3000 rpm for 5min and resuspended in 5mL of 0.01 M phosphate buffered saline (PBS) 

(pH 7.4). A ten-fold dilution series of 7 dilutions was prepared. 32 droplets of 20 µL for each of the 

dilutions were placed in a sterile 384 wells plate. The ice nucleation assays were performed by 

incubating the plates at temperatures from -2°C to -12°C for 30 min at each tepmerature, with 1° 

between the measurements. The ice formation was visually inspected. Sterile PBS was used as 

negative controle. The IN-activity strength is evaluated by a T50 value, in which 50% replicates of a 

Figure 2.2.9.1:  IN-assay, experimental set up including bacterial dilution serie preparation, distribution into 384 sterile 
well plates (Termo fisher, Scientific) and evaluation of the ice nucleation activity in the climate chamber (Binder) 
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certain dilution is frozen, by a T90 value in which 90% of replicates of a given dilution is frozen, by 

the ice nuclei content pr uL (Vali et al, 1979) and by the slope of the freezing profiles. 

The cumulative number (N(t)) of ice nuclei/cell-1 concentration active at or above a given temperature 

t was calculated by a method described by Vali et al., (1971).   

 

Eq	  2.2.10.1	  	  N t = (ln >
?
∗ >@A

B
) 

 

Where F is  the fraction of droplets unfrozen at a given temperature t. V is the volume of each droplet 

used (20µL), and D is the dilution factor. The temperature at which 50% (T50) and 90% (T90) were frozen 

was used for comparing different treatments. The ice nucleation activity was examined on a non-induced 

and an induced sample from an exponential phase (OD600nm; 0,24).    

 

 

2.2.10 The statistical evaluation 

 

   A T-test was used to compare T50 values of non-induced and induced samples from the IN-assays.  

First the variance of both treatments was tested in order to determine if a t-test assuming unequal or qual 

variance should be used. 

Eq. 2.2.11.1	  	  	  	  	  	  	  F	  calculated =
S2J

S1J
 

 

F calculated is compared to F table (REF), as Fcalculated < Ftable  a t-test assuming unequal variance was used. 

 

The paired two sample T-test that compares two means, assuming unequal variance, was performed 

(Harries et al, 2007. First, the pooled standard deviation Spooled, is calculated: 

 

Eq	  2.2.11.2	  	  	  	  	  	  	  	  	  Spooled =
s1J ∗ n1 − 1 + s2J ∗ n2 − 1

n1 + n2 − 2
 

S1 and S2 are the standard deviations of three replicates for each sample. n1 and n2 are the degrees of 

freedom in each treatment, in this study each dilution is measured 3 times for each treatment. 

Afterwards a tcalculated value was calulated: 
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Eq	  2.2.11.3	  	  	  	  	  	  	  	  	  tcalculated =
x1 − x2
Spooled

∗ √(
n1 ∗ n2
n1 + n2

) 

 
 
t calculated was compared with the t-table, using a confidence interval of 95% and 4 degrees of freedom. 
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2.3 Results and discussion 
 
2.3.1 Aerosolization 
 

   We studied the combined effect of aerosolization and desiccation that airborne bacteria experience 

immediately after being aerosolized. A dramatic decrease in viable cells was observed, with only a 

small fraction of P. syringae R10.79 cells capable of surviving the process of aerosolization (Fig 

2.3.1.1). Before aerosolization, 95% of all cells were viable and after aerosolization only 3% of the 

cells were viable. The decrease in viability was further supported by the culturability study, which 

showed that  99%  of all cells were culturable before aerosolization, but only 1% of cells after 

aerosolization.     

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

   The survival increased from ∼3% with the impinger (Lonza Ns29/32) to ~33% after introducing a 

new biosampler (Biosampler, Sk Inc). The decrease in cell viability by the use of the impigner, Lonza 

Ns29/32 is discussed in chapter 3.1 aerosolization set up-optimization to be caused by high 

reaersolization and impaction. By the introduction of the new biosampler the survival rate of 

P.syringae is more comparable to the survival rate of E.coli cells after aerosolization studied by Zhen 

et al, (2014).  E. coli cells were aerosolized with SLAG using an aerosol generating airflow, 

comparable to our study. E.coli has previously been used in several studies, serving as a sensitive 

model organism (Zhen et al, 2014; Chang and Chou, 2011; An et al, 2006; Lee and Kim, 2003). We 

studied P. syringae as a model INA bacterium. Both P.syringae and E.coli are known to be 

susceptible to mechanical stress, as they are unable to form spores. In the study by Zhen et al (2014) 

Figure 2.3.1.1: An example of gating live and dead cells after flow cytometry. A) Original sample 
before aerosolization. B) Impigned sample after aerosolization 

A 

B 
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the effect of aerosolization on viability were tested using four bioaerosol generators. The effect of 

each generator on viability was evaluated by comparing two test parameters. The first parameter was 

a cell membrane damage index (ID), measured by the amount extracellular DNA in the sample 

collected by the biosampler. This parameter is comparable to the membrane integrity fluorescent 

staining used in this study, as they both define a viable cell as a cell with an intact membrane. The 

highest preserved viability was found using SLAG, which resulted in a survival according to of cell 

membrane damage index of 90-82% surviving and a survival according to culturability of ~46%.  It 

can however be discussed whether the membrane integrity staining overestimate the proportion of 

dead cells, compared to a membrane damage index (ID) (excretion of DNA). Since the excretion of 

chromosomal DNA, which is a much larger molecule than PI, likely indicates that the cell membrane 

is damaged to a higher extent than possible measured by membrane integrity stainning. This could 

possible explain the low proportion of dead cells found according to the membrane damage index 

(Zhen et al, 2014), compared to our study where up to 67% of the cells where defined as dead 

according to their membrane intergrity. The second parameter of viability was determined as the 

fraction of culturable cells (determined by the number of CFU), which also is included as a viability 

parameter in this study.  

 

   Previous studies showed that the survival of aerosolized bacteria depends on the robustness of the 

strain investigated (Zhen et al, 2013), along with: i) growth conditions prior to aerosolization, ii) 

environmental conditions during aerosolization iii) the method of aerosolization and iv) the method 

of collection and enumeration (Marthi et al, 1990). To ensure our cells were robust they were 

cultivated until the stationary phase, which is considered to be the phase in which cells are the most 

robust (Pletnev et al, 2015). The aerosolization was performed at 24°C and a relative humidity (RH) 

of 25%, and in addition 60% was used for comparison. The aerosols were desiccated in 0.2 seconds 

when a particle free airflow of 30 liter min.1 was used. Such airflow is comparable to what bacteria 

would experience in nature (Lindemann et al, 1985).  SLAG aerosolization method is very gentle 

compared to other known methods and it simulates the natural process of aerosolization. (Mainelis et 

al, 2005) (Zhen et al, 2014).  

 

    Quantifying the colony forming units (CFUs) is often used as a golden standard in determining cell 

viability. However, cells may enter the so called viable-but-non-culturable (VBNC) state. This 

implies that they are still viable and may resume activity, but they can no longer be cultivated in the 
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laboratory. In our study, with the impinger (Lonza Ns29/32) all three replicates showed a higher 

culturable reduction than viability reduction, measured by flow cytometry (figure 2.3.1.2). This 

culturable reduction might be due to sublethal effects. Sublethal effects consist in physiological and 

structual changes of varying degrees, termed injury (McFeters, 1990). It can be discussed whether a 

discrimination between injured and dead cells should have been investigated, in order to exclude the 

injured cells, which might be able to recover from the dead population.  A possible method could be 

to quantify the fraction of sublethally injured bacteria by the use of a selective media. According to 

McFeters, 1990 a criterion to discriminate injured airborne bacteria is their ability to grow on non-

selective media, but not on a selective media. A possible method could therefore be to quantify the 

fraction of sublethal injured bacteria by the use of a selective media. The selective media Cetrimide 

Agar (CA, Difco®) could be peferential as it is often used as selective media for Pseudomonas species 

(McFeters, 1990).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   During desiccation the avaliable cellular water is removed and extracellular solutes are 

progressively concentrated. This enhances the effects of drying by extracting internal water, and 

Figure 2.3.1.2: Viability reduction measured by culturable reductivity 
(CFU counts and by membrane integrity reduction (flow cytometry 
counts). Presented as percentage of viability reduction as an average of 
three replicates. Culturability reduction of 100% was observed while 
97.4% viability decrease from flowcytometry analysis was observed.  
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therefore creating a high saline environment (Joly et al, 2012). In both desiccation experiments the 

cells were dried in a physiological salt solution. The hypersaline environment that formed during 

dessication may therefore have contributed to the viability reduction. We investigated the effect of 

drying in a salt solution on survival by drying cells of R10.79 in MiliQ water, 0.1%NaCl, and 

0.9%NaCl solution. Surprisingly, the highest proportion of surviving cells (4.0% ± 1,3) were found 

in the sample with the highest salt concentration (0,9%), while only 0.2% ± 0,1 cells survived in 0.1 

% NaCl and 0.4% ± 0.5 in MQ water. In a desiccation experiment design, the salt concentration in 

the medium, in which the cells are suspended is an important factor. A trade off is observed between 

the use of a high salt concentration causing upconcentration of the salt, which leads to to crushing of 

the cells by the salt crystals, and a low salt concentration contributing to increased osmotic stress of 

the cells.  

 

   Relative humidity has been shown to have a protective effect on bacterial survival during 

aerosolization (Marthi et al, 1990). The higher survival is a consequence of cell clumping that has a 

protective effect. To investigate this an experiment was carried out in order to test the effect of high 

(60%) versus low (25%) relative humidity during aerosolization (unpop, Lund University). A survival 

of ~46% at 25% RH compared to ~33% at 60% RH was found. The bioaerosol residence time might 

however be crucial here, as previous studies varied from 0.5-8min (Marthi et al, 1990) compared to 

this study were the residence time was only 0.2 seconds. It can therefore be discussed if a longer 

bioaerosol residence time is needed in order to test the effect of relative humidity. The culturability 

reduction of this study was showed to be 3,2‰ at 25% RH and 4,33‰ at 60% RH after aerosolization. 

The 1000-fold lower detected survival by CFU count can be discussed to be caused by the cells 

entering a VBCN state as previous stated.  

 
    Aside from the observed relatively high survival rate of R10.79, the strain has other ecological 

adaptations to atmospheric dispersal. R10.79 has a fast growth rate, with a generation time of 1h 

48min (Pilgaard unpop, 2016). This implies an opportunistic ecological strategy that is useful in the 

atmosphere, where microbial activity is dependant on brief periods of sufficient water avaliability 

(Šantl-Temkiv et al, 2012).  A study done by Rasmussen, 2015 (unpop), investigated the utilisation 

of common atmospheric organic compounds in P.syringae R10.79, where succinic acid and acetic 

acid were utilised by this strain. These carbon sources were utilised: succinic acid and acetic acid. 

These carbon sources are both found in high abundance in the atmosphere (Blower et al. 2013), which 
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supports the theory of R10.79 surviving in the atmosphere. R10.79 has also undergone a genomic 

investigation, where many different genes that potentially aid the bacterium in surviving atmospheric 

stess were indentified. For example, genes relating to cryoprotection, osmoregulation, cold and heat 

shock proteins as well as genes for UV-repair, pigmentation and oxidation protection were found in 

R10.79`s genome (Pilgaard, unpop, 2016). 

 

   Modelling studies indicate that the emission rates of INA cells are too low to have a global climatic 

impact (Möhler et al, 2007). However, the proportions of INA positive cells within all species that 

carry the ina gene have been based on simple laboratory studies and so far the mechanisms behind 

the ina gene expression have not been understood. We observed that up to up to 33% of the cells 

belonging to the model strain R10.79 of P. syringae survive the process of aerosolization. Once 

airborne, these cells have the potential for activity and gene expression in the atmosphere. Viable 

airborne cells of P. syringae may express ina genes in the atmosphere in order to facilitate their 

precipitation to ground habitats. If the ina gene expression can take place in situ, our current 

understanding of INA cell air concentrations might change substantially. Thus, it is important to 

understand the mechanisms behind ina gene expression and which environmental and physiological 

factors are able to trigger it.  
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2.3.2 ina gene expression  
  

   We investigated the change in ina gene expression at 5 different growth-phases. The population of 

cells that expressed the ina gene (INA cells) was 3,8 ± 0,5% out of 106 cells/mL in the late lag-phase. 

At later growth phases, the proportion of INA cells decreased to 1,0 ± 0,7% in the early exponential, 

0,9 ± 0,3% in the exponential phase, 0,5 ± 0,1% in the late exponential and 0,3 ± 0,1% in the stationary 

phase with a cell density of 108 cells/mL (figure 2.3.2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   The concentration of ice nucleation active cells also changed throughout the growth curve. A clear 

pattern was observed in all three replicates with a high INA cell density in the mid-exponential and 

late exponential phase. The ina gene expression of P.syringae has been studied before by 

immunocharacterization (Deininger et al, 1988)  and by droplet freezing assays (Pooley et al, 1990). 

Deininger et al (1988) observed a variation in ice nucleation activity depending on the growth phase, 

with a higher gene expression in the stationary phase (Deininger et al, 1988). The high expression  in 

the stationary phase was argued to be caused by an expression strategy, inducing expression after 

Figure 2.3.2.1: Percentages of ice nucleation active 
cells from three replicate study in five growth phases 
from lag-phase (0,084), Early exponential phase 
(0,138), exponential phase (0,276), late exponential 
(0,583) to stationary phase (0,684).  
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vital metabolic processes have been established. Pooley et al (1991) observed, as we did, that the 

highest level of expression took place in the mid to late exponential phase state (table 2.3.2.1). 

However, in the study by Pooley et al 1991, the expression was only tested by phenotypic droplet 

freezing assay, indicating the activity of the protein and not detecting the amount of protein on the 

cells.   

   Previously, three different populations have been described: Type I, the cells with the lowest 

activity, but most abundant, type II, the cells with the intermediate activity, and type III, having the 

strongest activity, being lowest in abundance (Morries et al, 2004). We were able to identify three 

different types of ice nucleation active cells according to the intensity of fluorescence detected by 

flow cytometry (table 2.3.2.1, figure 2.3.2.2). These three groups are assumed comparable to 

previuosly defined types of INA cells according to their activity. We observed the highest INA cell 

density of all three subpopulations in the mid exponential phase. The growth phase investigated has 

a total cell density of 109 cells/mL.  INP+++ cells (type I cells) had the strongest ina gene expression 

level, but were the lowest abundance, with a cell density of 105cells/mL. INP++ cells (Type II) had a 

middle level of ina gene expression and were more abundant than INP+++ cells, with a cell density 

of 107 cells/mL. INP+ cells (Type III) had the lowest gene expression but were most common, with 

a cell density of 107 cells/mL. These findings agree with a study by Yankovsky et al (1981), who 

found that all three types of INA cells were most abundant in the middle-late exponential phase. Also, 

they found that there was 10-fold more type III, INP+, cells than both type I and II (Yankovsky et al 

1981). In our study, there were in the order of 107cells/mL that belonged to INP+ and INP++ cell 

subpopulations, while the INP+++ subpopulation had a 100-fold lower concentration. In general, the 

differences in ice-nucleation activity   between different growth phases could be related to the level 

of gene expression, differences in protein processing, or differences in the level of protein 

aggregation. Ina gene expression was found to be different in distinct strains of P. syringae (Wolber 

et al 1986) (Pooley L. et al 1990) which indicates that different strains might have different expression 

strategies.  

   Our results indicate that the proportion of INA cells are within a range ~4% - ~0,2%. These findings 

are in line with previous observations (Lindow et al, 1982), where 2% of the cells were observed to 

be ice nucleation active throughout the growth curve. This low propotion of INA cells indicates that 

gene expression is heterogeneous.  
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   Heterogeneous gene expression in a population of genetically identical cells, which are exposed to 

the same environmental stimuli, has been observed for other genes and bacterial species (Ackermann, 

2015).  Heterogeneous gene expression was proposed to be beneficial for a population that is exposed 

to a fluctuating environment, and can be a way for a population of clonal cells to differentiate and 

engage in the division of labour (Ackermann, 2015). INA bacteria, which are commonly epiphytic, 

use the ability to initiate ice formation to induced frost damage to their host plants and thereby gain 

access to nutrients. Thus, heterogeneous expression of the ina gene can be seen as a beneficial way 

to divide labour between cells in the phyllosphere. Only one cell is necessary to induce frost-damage 

but the access to nutrients that leak from plant tissue will benefit the whole population. (Magdanova 

and Golyasnaya, 2013).  

 

   The expression of the ina gene has previously been shown to be induced by environmental factors, 

such as nutrient limitation and low temperatures, found in stressful environment (Nemecek-Marshall 

et al, 1993) (Vanderveer et al, 2012). Therefore, we tested cold induction as a potential factor for 

induction of ice nucleation gene expression. This experiment was performed on the same five growth 

phases as the non-induced experiment. In figure 2.3.2.2 flow cytometry results are shown for a cold-

induced and non-induced mid-exponential phase. In this specific sample the total proportion of INA 

population increases from 0,93% - 0,98%, and the INP+++ subpopulation is observed to increase by 

cold induction from from 0,01-0,06 %. There is not observed any increase in the INP+ and the INP++ 

Non-induced Total 
INAcells/mL 

INP+ 
cells/mL 
 

INP++  
cells/mL 

INP+++  
cells/mL 

Lag phase 5,75E+06 5,17E+06      5,68E+05 1,09E+04 

Early exponential phase 3,88E+06 2,18E+06      1,66E+06 3,24E+04 

Mid exponential phase 4,14E+07 1,76E+07      2,34E+07 3,63E+05 
Late exponential phase 1,60E+07 1,13E+07      4,31E+06 3,50E+05 
Stationary phase  1,11E+07 9,24E+06      1,85E+06 0,00E+00 

Tabel 2.3.2.1: Ice nucleation active cells (INA) /mL in five different growth phases. In addition also the three 
subpopulations according to their strength of gene expression INP+ INP++, INP+++ given in cells/mL 
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subpoulation. This was not the generel trend throughout the whole growth curve. The total proportion 

of INA cells increased by cold induction in the mid-exponential phase. Among the subpopulations, 

significant increase due to cold-induction was observed for the INP+++ subpopulation in lag-phase, 

early exponential and mid-exponential phase (table 2.3.2.2) (table 2.3.2.3).  For the INP++ 

subpopulation a significant increase was observed for in the lag-phase, late-exponential phase and 

stationary phase. For the INP+ subpopulation a significant increase was observed in the stationary 

phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.2.2: Flowcytometry plot (Novocyte, Acea) from a mid 
exponential non-induced culture, second replicate(3A-2) to the left, and a 
induced sample (3B-2) to the right. Both samples are collected at abs. 
(0.276, 600nm). The x-axis defines the intensity of the antibody fluoresence, 
and the y-axis indicate the side scatter. Gating of INA+ indicating all cells 
in the population expressing the ina gene. And below all three 
subpopulations, according to gene expression level, within the total INA 
cells are gated. With INP+ indicating type(III), INP++ (type II) and INP+++ 
(typeI) 
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Table 2.3.2.2: The percentages of INA cells of a non-induced sample in the 3 subpopulations INP+, INP++, 
INP+++ in the 5 growth phases; lag-phase, early exponential phase, mid-exponential phase, late exponential 
phase and stationary phase.  

Non-induced     

Growth phase OD 
(600nm) 

INA total INP+ INP++ INP+++ 

Lag-phase 0,084 3,17 (± 0,78) 2,90 (± 0,81) 0,31 (± 0,06) 0,01 (± 0,00) 

Early exponential 
phase 

0,138 1,32 (± 0,12) 0,74 (± 0,60)  0,57 (± 0,40) 0,01 (± 0,01) 

Mid-exponential 
phase 

0,276 1,52 (± 0,26) 0,65 (± 0,24) 0,86 (± 0,01) 0,01 (± 0,01) 

Late exponential 
phase 

0,583 0,46 (± 0,12) 0,32 (± 0,09) 0,12 (± 0,15) 0,01 (±0,01) 

Stationary phase 0,684 0,18 (± 0,00) 0,15 (± 0,01) 0,03 (± 0,01) 0,00  (±0,00) 
 

 
Table 2.3.2.3: Presents the percentages of INA cells of cold induced sample in the 3 subpopulations INP+, 
INP++, INP+++ in the 5 growth phases: lag-phase, early exponential phase, mid-exponential phase, late 
exponential phase and stationary phase- The * percentages indicate a significant increase in INA cells after 
cold induction.	  

Induced      

Growth phase OD 
(600nm) 

INA total INP+ INP++ INP+++ 

Lag-phase 0,084  3,85 (± 1,45) 2,36  (± 0,96) 1,21  (± 0,42) * 0,31  (±  0,11) * 

Early exponential 
phase 

0,138 5,92 (± 5,94) 0,89  (± 0,11) 0,57  (± 0,42) 0,10  (± 0,03)  * 

Mid-exponential 
phase 

0,276 0,95 (± 0,21)  0,29  (± 0,0) 0,57  (± 0,22) 0,11  (± 0,03)  * 

Late exponential 
phase 

0,583 0,61 (± 0,19)  0,22 (±0 ,03) 0,32 (± 0,19)  * 0,06  (± 0,03)   

Stationary phase 0,684 0,26 (± 0,11) 0,19  (± 0,04) * 0,06 (± 0,03)  * 0,01  (± 0,0)     
 

 

   In figure 2.3.2.3 and figure 2.3.2.4 the effect of cold conditioning is shown as INA cells/mL out of 

the total cell densities in corresponding growth phases. As by the analysis of the proportions derived 

from flowcytometry the highest density of INA cells is found in the mid-exponental phase in both the 

non-induced and the cold induced. The clearest observation is that the INP+++ population increases 
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by cold-induction in the earliest life phases until the mid-exponential phase, which was also derived 

from the proportions detected by flowcytometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Our results indicate that ina gene expression can be growth depended as well as cold induced. We 

observed that the highest expression occurred in the mid-exponential phase.  
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Figure 2 3.2.3: The amount of non-induced INA+cells/mL divided 
in the three subpopulations.  INA cells/mL (y-axis) is shown as a 
function of the growth phases (x-axis) 

Figure 2.3.2.4: The amount of induced INA+cells/mL divided in 
the three subpopulations. INA cells/mL (y-axis) is shown as a 
function of the growth phases (x-axis) 
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Cold induction had a significant impact on the INP+++ phenotype.  

 

   We performed a growth experiment, in which the sorted subpopulations INP+ and INP++ 

(including the INP+++ population) were regrown. The proportion of INA cells within the 

subpopulation INP+, and INP++ from the original sample were compared with the proportions from 

the regrowth of sorted cells. In this way, we investigated the hypothesis of a potential selection 

towards a higher gene expression in cells that were descendants of cells originally expressing the ina 

gene. 
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Figure 2.3.2.5: A) Original sample with proportions of INP+ and INP++ subpopulations. B) 
Regrowth of sorted subpopulations. Y-axis indicates proportion (%) of INA cells/mL from the 
two subpopulations INP+ and INP++. X-axis indicates the 5 growth time points (x-axis) ranging 
from lag-phase, early exponential, mid-exponential, late exponential, and stationary phase. 
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   The proportions of INA cells in the regrown cultures originating from INP+ and INP++ cells 

decreased with a factor ten in proportion from the original culture in all growth phases (figure 2.3.2.5). 

In the original sample the highest propotion of INP+ population were found in the lag-phase (2,85 % 

± 0,77), decreasing towards the stationary phase (0,15 % ± 0,01) , while the INP++ subpopulation  

were highest proportion in the mid-exponential phase (0,87 % ± 0,24). In the regrown the INP+ 

population is highest in the mid-exponential phase with a proportion of 0,39% (± 0,07). Unexpectedly 

the INP++ popopulation is nearly absent in the regrown sample in percentages ranging from 0,007%  

(±0,01)  - 0,1% (±  0,03).  This indicates that a selection towards higher proportions of highly active 

cells, INP++ subpopulation, did not occur. It remains nevertheless possible that longer regrowth of 

sorted INA cells could create a selection higher proportion of INA cells. 

    

In order to investigate the difference between INP+ and INP++/INP+++ cells, we used confocal 

fluorescent microscopy to evaluate the distribution of INA proteins on single cold-induced INA cells.  

 

 

The sorting of the INA cells made it possible to enrich these cells and thus investigate the INA 

proteins on the cell’s outer membrane (figure 2.3.2.6). We sorted ∼ 400 000 cells, whereof only 0,1% 

were INA active cells.  The INP+ cells were similar to the INP++/INP+++ (Figure 2.3.2.6) cells in 

that they too had proteins distributed all over the cell surface, however the fluorescent intensity was 

much lower, indicating that there was a lower number of proteins present on the surface. 

This was further supported by a Transmission Electron Microscopy (figure 2.3.79 which revealed 

long filamentous proteins all over the cell. 

Figure 2.3.2.6: Microscopy an induced INP+ sample. A: Green 100X Sybr green Dna binding dye.B: 
Indicating Alexa 647 secondary antibody binding C: Overlay of a cells expressing the ina gene, protein on the 
whole outer membrane. D: P.syringae cell truncated (Vanderveer et al, 2014) 
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 In contrast to our results, a previous study showed that the INA proteins were localized on the poles 

of cold-induced cells (Vanderveer et al., 2014). The theory behind the localization of the proteins at 

the poles of the cell was that it would enhance the INP-INP interaction, resulting in larger aggregates, 

and thereby enhanced IN-activity (Fletcher, et al 1958; Morris et al, 2004; Vanderveer et al 2014). 

The study by Vanderveer et al (2014) was performed by the use of the green fluorescent protein (gfp) 

attached to the ina sequence of P.borealis incooporated into a plasmid expressed in Pseudomonas 

cells. As the expression in another strain might affect the expression, the protein localization might 

not be completely comparable.  

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2.7: Transmission electron 
microscopy (TEM) picture of cold 
induced P.syringae cells. (Ling, 2016) 
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2.3.3 Phenotypic IN-assay  
   The effect of cold-conditioning on ina gene expression was tested by droplet assay, which is 

designed to quantify INA cells. A mid exponential phase culture (OD of 0.25, 600nm) was tested, since 

the immunoassay showed the highest proportion of INA cells in this phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.3.2: Presents the frozen fraction of an exponential phase sample (OD: 0.24 
600nm). Sample was treated without cold induction. Resuspended in PBS. The x-axis 
indicates the temperature range from -2°C to -12°C. The y-axis presents the frozen 
fraction, ranging from 0-1, of each dilution at a given temperature.  
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Figure 2.3.3.1: Presents the frozen fraction of an exponential phase sample 
(OD: 0.24600nm). Sample was treated without cold induction. Resuspended in 
PBS. The x-axis indicates the temperature range from -2°C to -12°C. The y-
axis presents the frozen fraction, ranging from 0-1, of each dilution at a given 
temperature.  
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   The fraction of active cells within a population was observed to increase with decreasing 

temperatures. The non-induced sample was active between -3°C and -12°C, and the T50 value for the 

undiluted sample was -4°C. The induced sample showed activity between -4°C and -12°C and the 

T50 value of the induced undiluted sample was also -4°C. In all growth phases Tcalculated <Ttable (2.77, 

Harries et al. 2007) (section 2.2.10), which indicates that no significant difference between the 

freezing temperatures of T50 and T90 between cold-induced and non-induced samples was observed. 
 

 

Table 2.3.3.1: For each dilution 100-10-3 the T50 and T90 are presented. Standard deviations are derived from the four replicates. 

Tcalculated are based on a comparison of T50 and T90 between cold-induced and non-induced samples.  

 

   

   The frequency of INA bacteria is known to depend on many factors when performing IN-assays, 

such as conditions of the culture, water avaliablility and composition of the medium (Nemecek-

Marshall et al. ,1993). Great care was taken to avoid such variation. In this study the effect of cold 

conditioning was of interest, which was the only difference in the treatment of the samples.  By using 

a general R2A growth medium, a freshly grown culture and a test plate with wells that ensured an 

equal surface of the samples and limited evaporation, the variation in the IN-activity was assumed to 

be due to natural spontaneous variabiliy in the expression of IN proteins (Joly et al, 2013). 

 

   Figure 2.3.3.3 shows the cumulative frequency of ice nuclei per cell as a function of temperature. 

The highly active INP+++ cells, which induce freezing at the warmest temperature are found in lowest 

proportions, while less active INP+ and INP++ cells are found in higher proportions. This fits well 

with our findings from immunofluorescence assay. However, a drastic decrease in the proportions of 

INA cells within the three subpopulations detected by the IN-activity assay compared to the 

proportions derived from from immunuflourescence assay (table 2.3.2.2 and 2.3.2.3) can be observed.  

Treatment Dilution T50 STDAF Tcalculated (T50) T90 STDAF Tcalulated (T90) 

Non-induced 1 -4 ± 0,2 -0,044194174 -6,0 ± 0,1 0,044194174 

Non-induced 2 -6 ± 0,2 -0,154679608 -7,0 ± 0,1 0,022097087 
Non-induced 3 -6 ± 0,3 0,044194174 -7 ± 0,1 -0,022097087 
Non-induced 4 -7 ± 0,1 -0,331456304 -7 ± 0,1 -0,022097087 
      
Induced 1 -4 ± 0,3  -6 ± 0,1  
Induced 2 -6 ± 0,1  -6 ± 0,1  
Induced 3 -7 ± 0,1  -7 ± 0,1  
Induced 4 -7 ± 0,2  -11 ± 0,1  
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    For the non-induced sample, we found the INP+++ population, which was active between -3°C 

and -4°C, in a density range range of 1 IN out of 105-109 cells. According to the INP+++ population 

detected by immunofluorescence assay a proportion of 0,01% (± 0,01) were detected. The INP++ 

population was represented by 1IN out of 102-105 cells, which were active between -4°C and -6°C. 

The immunoflourescence dectected a proportion of 0,86% (± 0,01). The INP+ population represented 

a proportion of 1IN out of 100-102 cells, which were active between -7°C and -9°C. The 

immunofluorescent showed a proportion of 0,65% (± 0,24) of the total cell density to be in the 

subpopulation of INP+ cells.  

 

  For the induced sample we found that there were a proportion 1 IN out of 108 cells, which were 

active at -4 °C, corresponding to the INP+++ population, no activity was detected below -4 °C. By 

immunofluorence detection 0.11% (± 0.03) were found in the subpopulation INP+++.  A proportion 

of 1 IN out of 104 – 107 IN were found to be active at -4 °C - -6 °C, corresponeding to INP++ 

subpopulation. By the immunofluorescent assay 0.57% (± 0.22) were detected within the INP++ 

subpopulation. For the INP+ subpopulation, active at -7 °C - -9 °C, a proportion of 1 IN 101-104 IN 

were found, while 0.19% were detected by immunofluorescence assay.  

 

   Comparing these proportions of INA cells detected by IN-assay with the observed gene expression 

frequencies detected by the immunoassay (table 2.3.3.3 and 2.3.3.2) only > ‰ of the INP++ and 

INP+++ cells detected by immunoflourescence assay were active. The proportions of INP+ cells 

measured by IN-activity assay, were found to be within the range detected by immunofluorescence 

assay reaching proportions of 1 IN out of 100 cells. The frequency of ice nuclei per cell falls within 

previously observations (Yankovsky et al 1991; Joly et al, 2013), however it is possible that the cells 

behave differently in their natural environment. 

 

   It can be discussed whether this oberserved thousand times lower proportion of INA cells detected 

in the IN-assay are due to a low number of functional proteins. These proteins will be detected by the 

immunoassay, but they might not be active in inducing freezing. Another theory supports the 

sensitivity of the drop freeze method in detecting INA cells. The proportion of INA cells are so low 

the INP++ and INP+++ populations, they might not be detectable by the flow cytometer.  
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   Ideally a graph showing the cummulative frequency of IN cell .1 would show an overlapping of the 

dilutions, wheraf the three types of IN nuclei according to their activity can be derived. A clearer 

pattern might occur by including more replicates.  

   Further comparable investigation of the relationship between detectable cells with the protein on 

the outer membrane and the actual proportion of active cells is needed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   To further examine this it could be considered to quantify the amount of protein by Western blot 

analysis (Deininger et al, 1988) in comparison with the phenotypic IN-assay and the immunoassay 

of the gene expression and microscopy would give a more fulfilled picture of the gene expression, 

the protein size and its activity.  
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Figure 2. 3.3.3: Cumulative frequency of ice nuclei per cell of an 
exponential phase culture of R10.79 in 0,01M PBS is shown as a function 
of temperature ranging from -2C to -12C. Above  a non-induced sample, 
below a cold-induced sample.  
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Conclusion 
 
 The objectives of this study were to study i) ina-gene expression in single cells of the model INA 

bacterium P.syringae, ii) to study the localization of the INA proteins on the outer membrane after 

cold-induction, and  iii) to evaluate the impact of aerosolization on cell viability . Additionally the 

potential of selection towards a higher proportion of highly active cells by regrowth of cells 

expressing the gene detected by flow cytometry was investigated, as well as the survival rate of 

P.syringae R10.79 after aerosolization and exposure to severe desiccation stress under simulated 

atmospheric conditions was studied.   

   We found that approximately 1/3 of the aerosolized cells survived the process of aerosolization as 

determined by live/dead staining. However only only 1 ‰ of the surviving cells, as detected by flow 

cytometry, were culturable. Thus we assume that the cells entered a state of being viable but non 

culturable, VBCN, after aerosolization. A significantly higher proportion of cells survived when 

aerosolized at lower relative humidity, with survival rate of 46% at 25% RH compared to ~34% at 

60% RH.       

   Throughout a growth curve the highest proportion of cells that expressed the ina gene was found in 

the lag-phase when approximately 4% of all cells expressed that gene. However, taking the cell 

density into account the highest INA cell density was found in the mid – late exponential phase, with 

a cell density of 107 INA+ cells/mL out of a total of 109 cells/mL. Considering the low level of gene 

expression in all phases of growth, the ina gene in P.syringae is heterogenous. The low density of 

INA cells may still be able to sustain the population in a changing environment, such as the 

phyllosphere or the atmosphere. It was possible to distinguise three types of ice nucleation gene 

expression levels according to the fluorescence intensity detected by flow cytometry.  

  Cold induction enhanced the proportion of INA cells with a significant increase in cells having the 

strongest expression in the lag-phase, early exponential and mid exponential phase. Furthermore a 

significant increase in the subpopulation with the intermediate gene expression was observed in the 

late-exponential phase. The IN-activity tested by the drop freeze assay of the exponential phase 

culture did not show any significant difference in activity between a non-induced and an induced 

subculture. 

     The proportions of INA cells in the regrown cultures originating from the sub-populations of INP+ 

and INP++/INP+++ cells were ten fold lower in comparison to the proportions of active cells in the 

original sample, which indicated that no selection towards a higher degree of gene expression took 

place.  
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   The localization of the INA protein on the outer membrane was studied by fluorescence microscopy 

Sorting of the INA+ cells by flow cytometry made it possible to enrich these cells and thus investigate 

the INA proteins on the outer membrane of the cells. We observed the INA protein was spread all 

over the outer membrane of the cell.  

   The present study contributes to our understanding of ina gene expression and the localisation of 

INA protein in P. syringae, and how the survival is affected by the process of aerosolization. 

Investigations will lead to a better understanding of the role of INA bacteria in the global climate by 

serving as atmospheric freezing nuclei important in cloud droplet formation. 
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3.1 Aerosolization set-up optimizing 
 
   A bioaerosol experimental set-up (figure 3.1.1) was constucted at Lund University, under 

supervison of Assistant Professor Jakob Löndahl, Department of Design Sciences, Lund University. 

Viability studies, investigating the effect of aersolization and desiccation stress on the model INA 

bacteria, P.syringae R10.79, were conducted using this set-up.  The experimental design involved 

considerations on i) which medium to aersolize the bacteria in ii) which cell density to aerosolize, in 

order to collect sufficient for analysis iii) the amount of bacteria aerosolized in a droplet iv) the 

influence of the size and shape of the bacteria. v) the particle free airflow and its rate of drying out 

the cells vi) the airflow and volume in the impigner for collecting the cells vii) sterility viii) risk of 

reaerosoliztion and its potential influence on the survival of the cells during the collection process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1: Aerosolization set up. Ergonomi and Aerosol studies, Departement of Deign Sciences, Lund 
University. Photo Malin Alsved 
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Medium for aersolization 

  The viability of cells in different salt solutions was tested in order to find a medium that sustained 

the highest proportion of viable cells in the culture before aersolization, while also creating limited 

background in the system., the viability of cells transfered to different salt solutions were tested. The 

physiological salt solution 0.9% NaCl was found to maintain the highest amount of viable cells with 

a percentage of 97.6% viable cells (figure 3.1.2). This was based on 3 replicate study each tested in 

PBS, 0.1% NaCl, 0.9% NaCl and miliQ water.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   The percentages were derived from staining the original culture and the transfered culture to salt 

solution according to the membrane integrity (BacLight™, Life technologies, Thermo fisher), section 

2.4. The background interference of the different salt solutions in the system were measured by the 

Scanning Mobility Particle Sizer (SMPS, 0.01-0.6 µm) and the APS (0.5-20 µm). It is observed that 

PBS created the far highest background (figure 3.1.3), with particles in the aerodynamic size range 

of 0.5 µm,-3.5 µm and in an paticle amount of up to 500-600 particle/cm3, followed by miliQ, 

whereas0.9%NaCl and 0.1% NaCl were found to have the lowest background. The high concentration 

of salt particles in PBS, made it insuitable as a medium for aerosolization. The 0.9% NaCl solution 

with high viability sustained and less salt particles than PBS was chosen. After ensuring a medium 
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Figure 3.1.2: Percentages of viable cells after being 
transfered from R2A growth medium to one one the 
four solutions; PBS: 86,26% survival, 0,1%NaCl 
79,52%, 97,6% 0,9% NaCl and 75,56% in miliQ. Error 
bars are defined by the Stdv between the three 
replicates. 
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with limited influence on the viability, we assumed that the potential viability reduction would only 

depend on the stress incurred by the aerosolization process. (Marthi et al, 1990).   

 

 

 

 

Aerosolization experiment of P.syringae R10.79 

   The aerosolization of an undiluted stationary phase culture R10.79 with a cell density of 

107cells/mL was tested. An inflow of dry particle free air dilution flow of 30 liter min-1 was used. 

With this inflow the cells were estimated to dry out in 0.2 seconds. The flow was decreased from 

primary tests, where 60 liter min-1 was used. This was done to avoid  to risk loosing a high 

concentration of cells by high dilution air flow. The relative humidity in the aerosolization cylinder 

was measured to be 25% by a relative humidity probe. 100 mL NaCl (0.9%) was used in the impigner 

for collecting the cells, with an inflow of 15 liter min-1. It was possible to read from the APS (figure 

3.1.4) that particles in the size range of 0.5 µm - 1.2 µm were detected in the air, which is in coherent 

with the size of the model bacteria R10.79, which has an aerodynamic size of 0.7 µm. The background 

Figur 3.1.3: APS background measurement of MiliQ, 0,1% NaCl, 0,9% NaCl, PBS. X-axis indicate the size 
distribution in µm and y-axis indcate the particle count/cm3. 
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salt particles were measured by the APS in the size range of 0.54-3.05 µm, where the bacteria particles 

are observed. It was possible to subtract the salt concenetration from the APS measurement. The peak 

expected to be highest at 0.7 µm was shifted to the right, and a peak at ~0.9 µm was observed. Since 

the RH of this experiment is below 50% hygroscopic growth can be excluded as a cause for the 

enlarged bacterial size.  Instead the bigger size can be caused by agglomerates of two or more 

bacterial particles (Lee and Kim et al 2003). This is supported by a study by, Zhen et al 2014, in 

which the SLAG generator is shown to produce more polydispersed bioaerosols than other generators. 

In this experiment ~750 cells/mL were collected, by a sampling time of 30 min. This was supported 

by the flowcytomety analysis, where a cell concentration range of 101-102  cells/mL was collected 

after aerosolization. In the original culture a cell density of 106-107 cells/mL was measured among 

the three replicates. According to BacLightTM Bacterial Viability Kits protocol (Thermo Fisher 

Scientific) a   bacterial concentration of 106 cells/mL is the minimum for an optimal staining by 

flowcytrometry. In considering on how to get a sufficient cell density in the impigner,  the following 

ideas came up; i) to decrease the impinger flow in order to minimize the reaerosolization in the 

impinger ii) to decrease the volume in the impinger to upconcentrate the cells. 

Figure 3.1.4: R10.79 in NaCl. Presenting size distribution of bacterial suspension with density of 107cells 
/mL, measured by the APS. X-axis indicating the aerodynamic size of the particles (µm) and y-axis 
indicating the amount of particles in cells/cm3. The size distribution is presented with the background 
medium of 0.9% NaCl substracted. 
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Impinger flow and volume optimization  

 The efficiency of the collection and the effect of reaerosolization in the impinger was tested with two 

different impinger flows were tested; 2 liters min-1, 5 liters min-1. These were compared with 

previously used 10 liters min-1. In the same experiment different volume of collection fluid in the 

impinger were tested. 100 mL and 50 mL were tested in order to investigate if an upconcentration of 

bacteria was possible. In figure 3.1.5 it can be seen that the highest bacteria concentration in the air 

into the impinger was detected in air with 2 liters min -1  in the impinger airflow, with an output of 

∼420 bacteria cm3. This was followed by an inflow of 10 liters min -1  , ∼380 cm3 and 5 lpm ∼270 

cm3. Curiously,  the particle size distribution and amount were also measured in the air out of the 

impigner, here noticed as APS upstream. This measurement clearly showed that the reaerosolization 

of the impinger was very high, nearly 200 particles cm3 was found in the total of 350 cm3 bacterial 

cells. The impinger (Lonza, Ns29/32) efficiency was calculated by equation 2.2.2.1 section 2.2.2. A 

collection efficiency of 20-50% was found. However, in a study by Grinshpun et al, 1997, it was 

shown that an equal pressure needs to be ensured, to evaluate the upstream and downstream aerosol 

concentration, since the pressure downstream in the impinger often is lower than upstream. This could 

have been adjusted by the addition of a pressure drop downstream, and therefore the collection 

Figure 3.1.5: Present a three replicate study of the impigner efficiency., 2 liters min.1, yellow 5 liters min.1, 
dark green 10 liters min.1 were tested. The light green curve descibed the outflow from the impigner.  
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efficiency needs to be further evaluated. The viability evaluation of 100 mL (2 liters min-1) versus 50 

mL (5 liters min-1) collection fluid showed a survival of 1% and 0,45% respectively. 

   The effect of impaction, bounce and reaerosolization in an impigner was tested in a study by 

Grinshpun et al, 1997, with a comparable glass impigner (figure 3.1.6). All effects were found to 

depend on sampling flow rate. When the flow rates are low, the inertia of the particles are also low, 

resulting in an low collection efficiency (Grinshpun et al, 1997). A trade off must therefor be made 

between a high enough flowrate in order to collect enough bacterial cells by inertia to analyze, and a 

low enough flowrate to minimize the effect of reaerosolization. Both depend on the amount of liquid 

in the impinger. 

    When the particles are collected in an impinger, they are accelerated into the nozzle of the impinger 

with high velocity into a liquid. Therefore the size of the nozzle opening, and the distance towards 

the bottom of the impigner are also important.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The particles can either be taken up directly by the liquid, taken up by the liquid after impaction to 

the bottom, effected by bouncing or be reaerosolized out of the impigner (Grinshpun et al, 1997).  

Figure 3.1.6: Adapted from 
Grinshpun S. et al, 1997. 
Evaluation of collection efficiency 
of two different glass impigners. 
Three different flows were tested; 
2Lmin-1, 6-10lmin-1, 12,5lmin.1.  
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In the study by Grinshpun et al, 1997) an efficient collection was found with a flow of 6-10 liters min-

1 in the glass impigner with a nozzle of 20 mm. This study underlines the importance of nozzle type 

of the impigner.  

 In order to compensate for the low impigner efficiency, an upconcentration of the original bacterial 

suspension was tried.  

 

Two-fold upconcentrated original bacterial suspension 

   This experiment was performed with the following conditions; a two-fold upconcentrated bacterial 

solution with a cell density of 106/mL, 100 mL (0.9% NaCl) in the impigner with a inflow of 10 liters 

min-1, 15 liters min-1 SLAG output SLAG and a decreased dilution flow inflow of 20 liters min-1. A 

reduction in survival of 96-99.9% was still observed. A cell concentration in the impigner of 

105cells/mL was collected. The collected concentration of cells was still within the order of 105 

cells/mL with a slight increase from 5.12*105 cells/mL – 5.89* 105 cells/mL, indicateing that an 

upconcentration of the original cell culture improved the amount of cells collected in the impigner 

and that collecting 106cells/mL would be possible with a higher upconcentration. However an highly 

efficient impigner would be preferential in order to avoid ajusting parameters of the experimental set 

up. 

 

   Following the introduction of a new impinger called a biosampler, SKC, Inc, the survial of 

aerosolized bacteria increased from ~3, to ~33%. This confirmed the assumption of high 

reaerosolization and impaction by the the Lonza Ns29/32 impinger. The experiment was carried out 

with the following settings; a dilution flow of 30 liters min-1, an aerosol generator flow of 16 liters 

min-1, an impigner flow of 12.5 liters min-1- in a collection fluid of 20 mL. The salt solution was 

decreased to a 0.1% NaCl solution to minimize the backgound as much as possible.  A 10-fold 

upconcentration of the bacteria was used with a cell density of 109 cells/mL. The bacteria were 

observed at the APS with a size distribution of 0.5-3.5 µm and with a peak at ~1 µm. The higher 

upconcentration made it possible to collect cells in the amount of 106 cells/mL, which is the required 

cell concentration for analyzing bacterial cell by flow cytmetry according to the recommendations 

from the protocol (BacLight™, Life technologies, Thermo fisher), 

 

   In summary a 10-fold upconcentrated bacterial solution of 109 cells/mL resulted in an impinged 

bacterial concentration of 106 cells/mL, which is optimal for flow cytometry analysis. Using a particle 
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free inflow 30 of liters min-1, a generator flow of 16 liters min-1, an impigner flow of 12.5 liters min- 

, and a collection fluid of 20 mL 0.1% NaCl, the bacterial cells are dried out i 0.2 seconds and loss of 

cells are minimized. With the new impinger the effect of reaersolization, impaction and bouncing 

were decreased and a survival of up to 33% was observed. 

    

   Further optimization of the study with respect to the effect of bacterial aerosolization could involve 

considerations of the bacterial dimensions, its hydrofobicity and the kinetic energy of the cells. The 

bacterial size has previously been shown (Grinshpun et al, 1997) to decrease the critical flowrate in 

the impigner with increasing particle size, and the effect of bouncing on the particle depends on the 

kinetic energy of the cell (Xu and Willeke, 1993). In addition the hydrofobocity is expected to affect 

the fraction of cells that get reaerosolized (Grinshpun et al, 1997). 
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3.2 Optimizing the staining proceedure 
 
   The goal was to have three separate viability parameters in combination with CFU counts as 

measurements for the stress the bacterial cells encounter when getting airborne. The three parameters 

had been designed using fluorescent dyes that target different parts of the cells, and make a direct 

count of live and dead cells possible. One of the parameters was the membrane integrity of the cell 

(BacLight™, Life Technologies, Thermo Fisher Scientific), a second was the membrane potential of 

the cell (DiBAC4(3), Life Technologies, Thermo Fisher Scientific), while the third parameter was 

cellular esterase activity (Vybrant CFDA SE cell Tracer Kit, Invitrogen). 

 

   The membrane integrity staining defines a dead cell as a cell without an intact membrane. The 

method of dye exclusion is used, in which live cells with an intact membrane is capable of excluding 

the dye propidium iodide (PI), while PI can cross an erupt membrane and bind to double stranded 

DNA by intercalating between the base pairs (BacLightTM Bacterial Viability Kits, Thermo Fisher 

Scientific).  PI emits light with a wavelength around 620-650 nm, corresponding to a red fluorescent 

colour.  

 

 

 

 

 

 

 

 

 

PI was used in combination with the fluorescent nucleic acid stain SYTO9, which labels live as well 

as dead cells andemits light with a wavelength of 510-540 nm. When used in combination with PI, 

dead cells fluorescence red while live cells fluorescence green. The staining procedure was adapted 

from the LIVE/DEAD BacLightTM Bacterial Viability Kits (Thermo Fisher Scientific). The two dyes 

have been balanced so that a 1:1 mixture of the dyes would lead to a clear live/dead discrimination. 

 A known proportion of live/dead cells was first stained in order to determine whether the kit was 

working adequately. To do so, an exponential phase culture with a cell density of 108cells/mL (abs. 

0.377600nm), where all cells were assumed alive, was used. The cells were centrifuged at 3000rpm for 

Figur 3.2.1: Illustrating the 
princip of dye exclusion. PI 
enters the cells with an erupt cell 
membrane, targeting double 
standed DNA, while it is 
excluded from cells with an intact 
membrane.  (PI protocol, R&D 
Systems, Inc) 
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5min and resuspended in PBS (Table 3.2.1). Batches of dead cells were produced by incubating cells 

in 70% EtOH for 15 min, whereupon they were washed in PBS. Fixed proportions of live and dead 

cells were then established and used to calibrate the staining procedure.  

 
Table	  3.2.1:	  Proportions	  of	  live/dead	  cell	  suspensions,	  which	  were	  colored	  by	  BacLight™,	  Life	  technologies.	  	  

Ratio of Live: Dead cells Live-Cell suspension Dead-Cell suspension 

0:100                        0mL 1mL 

25:75                        0.25mL 0.75mL 

50:50                        0.50mL 0.50mL 

100:0                        1mL 0mL 
	  

The cells were stained according to the protocol LIVE/DEAD BacLightTM Bacterial Vibility Kits 

(Life Technologies, Thermo Fisher Scienctific), with the use of 1,5µL of each dye in each sample. 

The samples were incubated in the dark for 15min before being analysed. The kit is developed to 

stain optimally using a cell density of 106cells/mL. 

   

 

 

 

 

 

 

 

 

 

 

 

 Following analysis by flow cytometry (Accuri C6, BD), each sample was plotted by the log-

integrated red fluorescence as a function of log-integrated green fluorescence (figure 3.2.3). This was 

done in order to calculate the proportions of live/dead cells and compare with the fixed proportions 

of live and dead cell suspensions that had been established. The clearly defined dead population, high 

in red fluorescence (measured in the detector FL-3) was classified as dead cells and the clearly defined 

Figur 3.2.2: Analysis of relative viability 
of P.syringae suspensions by flow 
cytometry. "Known viability” is defined 
by the proportion of "live" to "killed" 
bacteria. Measured viability is defined by 
the equation: Measured % live bacteria= 
(# of bacteria in region II /# of bacteria in 
regions I+III) X 100.   
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population in green fluorescence as live cells (measured in the FL-1 detector). The remaining 

population, which did not fall in either of the two well-defined groups was classified as undefined. 

The undefined population could be cell debris or buffer particles (Shapiro, 2003). The results from 

the experiment is supported by figure 3.2.2, which shows the relationship between the ”known” % of 

live bacteria, defined by the proportion of ”live” to ”killed” bacteria, and the measured viability as 

defined by the equation measured % live bacteria = (# of live bacteria / # of live bacteria + dead 

bacteria) X 100.. The observed live/dead staining proportions corresponds to the ”known” % live 

bacteria, beside the measurement at 25% live, which by staining only showed 13,22% live cells. The 

other stainings were very close to the desired proportions of live/dead cells by 100:0 being 91,8: 

9,2%, 50:50 being 50,03:5005, 0:100, 0,002:0,99.  It can be observed that the proportion 1:1 of each 

dye seems to be appropriate. 

 

 

 

 

 

 

 

 

 

 

 

   An issue to consider when using this parameter to estimate the proportion of dead cells is that the 

cells after the aerosolization and desiccation stress might have compromised or partly erupted 

membranes. This cell damage will stain them as dead cells, although they may be able to recover and 

reproduce, being viable again. On the other hand, some bacteria with intact membranes, but affected 

by the aerosolization stress, might be unable to reproduce, but will be scored as live cells.  

 

Figure	  3.2.3:	  Proportion	  of	   live/dead	  populations	   in	  a	  viablity	  assay	  where	  cells	  
were	  killed	  with	  EtOH	  to	  validate	  the	  live/dead	  staining	  according	  to	  the	  expected	  
dead	   proportions	   of,	   0:100,	   50:50.	   25:75,	   100:0.	   An	   increase	   in	   the	   dead	  
population	  was	  observed	  from	  8,7%	  dead	  –	  98%	  dead.	  	  X-‐axis	  indicates	  the	  green	  
fluorescence	  (FL1-‐A)	  and	  the	  y-‐axis	  indicate	  the	  red	  fluorescence	  (FL3-‐A)	  
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   The membrane potential staining procedure was adapted from the protocol to BacLightTM Bacterial 

Membrane Potential Kit (B3495) (Life Technologies, Thermo Fisher Scientific). By this method a 

dead cell is defined as being depolarized. The kit consists of two dyes: a carbocyanine dye DiOC2 

(3,3´-diethyloxacarbocaynine iodide and CCCP (carbonylcyanide 3-chlorophenylhydrazone). 

DiOC2(3) emits green light in all cells, but the colour changes to red emission in cells with a strong 

membrane potential as the dye accumulates inside the cell. CCCP destroys the membrane potential 

by eliminating the proton gradient and emits green light. The kit is designed for a bacterial 

concentration of 105-107cells/mL. It has been tested on several bacterial species such as 

Staphylococcus aureus, Escherischia coli and Salmonelle cholerasuis and it has been found that many 

bacteria do not show a proportional response to partial membrane depolarization with DiOC2(3). 

(BacLightTM Bacterial Membrane Potential Kit (B34950), Thermo Fishe Scientific). Therefore, dye 

concentration and incubation time must be adjusted to the investigated bacteria. An experiment was 

performed on an exponential phase culture (abs. 0377600nm) with a cell density of 108cells/mL 

resuspended in 0,9%NaCl. The experiment was performed by the recommended concentrations of 

dye, 10µL/mL, and incubation time of 15min, according to the protocol BacLightTM Bacterial 

Membrane Potential Kit (B34950) (Life Technologies, Thermo Fisher Scientific). Two samples were 

prepared by centrifugation at 3000rpm at 5min and resuspended in PBS. 10µL DiOC2(3) was added 

to the bacteria solution in one sample, while another sample was received both 10µL CCCP and 10µL 

DiOC2(3).  

 

    

Figure 3.2.4: Analysis of the viability in an exponential phase culture (abs. 0,377, 600nm) according to the 
membrane potential of the cells. X-axis indicate the green fluoresence (FL-1) and the y-axis indicate the red 
fluorescence (FL-3) A) The sample contain 10 µL DiOC2(3) and 10 µL CCCP destroying the membrane 
potential of all cells as a control sample. B) The  sample contains only 10 µL DiOC3. C) A radiometric plot 
of the sample contintaining both CCCP and DiOC2(3) and showing two peaks where red/green ratio (x-axis) 
is plotted as a function of counts (y-axis).  

 

A B C 
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Figure 3.2.4 shows the results of the experiment. The sample to the left (A) contains CCCP and 

bacterial solution. This sample is used as control, since the addition of CCCP will destroy the 

membrane potential by eliminating the proton gradient. Therefore, only “dead” cells are seen in 

picture A. However, this is not the case, indicating that the CCCP was not successfully absorbed by 

all cells.  Instead we observe two populations, with the unhealthy cells (CCCP+ affected) defined by 

the lowest population, and the healthy cells above. In sample (B), where no CCCP was added, 94% 

is presented as healthy cells, with a higher intensity in red, caused by the accumulation of DiOC2(3). 

Using the same gating for both the CCCP treated sample and the sample without CCCP, we see that 

97,37% of the population represents healthy cells, and 2,54% represents the dead cells. This is 

coherent with our assumptions, since it is a fresh stationary-phase culture, grown overnight, in which 

we assume a high density of live cells. In figure C a radiometric plot of the CCCP treated sample is 

shown. A radiometric plot will give an identification of the live/dead proportions analysed by cell 

count. The ratio of red/green fluorescence is plotted on the x-axis and counts on the y-axis. Two peaks 

appear; the first peak represents the healthy cells (high in red fluorescence), and the second the 

unhealthy cells (high in green fluorescence). This is coherent with plot A without the addition of 

DiOC2(3). Cells that did not absorb CCCP is in the proportion of 74,43% and 71% in the radiometric 

plot, and cells that did absorb CCCP is 24,65% and 24% in the radiometric plot. The advantages of 

analysing cells by radiometric plotting is that is takes the actual counts into account. The absorption 

of CCCP was very low, since it was expected to destroy the membrane potential in all cells. To 

increase the efficiency of CCCP, factors such as incubation time with CCCP, incubation temperature 

or concentration of added CCCP can be adjusted. The incubation time of CCCP was tested in the next 

experiment.  
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According to the protocol BacLightTM Bacterial Membrane Potential Kit (B3495) (Life Technologies, 

Thermo Fisher Scientific) the incubation time with CCCP before addition of DiOC2(3) is 

recommended to be in the range of 15-30min, and as such we tested 15min and 30 min, respectively. 

A comparison of incubating with CCCP for 15min and 30min before adding DiO2(3) (figure 3.2.5) 

showed that a more well defined population of live/dead cells was observed after only 15min 

incubation (plot A).  In addition an experiment was performed to analyse the cells by a flowcytometer 

at 5min and 30min after staining, both with an incubation time of 15min before the addition of 

DiOC2(3). The purpose was to test if longer incubation with CCCP before analysing the cells had an 

effect on the live/dead proportions. A stationary phase culture (abs. 0.508 600nm) with a cell density of 

109cells/mL was analysed. A major difference was observed in the proportion of live/dead cells 

depending on whether the analysis was done at 5 or 30 min after incubation with CCCP for 15min. 

(figure 3.2.6).   

Figure 3.2.5. Analysis of the viability of a stationary phase 
culture (abs. 0.508600nm) according to the membrane 
potential of the cells. A) The sample was incubated only 
with CCCP for 15min and analyzed after 30min. B) The 
sample was incubated with CCCP for 30min whereafter 
DiO2(3) were added. The sample were analyzed after 
30min. To the left sample with addition of CCCP. To the 
right samples without CCCP.  

A 

B 
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After 5min, two populations were observed in samples that were incubated with CCCP only, 

indicating that not all cell had taken the CCCP up.  After 30min, all cells were defined by only one 

population, and the live/dead proportion could be determined by a comparison of the gating of dead 

cells from the CCCP sample and gating of live cells from the sample, where only DiO2(3) had been 

added. This experiment showed that it is preferential to analyze the samples 30min after staining and 

not before, to make sure the stain has reached its maximal intensity.    

Finally an experiment was performed to examine the effect of an increased concentration of CCCP, 

using 20µL CCCP and 10µL Di O2(3). The efficiency of increased CCCP concentration seemed to 

have the same effect as prolonged incubation with CCCP for 30min. This indicates that an increased 

CCCP concentration will not have an increased CCCP uptake, as the incubation time seems to be the 

determining factor. 

  It can be discussed whether the staining procedure described above, which definines viable cells by 

its membrane potential is the most valid definition of a dead cell after aerosolization stress. Changes 

in membrane potential are not exclusively caused by external damage, and exposure to desiccation 

stress has previously been shown to have an effect on the membrane potential of cells (Sträuber and 

Müller, 2010). The proportions of 10µL dye and 10µL CCCP seem suitable concentrations for 

creating well defined  

Figure 3.2.6. Analysis of the viability of a stationary phase culture (abs.0.5, 
600nm) according to the membrane potential of the cells. Above the sample 
were incubated with CCCP for 15 and analyzed after 5min. Below: the sample 
were incubated with CCCP 15 min and analyzed after 30min. 
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populations. This kit could have been used in combination with the TO-PRO-2 (T3605), which emits 

light in the same wavelength as DiOC2(3) and is used to distinguish depolarized cells from cells with 

damaged membranes. 

   The esterase activity kit contains a compound called CFDA-SE, which enters the cell by diffusion.  

Inside the cytoplasma it is cleaved by intracellular esterase enzymes to form an amine-reactive 

product, CFSE. This product  binds covalently to intracellular lysine residues and other amine sources 

and produces a detectable fluorescence  The light emitted is high in green fluorescence by the 

wavelength near 517nm. For viability studies, a concentration of 0,5-5µM is recommended.  An 

experiment was carried out to determine a CFDA-SE concentration suitable for well defined 

separation of the live and dead population.  The procedure was adapted from (Vybrant CFDA SE 

tracer kit, Invitrogen det. tech). A culture with a cell density of 107cells/mL was centrifuged for 5min 

at 3000rpm hereafter media was drawn off, and the cells were resuspended in prewarmed (37°) 0,01M 

PBS. A 10mM CFDA SE stock solution was prepared by dissolving CFDA in 90µL DMSO. 

 

 

 

 

 

 

 

 

 

Figure	  3.2.7:	  Analysis	  of	  viability	  according	  to	  esterase	  activity.	  	  Trial	  with	  	  CFDA	  SE	  concentration	  ranging	  from	  0,5µM-‐23µM.	  	  
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A range of dye concentration from 0,5µM-25µM was tested on the culture. The best separation of 

live/dead cell population was observed by the use of either 1µM or 2,5µM  (figure 3.2.7).  

 

   As concluding remarks, the importance of cell density, staining time and dye concentration should 

be mentioned as important factors for an optimal staining. The recommended cell density has in all 

investigated staining methods been in the range of 105-107cells/mL. The membrane integrity staining 

showed well defined live/dead populations using a 1:1 ratio of dyes. The membrane potential defines 

the live/dead population well after 30min incubation before analyzing, and an equal concentration of 

CCCP and DiOC2(3) seems suitable with 15min incubation of CCCP before the addition of DiOC2(3). 

A dye concentration of 1-2,5uM CFDA results in good separation between the live and dead 

populations by the use of the esterase activity assay. The esterase activity as viability parameter, 

however, needs further optimization, for the aerosolized cells to take up CFDA-SE efficiently. 
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4. Concluding remarks and future directions 
 

   This thesis examined the expression of the ina gene in single cells of the model INA active 

bacterium Pseudomonas syringae R10.79 and its survival at simulated atmospheric conditions.   

   The survial of P.syringae R10.79 after aerosolization was found to be to ~33%, and to depend on 

relative humidity and the method of collection. The survival was lower than expected from previously 

reported studies on aerosolization of E.coli cells. The effects of reaerosolization and impaction on the 

aerosolized bacteria were minimized by introducing a new biosampler (SKC, inc). This made it 

possible to collect aerosolized bacteria at a density of 106 cells/mL, which is the recommended density 

for bacterial analysis by flow cytometry. The survival increased at lower relative humidities from ~33 

% at a relative humidity of 60 % to a survival of ~46% at 25% relative humidity. Further experiments 

investigating the relative humidity could involve longer bioaerosol residence time, to ensure that the 

effect of the relative humidity is applied to the cells.    

   The culturable fraction of cells after aerosolization was shown to be 100-fold-1000-fold lower than 

detected by flowcytometry, which indicates that the cells enter a VBCN state, being viable but non-

culturable after being exposed to the stress of aerosolization.  

   The fluorescent staining procedures for detecting viable cells were optimized and the membrane 

intergrity parameter were adapted for use on P.syringae R10.79. The staining optimization of the 

membrane potential viability parameter, will make it possible to include this parameter for further 

aerosolization experiments, while the esterase activity parameter, as a parameter for the overall 

metabolic activity, will need furher adaption.  

   The ina gene expression studies indicate that the proportion of INA cells are within a range ~4% - 

~0,2% througout the growth curve, with the highest densities of INA cells found in the mid-

exponential phase. This is in contrary to the hypothesis of a higher expression level in the later growth 

phases after vital metabolic activity is well established, and indicates that the strain of P.syringae  

R10.79 have an expression strategy with the highest expression levels in the mid-exponential phase. 

This low proportion of INA cells indicates that gene expression is heterogeneous. We were able to 

identify three different types of ice nucleation active cells according to the intensity of fluorescence 

detected by flow cytometry, namely the INP+, INP++ and the INP+++ subpopulations. These three 

subpopulations are assumed comparable to previuosly defined types of INA cells according to their 

activity. 
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   Cold induction enhanced the proportion of INA cells with a significant increase in cells that showed 

the strongest expression (INP+++) in the lag-phase, early exponential and mid exponential phase. 

Cold induction did not appear to result in any significant increase in the IN-activity. For future studies 

it could be interesting to study the ice nucleation activity by drop freeze method of the aerosolized 

cells, by the bioaerosol experimentl set-up.  

   A cell sorting of the INA cells within the subpopulations of INP+ and INP++/INP+++ made it 

possible to detect that the IN protein was distributed all over the outer cell membrane.  The sorting 

of subpopulations made a regrowth of the sorted INA cells possible. The subpopulations INP+, 

INP++ derived from the total fraction of INA+ active cells, did not show a selection towards highly 

active cells after sorting and regrowth.  

   This sorting of the subpopulations according to their strength of antibody fluorescence intensity 

have great potential for further investigation of the properties of these subpopulations. It could be 

interesting to test the correlation between the strength of gene expression and stress tolerance. This 

could be performed by cell sorting of the subpopulations INP+, INP++, INP+++ derived from the 

total amount of INA active and expose the subpopulations to stress factors encountered in the 

atmosphere such as desiccation and freeze/thaw stress, and subsequently analyse the viability by 

live/dead staining according to their membrane integrity.  

   Our results indicate that the INA protein production depends on the physiological state of the cells. 

Ice-nucleation activity of P. syringae may be altered by both the process of aerosolization as well as 

the trajectory of cells in the atmosphere. A first step is made by studying the fraction of cells surving 

the process of aerosolization into the atmosphere.  

 
 
 
 
 

 


