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 VOORWOORD 

 

Eigenlijk is een doctoraat vergelijkbaar met een flowcytometer.  

Alles begint met een onbekend staal of doctoraatsonderwerp dat je wil analyseren om er 

zoveel mogelijk over te weten te komen. Het centrale element van het hele gebeuren, de 

flowcuvette of doctoraatsstudent, is misschien wel de plaats of persoon waar alles samenkomt 

en gebeurt, maar zonder alle andere onderdelen of mensen ben je niets met alleen een 

flowcuvette.  

 

Om mijn doctoraat te maken was er dan ook in eerste instantie een stroombron nodig: meneer 

Van Bockstaele, bedankt om mij de kans en middelen te geven om dit doctoraat te maken.  

In tweede instantie was er een excitatiebron nodig: iemand die licht in de duisternis brengt, 

waardoor fluorescentie ontstaat. Die rol was weggelegd voor mijn tweede promotor, Monica. 

Bedankt voor alle advies, theorieën, verbeteringen, en positieve kijk op massa’s data, bizarre 

bacteriën en grafieken met veel te veel variabelen. 

 

Om te zorgen dat alles -letterlijk- in goede banen wordt geleid en goed terecht komt, zijn er in 

een flowcytometer diverse soorten buisjes en darmpjes nodig. Tijdens een doctoraat zijn dit 

collega’s die zich bezig houden met activiteiten zoals producten bestellen, afval managen, 

zorgen voor tipjes en afwas, vragen oplossen, uitstapjes organiseren, klaarstaan voor een 

babbel als je die nodig hebt, … Enorm bedankt allemaal voor de vier fantastische jaren P21-

sfeer! Ook de P96 collega’s, de mensen van het fytopath labo en zelfs een paar mensen van 

T&V wil ik bedanken voor hun advies, het gebruik van materiaal, het uitvoeren van analyses, 

etc. 

 

Een ander essentieel maar onderschat onderdeel voor goede FCM metingen is de sheath fluid: 

de vloeistof die rond het staal loopt en zorgt dat alles gefocust wordt. Een goede sheath fluid 

houdt heel het systeem proper en zorgt ervoor dat de cuvette niet verstopt raakt.  
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Alle vrienden die mij hielpen om de werkstress even te vergeten of in de juiste proportie te 

zien, dankjewel. In het bijzonder Karen, voor het helpen bewaren van mijn geestelijke en 

lichamelijke gezondheid tijdens onze wekelijkse spinninguitstapjes. Ook mijn ouders en familie 

wil ik speciaal bedanken voor alle steun en en begrip, al was het vaak moeilijk om te volgen 

waar ik mee ik bezig was. Verder ook alle Rode Kruiscollega’s, de ‘komen eten’ vrijgezellen, 

koffieklets- en etentjesvriendinnen: bedankt! Ik beloof plechtig weer wat meer tijd voor jullie te 

maken. 

 

De fluorescentie die in de cuvette wordt gegenereerd, of de resultaten van het onderzoek, 

moet nog in de goede richting worden gestuurd en opgesplitst in de juiste golflengtes. Voor 

deze rol van spiegel en filter moet ik de mensen van mijn begeleidende commissie bedanken: 

Johan, Johan, Bart en Martine, die mee hielpen bepalen waar dit onderzoek naartoe ging. 

 

De rol van fotomultiplier, waar de fotonen uiteindelijk terecht komen en worden omgezet, gaat 

naar Ellen, Annelies, Lien, Katrien, Inge en Jane: de mensen die samen met mij hun eerste 

stapjes hebben gezet in de wondere wereld van microbiële flowcyomterie en die mij op hun 

beurt hebben meegenomen naar de al even fascinerende leefwereld van Phytophthora en 

Pseudomonas. 

 

En tenslotte rest er mij nog het bedanken van de computer: diegene die van begin tot eind 

nodig is om alle componenten op elkaar af te stemmen, te helpen verwerken, bij te regelen en 

juist weer te geven. Gelukkig bleek ze een stuk betrouwbaarder dan de echte computer van de 

flowcytometer en functioneert ze ook perfect zonder airco, IT-interventies of updates.  

Leen, enorm bedankt voor jouw grenzeloze inzet, alle ideeën, (nacht)werk, advies, feedback, 

onuitputtelijke energie en enthousiasme.  

 

Het resultaat van dit alles is de output: een goeie 200 pagina’s tekst en grafieken die door een 

deskundig oog moeten worden doorgenomen en geïnterpreteerd. Voor deze kritische analyse 

dank ik mijn juryleden en iedereen die de moeite doet om dit doctoraat te lezen. Het is de 

samenvatting van vier jaar onderzoek met grote zoek, maar ik hoop dat ik hiermee toch een 

klein beadje heb bijgedragen aan de ontwikkeling van nieuwe flowcytometrische toepassingen.  
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1.1. THE IMPORTANCE OF PLANT PATHOGENS 

Plant pathogens have marked human history by causing famine, death and mass migrations. 

Worldwide crop losses due to plant pathogens are estimated at 14% or over 150 000 billion 

euro each year (Agrios, 2005). During post-harvest storage, disease causes an additional crop 

loss of 6-12% (Agrios, 2005). To assure and maintain the quality and abundance of food, feed 

and fiber, plant diseases need to be controlled. 

Sources of inoculum for plant pathogen epidemics are generally sought in plant tissues and 

debris, on agricultural equipment and structures, in insects as possible vectors, and in irrigation 

water (Morris et al., 2007). Further spread of pathogens can happen by agricultural practice, 

insects, water splash and wind dispersal (Bock et al., 2005). 

Plant pathogens spread by irrigation water can be an important crop health issue. Because 

agriculture and horticulture increasingly depend on the use of recycled irrigation water, 

waterborne plant pathogens become more important. Worldwide, the most important 

waterborne plant pathogens are Oomycetes and Fungi. The most important bacterial plant 

pathogens in irrigation water are Erwinia spp., Pseudomonas syringae, Ralstonia solanacearum 

and Xanthomonas spp. (Hong and Moorman, 2005). Potato brown rot, caused by R. 

solanacearum race 3 biovar 2, is one of the most damaging potato pathogens worldwide (Janse, 

1996) and subject to strict quarantine regulations. This disease is also seen as a possible 

weapon of agricultural bioterrorism by the US government, as possible damage to the USA 

economy could be as high as 3.1 billion dollar. 

However the examples of plant pathogenic bacteria surviving in water are few, recent studies 

indicate that many plant pathogenic bacteria that are found mainly on leaves or in soil of 

infected crops, can survive and evolve in other environments as well (Jackson et al., 2011; 

Morris et al., 2007; Morris et al., 2008). For example P. syringae, Dickeya chrysanthemi and 

Pectobacterium carotovorum were isolated from weeds and sediments of alpine streams, 

underground waters, mountain lakes, snow, ocean waters, epilithic biofilms or rain in areas free 

from agriculture (Morris et al., 2008). Although they mostly occur as epiphytes, about half of 

these isolated strains show pathogenicity towards crops. Hence, it is possible that water-based, 

non-agricultural niches may play a significant role in the development of agricultural epidemics, 

both as sources of inoculum and as sources of novel traits that may enhance pathogenicity or 

fitness (Arnold et al., 2007; Morris et al., 2008). 
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1.2. PSEUDOMONAS CICHORII 

Pseudomonas cichorii is a fluorescent pseudomonad belonging to the P. syringae group; this 

group is also known as the phytopathogenic fluorescent Pseudomonas group (Bultreys et al., 

2004). 

P. cichorii is a leaf pathogen, able to cause disease on a broad range of host plants worldwide, 

including ornamentals, grasses and vegetables. It is an economical important pathogen on 

lettuce, celery and chrysanthemum (Smith et al., 1988). P. cichorii is also the causal agent of 

midrib rot on greenhouse-grown butterhead lettuce in Flanders and was first observed in the 

mid-1990s (Cottyn et al., 2009). But already in 1974, partial and total harvest losses of other 

lettuce varieties grown in the field, caused by P. cichorii, were reported in California (Grogan et 

al., 1977). 

Although the typical midrib rot symptoms on greenhouse-grown lettuce have only been 

described in Belgium and Canada (Dhavantari, 1990), P. cichorii was also reported as a leaf 

pathogen on field-grown lettuce in the USA, Italy and Japan, but with different symptoms. 

Pauwelyn et al. (2011) showed that symptoms depend on the lettuce cultivar and not on the P. 

cichorii isolate. The shiny dark brown, firm, necrotic spots known as ‘varnish spot’ or ‘tar’ are 

typical for crisphead lettuce, while a dark-brown to greenish-black rot along the midrib of one 

or more middle or inner head leaves, often extending to the flanking tissue of the leaf blade, is 

typical for butterhead lettuce. Symptoms become apparent when P. cichorii densities are above 

105 CFU per gram of fresh weight (Hikichi et al., 1996). 

 

In the field, the primary inoculum sources for P. cichorii are infected seeds, lettuce debris, 

weeds and soil, but water splash too is also an important way of introducing the pathogen on 

the leaves (Hikichi et al., 1996). Also on ornamental crops, P. cichorii spread has been 

associated with high moisture conditions and overhead irrigation (Pauwelyn et al., 2011).  

P. cichorii is introduced on greenhouse-grown lettuce through overhead sprinkling irrigation. 

Lettuce plants are most susceptible to P. cichorii at head formation (17-25 leaves). This is 

probably because the pathogen needs a moist environment to survive. But from the 12 leaf 

stage on, a single overhead irrigation with water containing as few as 100 CFU ml-1 is enough to 

induce midrib symptoms. Although the pathogen cannot enter the plant through the roots, 

splashing of contaminated soil on the leaves can introduce the disease on the outer leaves 
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(Pauwelyn et al., 2011). P. cichorii can then enter lettuce head leaves through stomata. The 

pathogen multiplies in intercellular spaces of epidermis and mesophyl and moves into the 

vascular bundle to spread through the whole leaf (Hikichi et al., 1996; Hikichi et al., 1998).  

 

How P. cichorii is introduced into the irrigation water reservoirs is not sure, but rain may be a 

possible aid in the spread of this bacterium. The closely related P. syringae is known to spread 

by rain (Morris et al., 2008). P. syringae pv. aptata, causal agent of bacterial blight of 

cantaloupe was also found at low concentrations (<70 cfu ml-1) in irrigation water reservoirs, 

although the importance of irrigation water as inoculum source for this pathogen is not yet fully 

known (Riffaud and Morris, 2002). 

 

P. cichorii strains isolated from butterhead lettuce can be divided into three different 

morphotype groups (C1-C3), which correspond very well with the three groups (BOX I-III) 

obtained by BOX-PCR (Cottyn et al., 2009). BOX-PCR is a repetitive sequence-based PCR 

genomic fingerprinting method that uses the BOXA1R primer corresponding to conserved boxA-

subunit sequences distributed in the bacterial genome (Martin et al., 1992).  

P. cichorii strains are not able to form levan from sucrose, show a positive oxidase reaction, do 

not produce argininine dehydrolase and are able to induce a hypersensitive response in 

tobacco. But only C2 or BOX II strains show the ability to rot potato (Cottyn et al., 2009) and 

therefore belong to LOPAT profile - + + - + instead of - + - - +. However, none of these strains 

produce pecate lyase or cellulase (Pauwelyn et al., unpublished). 

 

Butterhead lettuce (Lactuca sativa L. var. capitata) is the most important greenhouse-grown 

leafy vegetable in Flanders, with an annual production value of 50 million euro. Since the 1990s, 

disease outbreaks of midrib rot on intensive greenhouse-grown lettuce have been reported 

(Cottyn et al., 2009). The outer leaves are seldom affected and therefore the disease often 

remains unnoticed until harvest (Pauwelyn et al., 2011). Disease build-up can occur very rapidly 

and economic damage is extensive, as marketability of infected crops is often completely lost 

(Cottyn et al., 2009). Currently, there are no strategies for controlling this pathogen, so 

prevention strategies and early detection are crucial to minimise damage (Pauwelyn et al., 

2011). As P. cichorii densities in irrigation water seldom exceed 103 CFU ml-1 and bacterial 

backgrounds can be high (Cottyn et al., 2011), timely detection of the pathogen is challenging.  
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1.3. EXISTING METHODS FOR P. CICHORII DETECTION 

1.3.1. PLATING 

The classical approach for P. cichorii detection is cultivation by spread-plating on King’s medium 

B, isolating putative P. cichorii colonies based on fluorescence under 366 nm UV and colony 

morphology, followed by further identification based on LOPAT testing. This can take 1-2 

weeks, which is too long for timely disease management. Furthermore, this method often fails 

to detect P. cichorii in irrigation water, because the pathogen is overgrown by background 

bacteria (Cottyn et al., 2011). 

1.3.2. REAL-TIME PCR 

Recently, Cottyn et al. (2011) developed a sensitive real-time PCR protocol for the detection of 

P. cichorii in irrigation water, using primers and a TaqMan minor groove binding (MGB) probe 

targeting a single-copy 90-bp fragment of the conserved hrcRST genes of the hypersensitive 

response and pathogenicity (hrp) region of P. cichorii. 

The real-time PCR reactions have a total volume of 25 µl and contain 5 µL of template DNA, 

12.5 µL of TaqMan gene expression master mix (Applied Biosystems, Carlsbad, USA), 0.50 µl of 

each 15 µM primer (PscHrc662F, 22-mer [5’- AGGCTTTATGGAAACCCTGACG- 3‘] and 

PscHrc751R, 20-mer *5’- ACAATCACCGCCACGATCAG – 3’+), 0.5 µl of 10 µM TaqMan MGB probe 

(PscHrcMGB687, 16-mer [5’FAM – TTCAAGCAGGCCATGT - MGB - NFQ 3’+), and 50 ng of T4 gene 

32 protein (New England Biolabs, Ipswich, USA) to relieve amplification inhibition. The reactions 

are performed in an Applied Biosystems Prism model 7900HT Sequence Detection System 

(Applied Biosystems, Carlsbad, USA). Every run included a dilution series of a positive control to 

generate a standard curve for absolute quantification and 2 negative controls without target 

DNA. Determinations of cycle threshold (Ct), or the PCR cycle where fluorescence first occurred, 

are performed automatically by the Sequence Detection Systems software of the instrument 

(version 2.3; Applied Biosystems) (Cottyn et al., 2011).  

For quantification of P. cichorii in experimental samples, one aliquot of 1 ng µl-1 standard DNA is 

freshly thawed and serially diluted to create the standard curve in each real-time PCR run. The 

standard DNA concentration series was plotted against the Ct values and found to be linear 

over a dynamic range from 50 fg to 5 ng (70 to 700 000 genome copies). The real-time PCR was 
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found to be highly reproducible up to a minimum DNA amount of 500 fg per reaction 

(approximately 70 genome copies) and a maximum Ct value of 35 (Cottyn et al., 2011). 

1.3.1.1. RT-PCR ON IRRIGATION WATER 

Water samples of 1 l are treated with 20 g polyvinylpolypyrrolidon (PVPP, Sigma-Aldrich, St 

Louis, USA) for 20 min at room temperature with gentle agitation. Samples are then filtered 

through a Whatman 520A ½ filter stacked above a Whatman 598 ½ filter (Whatman, 

Maidstone, UK). Subsequently, samples are vacuum filtered through a 5 µm nitrocellulose filter 

membrane (Millipore, Billerica, USA). Further sample processing is performed using the 

UltraClean Water DNA kit (Mo Bio Laboratories, Carlsbad, USA) according to the manufacturer’s 

instructions. The resulting 3 ml DNA extract is further concentrated using ethanol precipitation, 

and suspended in 50 µl MilliQ water, of which 5 µl is used in the PCR reaction (Cottyn et al., 

2011). DNA extracts of the the water samples are spiked with 500 pg P. cichorii DNA and 

amplified in a separate tube as an internal amplification control to check for inhibition.  

In irrigation water, the real-time PCR method was found to be 10 times less effective, having a 

detection treshold of 100 genome copies per reaction. Cell losses occur during the sample pre-

treatment steps, as amplification inhibition or attenuation was excluded by the controls (Cottyn 

et al., 2011). 

 

The real-time PCR method has proven to be sensitive and specific, but rather expensive 

because purification of the irrigation water requires a high labour input and an expensive DNA 

extraction kit. 

1.4. FLOW CYTOMETRY: A PROMISING METHOD TO DETECT 

WATERBORNE BACTERIA 

FCM is increasingly used to study bacteria in water, as the technique can be used for microbial 

analysis at both the community and single-cell levels (Wang et al., 2010). The main advantages 

of FCM over other techniques for bacterial are its speed (< 3 min sample-1), accuracy (< 5% 

instrumentation error), and sensitivity (detection limits as low as 100 cells ml-1 are possible). Its 

main disadvantages are the need for a single-cell supsension, the need for pretreatment of 
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samples with high inorganic background and the need for correct standardization and data 

interpretation (Hammes et al., 2008; Hammes and Egli, 2010; Wang et al., 2010). 

Waterborne pathogens often occur in concentrations below 100 cells ml-1 and therefore need 

preconcentration. Immunomagnetic separation, often combined with conventional filtration, is 

increasingly used before FCM-based specific detection (Füchslin et al., 2010). The combination 

of IMS and FCM may therefore be an alternative approach for P. cichorii detection. 

1.5. CURRENT APPLICATIONS OF FLOW CYTOMETRY IN PLANT 

PATHOLOGY 

1.5.1. INTRODUCTION 

In plant pathology, detection and characterization, quantification and viability assessment of 

pathogens are crucial to develop or apply control measurements. Fast detection methods are 

indispensable, as plant pathogen population levels often fluctuate rapidly. In spite of these 

benefits, the time-consuming isolation and culturing of microorganisms, based on the methods 

developed by Koch, Hesse and Petri in the early 1880’s (Lopez et al., 2008), persists as the gold 

standard in many detection protocols. Alternatives such as enzyme-linked immunosorbent 

assays (ELISA) and polymerase chain reaction (PCR) were introduced in microbiology in 1971 

(Engvall and Perlmann, 1971) and 1983 (Mullis et al., 1986), respectively. Very soon after their 

introduction, these methods were adopted in plant pathology (Deng and Hiruki, 1990; Dunez, 

1977) and they are now established routine detection methods and research tools (Palacio-

Bielsa et al., 2009). Besides the advantage of faster characterization, both methods are culture-

independent and can be more specific than plate counts. One disadvantage is their inability to 

perform viability discrimination.  

Flow cytometry (FCM) is an alternative method that can be used for both routine detection and 

research. FCM can give a very precise estimation of fungal and Oomycete genome sizes or 

provide quantitative information on presence and viability of cells, and a myriad of other 

parameters, e.g., size and shape, membrane potential or mitochondrial activity. FCM was 

introduced before PCR or ELISA, with the first commercial flow cytometer used in 1969 

(Shapiro, 2003). It soon became an indispensible method in medical diagnosis and is a 

commonly used technique in food microbiology, veterinary research and water analysis. But it 
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remains rather unknown and unused in plant pathology. This review focuses on the current 

applications and future possibilities of flow cytometry in plant pathology for research and 

routine detection.  

1.5.2. WHAT IS FCM? 

FCM is a technique to measure and count small particles in a fluid stream. A flow cytometer 

comprises three systems: fluidics, optics and electronics (Fig. 1.1).  

 

 

Figure 1.1. Conceptual figure of a flow cytometer, showing the fluidics system (solid lines), optical system (double 
lines) and electronics system (dotted lines). 
The fluidics system delivers the particles of the sample in a single file to the flow cuvette. This is done by injecting 
the sample into a sheath fluid, that narrows down the sample stream into a single cell line by hydrodynamic 
focusing. The optical system consists of one or more excitation sources (laser, lamp or light emitting diode) to 
excite the cells in the flow cuvette. A set of filters and mirrors deflects and passes certain wavelengths of the 
emitted fluorescence (FL1-3) and scattered laser light (SSC and FSC). The key parts of the electronics system are 
the photomultiplier tubes (PMTs) that detect the incoming photons, multiply the current they produce and send 
this electric signal to the computer where it is displayed as single-parameter histogram or two-parameter dot plot. 

 

In essence, every single particle is excited by a light source and is finally displayed on a graph 

(Shapiro, 2003). Common flow cytometers detect multiple parameters: forward scatter (FSC), 

sideward scatter (SSC) and a number of fluorescent wavelengths (FL1, FL2, and so on), 

depending on the excitation source and the complexity of the instrument. FSC and SSC signals 
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provide information about the size, shape and complexity of the cell. FSC is the narrow angle 

light scatter and is dependent of the size and refraction index of the cell (Longobardi, 2001). 

SSC is the right angle light scatter and depends on external granularity, internal complexity and 

shape of the cell (Shapiro, 2003). The sensitivity of each photomultiplier tube (PMT) can be 

adjusted separately to suit the application. During the analysis, the instrument can be triggered 

on one of its parameters. Only if a particle is positive for the triggering parameter, its signal 

intensity for that parameter and all the other parameters will be displayed on the outputs 

(Rehse et al., 1995). 

 

Shapiro (2003) has authored the most comprehensive overview of flow cytometry in all its 

aspects. His book can be accessed at no cost on the internet. Doležel et al. (2007b) focus on all 

plant-related FCM topics. 

1.5.3. HISTORY OF FCM 

The first fluorescence-based flow cytometer was developed in 1968 by Wolfgang Göhde and 

was commercialized a year later (Shapiro, 2003). It was soon adopted as a detection method for 

HIV (Hengel and Nicholson, 2001), cancer (Barrett et al., 1976) and malaria (Jackson et al., 

1977), but also for the detection of medically relevant viruses (Hercher et al., 1979) and 

bacteria (Amann et al., 1990; Sträuber and Müller, 2010). A detailed history of FCM can be 

found in Shapiro (2003) and on the websites of many FCM manufacturers. 

The basics of all major clinical FCM applications today have been developed during the first ten 

years of flow cytometry. Currently, FCM is still mostly used for immunophenotyping: 

determination of blood type, transplant compatibility, detection of stem cell disorders, 

leukemias and lymphomas and immunologic monitoring of HIV-infected patients. These routine 

clinical practices rely on FCM and monoclonal antibodies (Brown and Wittwer, 2000; Tait et al., 

2009). Since the 1980s, a major change in FCM has taken place. While the basic principles are 

still the same, technological advances have resulted in cheaper machines, more sensitive 

instruments and better fluorochromes, which in turn have resulted in higher speed and smaller 

volumes. FCM analyses at a rate of one sample or over 10 000 cells per second in multiwell 

plates have already become standard practice in many diagnostic laboratories (Krishhan et al., 

2009). An up-and-coming technology in clinical FCM is high-content flow cytometric screening: 

a combination of robotic fluid handling, flow cytometric instrumentation and bioinformatics 
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software capable of screening a large number of samples in a short time (Naumann and Wand, 

2009).  

 

Although the earliest report on FCM analysis of plant material was among the very first FCM 

publications (Heller, 1973), it took until 1990 for the first plant pathogen to be detected with 

FCM (Hardham and Suzaki, 1990). This huge gap persists between the applications of FCM and 

its evolution in medicine and plant pathology. For example, new developments in the medical 

sector strive to go beyond the limitations of detecting ‘only’ 17 fluorescent labels at once. Plant 

pathologists, in contrast, consider a three-color experiment to be exceptional.  

The cost of a flow cytometer is often pinpointed as the major cause for this disparity. To be 

sure, flow cytometers are not cheap, but neither are the real-time PCR machines used by plant 

pathologists. A well-equipped flow cytometer capable of detecting four colours and two scatter 

parameters costs approximately €35,000 - €106,000. A real-time PCR machine (four-colour 

multiplex detection) costs €18,000 - €67,000. In plant sciences, FCM is almost exclusively 

established in plant breeding (Doležel et al., 2007c), where it is used routinely for ploidy and 

genome size analysis. The cost or the availability of flow cytometers thus cannot be the main 

cause of the lack of applications in plant pathology. The reason is more likely the complexity of 

the instrument and the lack of knowledge, training and support needed to operate it. 

Companies in this new field can make a breakthrough for the technique by providing 

automated equipment, ready-to-use kits and specialized training. 

1.5.4. APPLICATIONS OF FCM IN PLANT PATHOLOGY 

Flow cytometric applications in plant pathology can be divided into three groups: genome size 

measurement, detection, and physiological status assessment (Fig. 1.2). Genome size 

estimation is based on the comparison of the amount of fluorescence emitted by DNA stained 

with an intercalating fluorochrome to that of a reference standard with known genome size. 

Detection can be based on non-specific staining of nucleic acids or characterization of 

autofluorescence and scatter patterns. This helps to detect the presence of pathogens and 

enumerate them, but does not allow discrimination between two morphologically similar 

organisms. Therefore, labelling with specific probes, such as antibodies or nucleic acid probes, 

is often required. The physiological status of an organism can be measured with FCM by 

quantifying the fluorescence intensity of one or more of the emitted wavelengths. The 
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metabolic activity of cells can be measured based on fluorescence intensity. A few of the many 

examples are the uptake of a membrane integrity probe, the fluorescence of an esterase or 

mitochondrial activity probe, or the amount of green fluorescent protein (GFP) expression.  

1.5.4.1. GENOME SIZE 

In the plant sector, flow cytometry has become the method of choice for ploidy and genome 

size determination because it is fast, cheap and easy. FCM can also be done in an early growth 

stage of the plant, or even on seeds (Doležel et al., 2007a). A five-minute preparation by razor 

blade chopping (Galbraith et al., 1983) is enough to obtain a nuclear suspension that can be 

measured with a single-parameter flow cytometer. The results are presented as a fluorescence 

intensity histogram with a peak (G1) and often a second peak (G2), correlated with the DNA 

content of the cell (Kron et al., 2007). A comparison of the peak position of the sample with 

that of an external reference is often enough to detect large differences in DNA content 

between sample and reference, e.g., different ploidy levels. To obtain a more exact genome 

size estimate, an internal standard with known genome size is co-chopped, stained and 

analyzed with the sample. This is necessary, as some secondary metabolites such as 

polyphenols may cause small shifts in fluorescence peaks and give rise to small but significant 

variations between measurements (Greilhuber et al., 2007). When a biologically similar internal 

standard is used, both sample and standard peaks are influenced in the same way and the 

proportion between the peak positions stays constant (Suda and Leitch, 2010).  

 

 

Figure 1.2. Schematic overview of the applications of flow cytometry in plant pathology. 
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Genome size analysis has gained increasing attention over the past decade in both the plant 

and animal kingdoms, owing to more accurate and efficient quantification techniques (Gregory 

et al., 2007). Relationships between genome size and biological parameters such as cell size, 

cell division rate and the ability of an organism to overcome selection pressure have become 

more documented (Leitch and Bennet, 2007). In fungi in general, variations in chromosome 

number and size seem to be the rule rather than the exception. Ploidy levels ranging from 1x to 

50x and genome sizes ranging from 1C = 0.007-0.81 pg have been found so far (Gregory et al., 

2007). Variations in genome size of plant pathogens can cause variation in pathogenicity and 

complicate the control of a disease (Gregory et al., 2007). Especially plant pathogenic fungi and 

Oomycetes are known for their high degree of genome plasticity. In these cases, it is extremely 

important to obtain information about the structure of the genome and to understand the 

dynamic forces which give rise to the high level of pathotype variation observed in the field 

(O'Sullivan et al., 1998).  

Due to the small (genome) size of bacteria, the relatively large amount of RNA, and the absence 

of a distinct mitotic phase caused by the constant chromosome replication, bacterial genome 

size estimation is very difficult. Consequently, there are very few publications about estimating 

bacterial genome size using FCM, and none of them involve plant pathogens (Button and 

Robertson, 2001; Steen, 2000).  

 

Preparation and buffer systems applied for plants can also be used for plant pathogens (Kim et 

al., 2000). Commercial kits for the genome size determination of plants are available and allow 

easy sample preparation. They have also been successfully used on Oomycetes (Si-Ammour, 

2002; Vercauteren, 2010). Fig. 1.3 shows an example of genome size determination on 

Phytophthora ramorum taken from the work of Vercauteren et al. (2011). The position of the 

G1 peaks of sample and reference are determined and the genome size of the sample is 

calculated as follows: C-value sample = (C-value reference x peak position sample)/ peak 

position reference. Logarithmic scaling was used because genome size differences between 

sample and standard are too large to be compared on a linear scale. 

 

Correct expression of the genome size of fungi and fungus-like organisms is difficult, as they 

have complicated life cycles with different ploidy levels and basic chromosome numbers are 

often not known. Therefore genome sizes in this thesis were expressed as holoploid genome 
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sizes or C-values, defined as ‘the DNA content of the whole complement of chromosomes 

characteristic for the organism, irrespective of the degree of generative polyploidy, 

aneuploidies etc.’ (Greilhuber et al., 2005). To avoid confusion, genome sizes were given as 1C 

or 2C values, reflecting the life stages they were measured in. Life stages were specified with 

superscripts as described by Greilhuber and Doležel (2009). For example Phytopthora 

mycelium, which is diplophasic, was indicated as 2dC while haploid pycniospores, a monokaryon 

life stage, were indicated as 1MkC and spermatia, which are microgametes, with 1miGC. 

 

 

Figure 1.3. Flow cytometer histogram from the genome size determination on mycelium of Phytophthora 
ramorum European isolate ‘2299’ (A1 mating type) with Raphanus sativus ‘Saxa’ (2C=1.11 pg) leaf material as an 
internal standard (Doležel et al., 1992). Samples were treated with 20 µg RNase and peak positions were 
determined to calculate ratios. Logarithmic histogram of orange fluorescence (590 nm) with P. ramorum G1 peak 
(Pr1) at position 7.6 and G2 peak (Pr2) consisting of dividing cells at position 15.7; the G1 peak of R. sativus (Rs1) 
appears at position 57.3, so the proportion of both peaks is 0.1326, resulting in a 2

d
C genome size of 0.147 pg. 

 

A reliable and reproducible genome size estimate depends on standardization. Standardization 

methods for plant analysis and factors influencing genome size have been described by several 

authors (Bennett et al., 2003; Doležel and Bartos, 2005; Suda and Leitch, 2010). This review 

gives an overview on standardization required for plant analysis, but such an overview is 

equally valid for all types of FCM genome size analysis. 
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The crucial factor in genome size estimation is the internal standard, which should: (i) be 

cytologically stable and uniform, without intraspecific variation; (ii) have a low level of 

secondary metabolites; (iii) be easily and readily available; (iv) have an appropriate and well-

defined genome size obtained by FCM (Bennett et al., 2003), preferably no more than three 

times larger/smaller than the sample (Doležel et al., 1992); (v) produce a well-defined, high-

resolution G1 peak (Barow and Jovtchev, 2007); and (vi) be biologically similar to the sample, 

meaning that plants should be measured with plant standards, fungi with fungal standards etc. 

(Suda and Leitch, 2010). Another important consideration is that only intercalating 

fluorochromes are suitable for total genome size determination (Doležel et al., 2007a). Other 

factors, such as buffer constitution, dye concentration and staining time can also influence the 

outcome (Bainard et al., 2010). 

 

Standardization is still a problem for fungal and Oomycete analysis (Kullman et al., 2005) 

because many standards used for fungal or Oomycete analysis today (i) are subject to 

intraspecific variations (Catal et al., 2010), chromosomal length polymorphisms (Kullman, 

2000), variations in genome size due to gain/loss of complete chromosomes (Zolan, 1995) or, as 

in chicken red blood cells, differences in sex chromosomes (Mendonca et al., 2010); (ii) contain 

secondary metabolites, as they are essential to their survival (Howlett, 2006); (iii) are obligate 

pathogens or are subject to strict biosafety regulations; (iv) have an unknown genome size, a 

genome size determined by sequencing (Bennett et al., 2003), a genome size that differs widely 

among studies or one that was calculated based on an unreliable standard (Greilhuber et al., 

2007; Kullman, 2000); (v) are heterokaryotic and hence produce several G1 peaks (Catal et al., 

2010); or (vi) meet most of the other criteria, but are not biologically similar (Table 1.1).  

 

Plant standards seem to be the best option currently available. They exist for a wide span of 

genome sizes, they are easy to cultivate, and some are well-described as FCM standards 

(Loureiro et al., 2007). But these have drawbacks as well. The genome size of plants is too large 

compared to most fungi or Oomycetes, often necessitating logarithmic measurements, and the 

condition of biological similarity is not fulfilled. In short, there is a need for stable and well-

characterized fungal and Oomycete standards. Regardless, internal standardization remains a 

necessity for FCM, even when no biologically similar standard is available. 
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An example of the importance of using adequate standards on the resulting genome size is 

illustrated by the results of Eilam et al. (1994), who estimated the DNA content of rust 

pycniospores, including P. graminis f. sp. tritici, relative to P. hordei (Table 1.1). Based on these 

data, Leonard and Szabo (2005) later calculated the absolute genome sizes of these rust fungi, 

using the sequenced genome size for P. graminis f. sp. tritici (1MkC=0.069 pg, Backlund and 

Szabo (1993)). However, the latest sequenced genome size estimation for P. graminis f. sp. 

tritici is 1 MkC=0.091 pg, which is still believed to be an underestimation of the true genome size 

(Anderson et al., 2010). While gaps remain at telomeres, nucleolus organizer regions (NORs) or 

centromeres, genome sizes obtained by sequencing will always underestimate the true DNA 

content as measured with FCM and should therefore be avoided as standard value (Bennett et 

al., 2003).  

 

When looking at the overview of DNA content measurements on plant pathogenic fungi and 

Oomycetes in Table 1.1, it is apparent that intraspecific genome size differences up to 59% 

were found (Anderson et al., 2010; Kim et al., 2000; O'Sullivan et al., 1998). This is in contrast 

with plants, where intraspecific genome size variation is controversial (Greilhuber, 1998). 

Distinct differences in DNA content between fungi isolated from susceptible and resistant 

plants were reported by Yeater et al. (2002). FCM measurement of Phytophthora species 

revealed complex nuclear conditions, such as heterokaryosis and indications of aneuploidy 

(Catal et al., 2010; Vercauteren et al., 2011).  

 

The genome size of plant pathogenic fungi was first estimated in 1980 using Feulgen 

microspectrophotometry (Typas and Heale, 1980; Voglmayr and Greilhuber, 1998). In general, 

there is a good correlation between Feulgen and FCM data, but FCM is often the method of 

choice as it is faster and more accurate (Greilhuber et al., 2007). Feulgen microspectro-

photometry estimates the amount of DNA by measuring the amount of light absorbed by a 

stained nucleus. A more recent method to measure the DNA amount in Feulgen stained nuclei 

is image analysis densitometry, which measures the staining intensity of a microscope image 

using a CCD camera and image analysis software (Hardie et al., 2002). Feulgen densitometry is 

performed on fixed cells on microscope slides. This requires only a very small number of cells 

and samples can be stored. The disadvantages to this technique are a time-consuming fixation 

process and a loss of accuracy due to the small sample volume (Greilhuber, 2008). 
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Table 1.1. Overview of DNA content measurements with FCM relevant to plant pathology. The standardization technique and the standard species, as well as the genome size 
used by the authors are mentioned when known. When the genome size of the standard is known, ranges of obtained genome sizes are expressed as 1C or 2C values, reflecting 
the stage that was measured. In case the genome size of the standard is not known, results are expressed  as relative values compared to the external standard. 

Fungi / Oomycetes stains standards life stage measured range of obtained  
genome sizes 

references 

Puccinia spp. 
Tranzschelia sp. 
Uromyces spp. 

PI 
Hoechst 
33342 

external 
Puccinia hordei TA-1699 

pycniospores Puccinia spp.: 53-185% 
Tranzschelia sp.: 150% 
Uromyces spp.: 107-346% 

(Eilam et al., 1994) 

Phialophora gregata 
Acremonium spp. 

PI external   
P. gregata BSR 101  

conidia P. gregata: 100-127% 
Acremonium spp.: 76-88% 

(Gourmet et al., 1997) 

Colletotrichum 
lindemuthianum 

PI 
Hoechst 
33342 

external 
Colletotrichum lindemuthianum UPS1 

spores 59%-101% (O'Sullivan et al., 1998) 

Armillaria spp. PI internal 
chicken red blood cells  
(2C=2.33 pg) 

mycelium 2
d
C=0.109-0.237 pg  (Kim et al., 2000) 

Phialophora gregata YOYO-1 external   
P. gregata sp. 

conidia 78-117% (Yeater et al., 2002) 

Phytophthora infestans PI internal 
chicken red blood cells 
(2C=2.33 pg) 

mycelium 2
d
C=0.280-0.699 pg (Catal et al., 2010) 

Cronartium quercuum f.sp. 
fusiforme 

PI external 
Puccinia graminis f.sp. tritici (1

Mk
C=0.091 

pg) 
Sclerotinia sclerotiorum  
(1

miG
C=0.039 pg) 

pycniospores  
1

Mk
C=0.084-0.095 pg with  

P. graminis standard 
1

Mk
C=0.090-0.100 pg with  

S. sclerotiorum standard  

(Anderson et al., 2010) 

Phytophthora ramorum PI internal 
Raphanus sativus ‘Saxa’ 
(2C=1.11 pg) 

mycelium 2
d
C= 0.134-0.245 pg (Vercauteren et al., 2011) 

C: holoploid genome size; 
d
: diplophasic; 

miG
: microgamete; 

Mk
: monokaryon; pg: picograms; DNA stains: Hoechst 33342, PI( propidium iodide), YOYO-1 
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Genome sizes of fungi and the method with which they were obtained can be found at 

www.zbi.ee/fungal-genomesize.  

1.5.4.2. DETECTION 

PRESENCE AND ENUMERATION 

Discriminating microorganisms from background particles often depends on fluorescent 

staining. Extensive lists of fluorescent dyes and their properties are described in Tracy et al. 

(2010). For non-specific staining of biological material, DNA stains, such as 4',6-diamidino-2-

phenyl-indole (DAPI), propidium iodide (PI) and ethidium bromide (EB) are most often used. 

Online fluorescence spectra viewers can help to select a stain with excitation and emission 

wavelengths that fit the instrument used. But other criteria should be considered as well, such 

as membrane permeability, photostability, pH, temperature sensitivity etc. (Alvarez-Barrientos 

et al., 2000; Hammes and Egli, 2010; Tracy et al., 2010).  

Absolute cell counting using flow count is one of the most straightforward and useful functions 

of FCM, as it is much faster than microscopy. Total bacterial counts can be used as a quality 

parameter for water (Hammes and Egli, 2010), food or beverages (Comas-Riu and Rius, 2009) or 

as a fast tool to detect microbial contamination in sterile matrices, such as in a cell culture 

medium (Mchugh and Tucker, 2007).  

Applications for plant pathogens are given in Table 1.2. Day et al. (2002) tested FCM as a means 

to quickly detect and quantify airborne Phytophthora infestans sporangia based on scatter and 

autofluorescence, in order to better predict fungicide application times than with climatic 

models. Gamalero et al. (2004) used FCM and plate counts to quantify and study the evolution 

of culturable and non-culturable PI-stained Pseudomonas fluorescens cells in different root 

zones. Golan et al. (2010) counted GFP-tagged Pectobacterium carotovorum ssp. carotovorum 

cells in Ornithogalum dubium plantlets to screen for resistant cultivars in an early growth stage. 

All of the applications described above are based on non-specific staining or are meant to study 

pure cultures or GFP-tagged organisms. Although some of those applications have a certain 

degree of specificity, they are unsuited to detect the presence of a specific organism in an 

environmental sample. 

SPECIFIC DETECTION  

Specific detection methods require specific labelling and are mostly based on 

immunofluorescence or fluorescence in situ hybridization (FISH); labelling of these specific 

http://www.zbi.ee/fungal-genomesize
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probes can be done by organic fluorophores such as fluorescein isothiocyanate (FITC) and 

phycoercithrin (PE) or by inorganic components, such as quantum dots. Quantum dots have a 

very good photostability, a broad excitation spectrum and a narrow emission spectrum. 

However, for environmental samples they do not always perform better than organic 

fluorophores (Ferrari and Bergquist, 2007).  

Antibodies 

Medically relevant fungi, yeasts and parasites are often detected with FCM and fluorescently 

labeled antibodies (Alvarez-Barrientos et al., 2000). Detection of numerous bacterial species in 

a wide range of different body fluids can be accomplished in only 30 min from sample 

preparation to FCM output with a sensitivity of 100 cells per ml. 

In plant pathology, the availability of specific antibodies is often problematic. Nevertheless, 

specific detection methods with antibodies and FCM have been successfully applied on plant 

pathogens (Table 1.2). Chitarra et al. (2002) used FITC-labeled antibodies and flow cytometry to 

detect 103 Xanthomonas campestris pv. campestris cells per ml in seed extracts of Brassica sp., 

even in the presence of non-pathogenic Xanthomonas campestris strains. Alvarez (2001) 

reported a detection limit of 300 Clavibacter michiganensis cells per ml tomato seed extract, in 

the presence of a 1000 times larger background population. Simultaneous detection of C. 

michiganensis and X. campestris in the same matrix was also reported (Alvarez, 2001). 

Nucleic acid probes 

Flow-FISH is an alternative to immunoassays. This technique, which is similar to microscopy-

based FISH, uses short nucleic acid oligomers labeled with a fluorescent molecule and 

hybridized to the target RNA or DNA of the cells (Baerlocher et al., 2002). Flow-FISH can be 

used to rapidly screen a population or to identify and enumerate one specific organism. The 

prerequisite for successful FISH is a signal strong enough to detect (Porter et al., 1997a; Vives-

Rego et al., 2000). Therefore, there are very few applications of this technique to date in 

microbiology in general (Alvarez-Barrientos et al., 2000) and none that are situated in the field 

of plant pathology. 

Other probes 

Probes can also be specific to certain receptors or binding sites of a cell. A binding site-specific 

FCM assay, using neither oligomers nor antibodies, was performed by Hardham and Suzaki 

(1990). They used FITC-labeled concanavalin A (ConA) and soybean agglutinin to quantify the 
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number of ConA binding sites on Phytophthora cinnamomi zoospores during encystment (Table 

1.2).  

Beads 

Immunoassays in flow cytometry are often combined with beads. Beads are spherical particles, 

usually with a diameter ranging from a few nanometers to a few micrometers. The beads act as 

a carrier of the probes that are suspended in the sample. The contact zone between probes and 

sample is hence much larger than in a wellplate assay and results in faster binding kinetics. 

Although beads are most often coated with antibodies, they can also be used with nucleic acid 

probes or other ligands.  

Most bead manufacturers provide beads that can be custom-coated, such as carboxylated 

beads, streptavidin-coated beads, anti-IgG beads etc. While the coating process is technically 

straightforward in most cases, optimization of antibody and buffer concentrations can take 

time and small changes in the protocol can make an enormous difference. 

The simultaneous use of different sizes or colours of antibody-coated beads allows 

simultaneous detection of multiple target cells (Dunbar et al., 2003). For example, Ianelli et al. 

(1996; 1997) used different sizes of latex beads for multiplex FCM detection of three different 

plant pathogenic viruses (Table 1.2).  

 

A special case of bead-based immunoassays uses paramagnetic beads and immunomagnetic 

separation (IMS). IMS allows rapid and efficient recovery and concentration of target cells, 

while at the same time non-target components are removed from the test material (Boschke et 

al., 2005). To this end, immunomagnetic beads are incubated with the sample and beads will 

adhere to the target cells upon collision. When the sample is subsequently placed on a 

magnetic separator, the beads and thus the target cells will be drawn to the wall of the sample 

tube closest to the magnet. This allows isolation, concentration and purification of target cells 

prior to analysis. IMS allows enrichment of rare cells up to 10,000-fold and is therefore 

common practice in medical immunology (Grutzkau and Radbruch, 2010). 

 

In other fields of study, including plant pathology, IMS is habitually applied as a pre-enrichment 

technique prior to plate assays (de Leon et al., 2008) or is used to remove inhibiting 

components to increase PCR sensitivity (Grant et al., 2000; Walcott et al., 2002). 
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Table 1.2. Overview of plant pathogens analyzed with FCM for detection and enumeration. 

Presence and enumeration    

pathogen stain or parameter matrix enumeration references 

Phytophthora infestans Autofluorescence 
Scatter 
Calcofluor white 

air no (Day et al., 
2002) 

Pseudomonas fluorescens 
A6RI 

PI tomato root 
surface 

yes (Gamalero et 
al., 2004) 

Pectobacterium 
carotovorum ssp. 
carotovorum 

GFP Ornithogalum 
dubium plantlets 

yes (Golan et al., 
2010) 

Specific detection    

Antibodies    

pathogen label matrix detection limit  
(cells ml

-1
) 

references 

Flavobacterium P25 FITC soil 7.9 10
3
 (Page and 

Burns, 1991) 

Multiplex: 
Clavibacter michiganensis 
subsp. michiganensis 
Xanthomonas campestris 
pv. vesicatoria 

 
FITC 
 
PE 

 
seed extract 

 
300 
 
300 

 
(Alvarez, 2001) 

Xanthomonas campestris 
pv. campestris 

FITC seed extract 10
3
 (Chitarra et al., 

2002) 

Other probes     

pathogen label matrix probe type references 

Phytophthora cinnamomi FITC phosphate buffer concanavalin A (Hardham and 
Suzaki, 1990) 

Beads     

multiplexed pathogens label and bead 
system 

matrix detection limit (ml
-1

) references 

Cucumber mosaic virus 
Potato virus Y 
Tomato mosaic virus 

FITC & PE  
latex beads 
1, 3 & 6 µm 

leaf extract 10 pg 
10 pg 
10 pg 

(Iannelli et al., 
1996)  

Cucumber mosaic virus 
Potato virus Y 
Plum pox potyvirus 

FITC & PE  
latex beads 
3 & 6 µm 

leaf extract 10 pg (Iannelli et al., 
1997) 

Pectobacterium 
atrosepticum 
Dickeya dianthicola 

Alexa fluor 532  
Luminex polystyrene 
5.3 µm 

tuber extract 10
2
-10

3
 cells  

with 48h enrichment,  
10

6
-10

7
 cells  

without enrichment 

(Peters et al., 
2007) 

Potato virus X 
Potato virus Y 
Potato leafroll virus 

Alexa fluor 532  
Luminex polystyrene 
5.3 µm and Luminex 
paramagnetic 6.5 µm 

leaf extract 10x higher than ELISA 
10x lower than ELISA 
10x lower than ELISA 

(Bergervoet et 
al., 2008) 

(FITC: fluorescein isothiocyanate; GFP: green fluorescent protein; PE: phycoercithrin; PI: propidium iodide) 
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Combination of immunomagnetic separation and flow cytometry allows fast and selective 

capture and concentration of target pathogens out of complex matrices, combined with rapid 

quantitative analysis of fluorescently labeled or live/dead stained bacteria (Hibi et al., 2007). 

The only combination of IMS and FCM for plant pathogen detection was done by Bergervoet et 

al. (2008), who used paramagnetic Luminex beads for the simultaneous detection of three 

potato viruses (Table 1.2). They found that the use of paramagnetic beads drastically increased 

the signal-to-noise ratio.  

 

Luminex flow cytometers are instruments that are specially and solely designed for bead-based 

applications; they use 5.3-6.5 µm microspheres that are internally dyed with a certain 

proportion of red and infrared stains. The instruments have a green and red laser; the red laser 

identifies the bead and the green laser excites the reporter fluorochrome if present. Given the 

availability of 100 different shades of beads, theoretically 100 different tests can be done in one 

analysis. Luminex offers easy-to-use kits and platforms for high-throughput screening; many 

routine diagnosis tests in medicine are based on this technology (Krishhan et al., 2009; Tait et 

al., 2009). 

Bergervoet et al. (2008) reported an immunoassay with paramagnetic beads for the 

simultaneous detection of three potato viruses (Table 1.2). Results comparable with 

enrichment ELISA and PCR were obtained by Peters et al. (2007), who developed an enrichment 

microsphere immunoassay for the simultaneous detection of two bacterial potato diseases on 

the Luminex platform. 

Although the Luminex technology has proven its use for routine testing, Luminex cytometers do 

not (yet) allow viability discrimination and can only be used for bead applications. 

1.5.4.3. PHYSIOLOGICAL STATUS 

VIABILITY 

Viability measurement of microorganisms with FCM is frequently used to monitor the efficiency 

of water treatment (Hammes and Egli, 2010) or to detect viable yeast cells in wine and bacterial 

contamination of milk (Comas-Riu and Rius, 2009). In clinical settings, FCM is often the method 

of choice to test antibiotic, antifungal, and antiparasitical drugs on a microbial population 

(Alvarez-Barrientos et al., 2000). Although measurement of the PI-uptake by FCM is a fast and 

accurate way to determine antifungal activity (Green et al., 1994), most viability studies 
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performed with FCM involve bacteria. The following paragraph will thus focus on bacterial 

viability. 

 

The death of a micro-organism has long been defined as the inability to grow to a visible colony 

on culture media (Berney et al., 2007). This definition of viability made assessment simple: an 

organism was either alive or dead. But since the first report of the viable but nonculturable 

(VBNC) state in bacteria in 1982 (Xu et al., 1982), more and more researchers have reported 

this third physiological state (Oliver, 2005). The increased use of fluorescent dyes, the growing 

application of culture-independent methods and increasingly frequent reports of the VBNC 

state in bacteria have given rise to a discussion about what is “live” and what is “dead”. Cell 

death is now characterized by parameters such as membrane permeability, deficient efflux 

pump activity, lack of enzymatic activity, loss of membrane potential etc. (Joux and Lebaron, 

2000). Flow cytometry allows to determine up to seven different stages between living and 

dead (Joux et al., 1997; Nebe-von Caron et al., 1998). Therefore, the comparison between live 

counts by flow cytometry and plate counts may vary, especially for organisms under stress. 

Even microscopic counts of a live/dead stained population can differ from FCM counts of the 

same sample, as the human eye cannot dissect the emitted color into separate wavelengths 

and operator bias can occur (Jenson et al., 1998).  

Some commercial kits for viability assessment of bacteria, yeasts and fungi can be used with 

both microscopy and FCM. Nevertheless, correct staining should be tested for every new 

species, as some microorganisms show different staining patterns according to their growth 

stage (Shi et al., 2007). Viability staining can also be influenced by dye concentrations and 

combinations (Stocks, 2004), pH, (Boulos et al., 1999) incubation time (Yu et al., 1995), 

temperature (Jernaes and Steen, 1994), salinity (Lebaron et al., 1998b; Martens et al., 1981), 

presence of soil particles (Pascaud et al., 2009), etc. 

Most viability staining protocols used in FCM are based on membrane integrity, esterase 

activity or membrane potential (Chitarra and van den Bulk, 2003; Sträuber and Müller, 2010). 

When used correctly, viability staining in combination with flow cytometry is a very fast and 

accurate tool to research viability and efficacy of treatments in plant pathology as reviewed by 

Chitarra and van den Bulk (2003). One example comes from our own research on a SYTO 9/PI 

stained lettuce pathogen Pseudomonas cichorii before and after heat treatment (Fig. 1.4). 
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Figure 1.4. Flow cytometer output and fluorescence microscope images of SYTO 9/PI stained Pseudomonas cichorii 
before and after heat treatment (60°C, 10 min). 
Living P. cichorii have a high green fluorescence intensity and a lower red fluorescence intensity and appear in gate 
R2 on the 520-630 nm dot plot, a minority of the bacteria are dead and appear in gate R1; microscopic observation 
shows green fluorescent bacteria (A). 
Heat-killed P. cichorii have a low green fluorescence intensity and a high red fluorescence intensity and appear in 
gate R1 on the 520-630 nm dot plot, a few bacteria survived and are still visible in gate R2; microscopic 
observation shows red fluorescent bacteria (B). 
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In plant pathology, the major uses of viability application with FCM are research-related and 

often involve the induction of VBNC states. Table 1.3 gives an overview of viability studies with 

FCM related to plant pathology. Only Assaraf et al. (2002) used FCM on plant pathogenic fungi 

to determine stress and viability on conidia during and after heat treatment. Several authors 

have used FCM on plant pathogenic bacteria to compare different fluorochromes for viability 

assessment (Chitarra et al., 2006; Porter et al., 1997b), while others tested survival under stress 

(Ordax et al., 2006; van Overbeek et al., 2004). Most of the authors that have compared FCM to 

plate counts detected more bacteria using FCM (Chitarra et al., 2006; Ordax et al., 2006; Porter 

et al., 1997b; van Overbeek et al., 2004); this discrepancy could be as high as 108 ml-1 for 

bacteria in the VBNC state (Ordax et al., 2006). 

One very promising application of FCM in plant disease research is monitoring of the 

physiological status of plant growth promoting bacteria after introduction into the soil. In order 

to optimize the survival and root colonization of microbial inoculants, information is needed 

about their physiological status in the environment and the influence of stress conditions 

encountered in the soil. Several authors have used FCM to study fluorescent pseudomonads 

(Table 1.3). FCM assays revealed that 90-100% of all bacteria lose culturability, become VBNC 

or die less than ten days after introduction into the soil.  

GENE EXPRESSION 

The expression of specific genes can be measured in cells using GFP-based reporters (Ghim et 

al., 2010). As FCM allows for quantification of fluorescence intensity and counting the number 

of GFP-expressing bacteria, the average gene expression per bacteria can be calculated.  

The only example of this being used in plant pathology is a quantitative FCM study of the 

antifungal gene expression in Pseudomonas fluorescens CHA0 during root colonization (Table 

1.3). Using FCM, significant differences in expression levels between plant species were found 

(de Werra et al., 2008). 
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Table 1.3. Physiological status assessments with FCM for plant pathology research 

Viability     

Plant pathogens aim parameters stains matrix  references 

Escherichia coli ED8654 
Erwinia herbicola ATCC 21434 

enumeration and viability assessment mitochondrial activity 
esterase activity 
esterase activity 
esterase activity 
membrane integrity 

Rhodamine 123 
cFDA 
BCECF-AM 
Chemchrome B 
PI 

soil (Porter et al., 
1997b) 

Clavibacter michiganensis  
subsp. michiganensis 

evaluation of viability assessment based on 
intracellular pH 

intracellular pH cFSE culture medium with 
different  
pH gradients 

(Chitarra et al., 
2000) 

Fusarium oxysporum viability during and after heat treatment mitochondrial activity 
esterase activity 
total cells 
membrane integrity 

Rhodamine 123 
FDA 
Acridine orange 
PI 

heat treatment (Assaraf et al., 
2002) 

Ralstonia solanacearum evolution of culturability, viability and virulence 
under cold stress 

live/dead SYTO 9/PI water at 4 and 20°C (van Overbeek et 
al., 2004) 

Clavibacter michiganensis  
subsp. michiganensis 

evaluation of viability assessment based on 
enzyme activity and membrane integrity 

esterase activity 
esterase activity 
membrane integrity 

cFDA 
Calcein AM 
PI 

phosphate buffer (Chitarra et al., 
2006) 

Erwinia amylovora evaluation of viability, culturability and 
morphology under copper stress 

active 
total cells 

CTC 
Syto13 

culture medium with Cu (Ordax et al., 
2006) 

Plant growth promoting bacteria     

Pseudomonas fluorescens 
SBW25 

evolution of cell number and metabolic activity GFP-expression GFP soil, nutrient rich and  
nutrient poor culture media 

(Unge et al., 1999) 

Pseudomonas fluorescens 
A506 

effect of stress, VBNC and viability on GFP 
fluorescence 

GFP-expression 
membrane integrity 

GFP 
PI 

nutrient poor culture media, 
UV  
and heat treatment 

(Lowder et al., 
2000) 

Pseudomonas fluorescens 
SBW25 

monitoring physiological status under stress 
conditions 

GFP-expression 
active/dead 

GFP 
CTC/ PI 

soil, nutrient rich and  
nutrient poor culture media 

(Maraha et al., 
2004) 

Pseudomonas fluorescens 
92rkG5 

evolution of localization, viability and 
culturability 

GFP-expression 
membrane integrity 

GFP 
PI 

tomato roots (Gamalero et al., 
2005) 

Pseudomonas fluorescens 
DR54 

monitoring physiological status during 
formulation, seed application and seed 
germination 

total cells 
electron transport 
membrane potential 
membrane integrity 

SYBR Green I 
ethidium bromide 
DiBAC4 
PI 

culture medium with heat 
treatment 
clay 
sugar beet seeds 

(Nielsen et al., 
2009) 

Gene expression     

Plant growth promoting bacteria      

Pseudomonas fluorescens CHA0 quantifying plant-modulated alterations 
in antifungal gene expression 

GFP-expression GFP root wash of eight different 
crops 

(de Werra et al., 
2008) 

(cFDA: carboxyfluorescein diacetate, BCECF-AM: 2’,7’-bis(2 carboxyethyl)-5-(and 6)-carboxyfluorescein acetoxymethyl ester, PI: propidium iodide, cFSE: Carboxyfluorescein succinimidyl 
ester, GFP: green fluorescent protein, FDA: fluorescein diacetate, CTC: 5-cyano-2,3 ditolyl tetrazolium chloride, DiBAC4:  bis-(1,3-dibutylbarbituric acid)trimethine oxonol) 
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1.5.5. PROS AND CONS OF FCM 

Flow cytometry is a very fast technique, capable of analyzing thousands of cells per second. It 

can thus generate enormous amounts of data. The wide variety of fluorescent markers and 

stains available makes it possible to screen for a vast range of physiological parameters and 

biochemical characteristics of cells. Technological advances have resulted in cheaper and more 

specialized instruments ranging from small, simple and easy-to-operate flow cytometers for 

one specific application up to 7-laser instruments that allow the simultaneous detection of 32 

parameters (Lorkowski and Cullen, 2003). Certain instruments allow volumetric counting, while 

others need a bead standard to determine the cell concentration and the exact concentration 

of any subpopulation defined by the user. Many flow cytometers also have a sorting function, 

which allows to deflect subpopulations in real time for culturing or further analysis (Bergquist 

et al., 2009). 

Of course, flow cytometry also has downsides, some of which directly result from its potential. 

The first is related to the adaptability of the instrument to specific needs and experimental 

designs. The user thus needs to implement the adaptations required and to set up the 

instrument for the intended experiment. The sensitivity and detection threshold of each PMT 

must be found empirically to detect weak fluorescent signals but still avoid noise. This requires 

the appropriate controls and standards; for multicolour experiments, compensation may be 

necessary to avoid spectral overlap between fluorochromes. Second, flow cytometric outputs 

still need interpretation. For some applications this proves to be difficult even with the right 

controls.  

 

The diversity of plant pathogens -fungi, Oomycetes, bacteria, viruses, viroids and phytoplasmas- 

implicates a wide variety in size, nucleic acid content, shape and structure. Where the first flow 

cytometers were not designed for detection of small particles such as bacteria, some of the 

current instruments are capable of detecting 0.5 µm particles solely based on scatter properties 

(Robert et al., 2008). When analyzing microorganisms with FCM, it becomes clear that 

individual microorganisms, even those in 'clonal' populations, may differ widely from each 

other in terms of morphology, genetic composition, physiology or biochemistry (Davey and Kell, 

1996). Because of this, FCM outputs of microorganisms often show more variation than 

expected. This can make it challenging to correctly characterize each group on the outputs.  
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On the other hand, FCM is culture-independent. This makes the technique suitable for the 

analysis of environmental samples and obligate pathogens, as well as organisms in the VBNC 

state (Oliver, 2005). Flow cytometry is particularly valuable for plant pathology, because the 

number of VBNC reports is steadily increasing (Ordax et al., 2006). One of the major advantages 

of FCM is quantitative viability assessment. Culture-independent live/dead assessment is now 

often evaluated with fluorescence microscopy, but can be done faster and more precisely with 

a flow cytometer. 

 

Plant pathogens often have low infection thresholds and usually require concentration before 

they can be detected. In addition, the isolation or discrimination of the pathogen from its 

natural environment can also be problematic. Cells that cannot be dispersed into a single-cell 

suspension cannot be measured; this can be a problem for biofilm-forming bacteria or soil-

associated microorganisms. Plant pathogens are present in or on very diverse substrates, such 

as plant cells, seeds, soil, water, insects, pollen, etc. In general, matrix components such as 

culture media, silica particles or chlorophyll can influence the measurement by causing 

unwanted background fluorescence and light scattering, or even an extra group on the output. 

Every application thus requires an adapted protocol.  

1.5.6. CONCLUSION 

Flow cytometers are one of the most versatile lab instruments available, capable of yielding a 

great amount and wide variety of data, but therefore requiring highly skilled operators. 

Flow cytometry has had -and is still having- a very significant impact on human cell biology 

(Steen, 2000). The potential of FCM is much larger for microbiology, and indeed microbial 

applications have increased notably over the past few years (Hammes and Egli, 2010). Despite 

this trend and the hope expressed by some plant pathologists (Bergervoet et al., 2007; Chitarra 

and van den Bulk, 2003), flow cytometry remains an unknown technique in plant pathology. 

Nevertheless, FCM is a very valuable tool to study fungi, Oomycetes, bacteria, viruses and 

plant-microbe interactions. One of the most straightforward FCM applications is genome size 

measurement in fungi and Oomycetes. It can reveal a huge amount of information about non-

Mendelian inheritance, chromosomal aberrations, aneuploidy and other genetic processes that 

contribute to the adaptive process of plant pathogenic fungi and fungus-like organisms. Fast 

and specific detection methods for bacteria and viruses will aid phytosanitary decisions and 
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reduce harvest losses. In particular, simultaneous bead-based testing for multiple pathogens 

can speed up certification of seed lots and be a more cost-effective alternative for the routine 

testing of planting material (Bergervoet et al., 2008). Viability staining and the subsequent 

counting of living and dead cells is a fast and accurate way to identify factors causing stress, 

induction of VBNC states and the effectiveness of control measurements. Factors inducing the 

VBNC state in the environment and correct quantification of the number of living pathogens 

under VBNC-inducing circumstances can be invaluable for correct risk assessment. Monitoring 

rhizosphere colonization of biocontrol strains can provide valuable information on the 

conditions required for successful biological control strategies.  

The lack of basic reagents, protocols and training in non-medical cytometry present a major 

obstacle to establishing FCM methods in phytopathology laboratories. Due to the scarcity of 

commercially available methods and trained personnel, it is seldom cost-effective to invest in a 

flow cytometer solely for phytopathological research. But that need not be a constraint. Most 

FCM analyses worldwide are performed by flow core facilities: small groups of trained people 

operating a variety of machines for an entire hospital, university or company. Commercial 

services will probably be eager to broaden their horizon and measure plant pathogens. Plant 

pathologists can and should draw on the knowledge available in medicine and immunology, but 

there is also value in the machines and the knowledge present closer to home in the plant 

(breeding) sector.  

 

The potential of FCM in plant pathology is huge but it is hampered by a lack of knowledge. 

Companies are interested in this new field, but they will only provide specialized training and 

equipment when the market is big enough. This will only happen when more people appreciate 

the potential of FCM and start exploring it, despite the fact that they have to start from scratch 

and develop new methods by trial and error. We are trapped in a vicious circle until more plant 

pathologists see the light and use it.   
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1.6. GENERAL METHODOLOGY 

1.6.1. BACTERIAL STRAINS AND GROWTH CONDITIONS 

For all flow cytometric experiments, P. cichorii strain SF1-54, isolated from greenhouse lettuce 

with midrib rot symptoms as described by Cottyn et al. (2009), was grown at 28°C for 24 h on 

Difco Pseudomonas Agar plates (PAF; BD, Erembodegem, Belgium) supplemented with 

cycloheximide (50 mg l-1), unless stated otherwise. A loopful of bacteria was transferred to a 

microcentrifuge tube and suspended in 1 ml saline solution. Bacteria were washed, following a 

protocol based on the method described by McHugh and Tucker (2007). Briefly, bacterial 

suspensions were centrifuged at 3 200 g for 15 min using a solid angle rotor centrifuge and the 

supernatant was decanted. The remaining pellets were vortexed for 1 min and 1 ml of in saline 

solution was added. Then the samples were vortexed again for 1 min, followed by another 

centrifugation at 3 200 g for 15 min. After this last centrifugation step the supernatant was 

discarded again and pellets were vortexed for 1 min, suspended in 1 ml of saline solution and 

vortexed once more for 1 min. The bacterial concentration of the washed samples was 

estimated based on optical density (OD) at 600 nm using a nanodrop ND-1000 

spectrophotometer (Isogen Life Science, Sint-Pieters-Leeuw, Belgium). The measured OD was 

compared with a FCM standard curve based on known concentrations of P. cichorii and the 

washed samples were diluted in saline solution to obtain the required bacterial concentrations. 

All other bacterial strains used in this thesis, such as Escherichia coli strain K12, were grown, 

washed and handled under exactly the same circumstances as described above. 

1.6.2. PLATE COUNTS 

Plate counts of P. cichorii and other bacteria were performed by spread-plating 100 µl portions 

of the appropriate dilution on PAF plates. After incubation of plates for 48 h at 28°C, the 

number of colonies was counted and the total number of CFU ml-1 was calculated for each 

sample. 

1.6.3. FLOW CYTOMETRY 

Most commercial flow cytometers are not designed for, but capable of bacterial detection. As 

bacteria are about twenty times smaller and contain 1 400 times less DNA than blood cells 

(Steen, 1990), for which most instruments are intended, it is not always easy to distinguish the 
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weak bacterial signal from the instrument noise. Therefore, it is not only important to reduce 

that noise by keeping the instrument clean and particle-free and filtering all sheath and buffers, 

but also to know the optical settings of the instrument and the function of each filter, in order 

to make adaptations if necessary.  

A PAS III flow cytometer (Partec, Münster, Germany) was used for all experiments described in 

this thesis (Fig. 1.5). The instrument is equipped with a 20 mW solid state laser (Sapphire 488-

20) emitting at a fixed wavelength of 488 nm. Adaptations were made to the standard setup, 

intended for use with 488 nm excitation or mercury arc lamp, as can be seen in Fig. 1.5. 

Forward scatter (FSC) is usually measured through an NG3 filter at 488 nm, but the forward 

scatter of small particles greatly improves by removing the NG3 filter that partly blocks the 

light. The orthogonal scatter signal (SSC) is detected by a 40 x 0.80 quartz objective, passed 

through a 420 long-pass filter and then reflected by a 90:10 mirror and passed through a 2 x 3 

mm rectangular FAD diaphragm, reflected by a 560 nm and two times by a 500 nm longpass 

dichroic mirror and finally passed through a 488 nm bandpass filter. The side scatter signal can 

also be improved by removing the last TK500 dichroic mirror that sends most of the light to the 

blue detector. In this way, the blue detector (used mostly for DAPI) cannot be used, but all the 

light with a wavelength smaller than 500 nm goes to the 488 nm bandpass filter. 

Green fluorescence (FL1) is also reflected by the 560 longpass dichroic mirror, but passed by 

the 500 nm longpass dichroic mirror and passed through a 510-540 nm bandpass filter (EM520) 

before reaching the FL1 detector. The yellow-orange signal (FL2) is passed by the 560 nm 

dichroic mirror and reflected by a 620 nm dichroic mirror before passing a 575-605 nm 

bandpass filter (EM590) and reaching the FL2 detector. The red signal (FL3) follows the same 

optical path as the FL2 signal, but is passed by the 620 nm longpass dichroic mirror and passes 

through a 630 nm longpass filter.  

 

The PAS III allows volumetric counting by the analysis of a fixed 200 µl volume defined by the 

distance between two platinum electrodes reaching into the sample tube, which has a given 

diameter. The experiments described in this thesis were performed with sample volumes of 1 

ml, but all outputs shown represent the particles present in the 200 µl counting volume. The 

number of cells per ml is calculated based on the values of this fixed 200 µl volume. All 

concentrations mentioned in tables and figures are therefore expressed as cells ml-1, unless 

stated otherwise. Prior to analysis, the accuracy of this volumetric counting was checked using 
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countcheck beads (Partec, Münster, Germany) and found to have a coefficient of variation 

below 1%. The flow cytometer was aligned daily using 3 µm Fluoresbrite yellow-green 

microspheres, calibration grade (Polysciences, Warrington, USA). All outputs shown were based 

on signal height and acquired with triggering on FL2 and without compensation, unless stated 

otherwise. Data analysis was done with Flowmax 2.5 software (Quantum analysis, Münster, 

Germany) and gates were manually placed around the populations after analysis. For all 

measurements in this thesis, 0.2 µm filtered Partec sheath fluid was used (0.01% sodium azide, 

0.01% detergent, Partec, Münster, Germany). 

 

Figure 1.5. Schematic overview of the Partec PAS III flow cytometer.  
The parts indicated in red were removed from the standard setup to improve bacterial signals. (BG: filter colour 
glass, BP: bandpass filter, CCD: charge-coupled device, EM: emission filter, EX: excitation source, FA: diaphragm, 
FM: full mirror, FSC: forward scatter, KG: filter colour glass, LP: longpass filter, OG: longpass filter, PMT: 
photomultiplier tube, SSC: sideward scatter, TK: dichroic mirror.) 
 

1.6.4. ACCORDANCE BETWEEN FCM COUNTS AND OTHER TECHNIQUES 

When P. cichorii is grown on Difco Pseudomonas Agar at 28°C for 24 hours and dissolved in 

saline solution (8 g NaCl l-1, pH 7), there is a very good correlation between optical density (OD) 

measured at 600 nm using a nanodrop ND-1000 spectrophotometer (Isogen Life Science, Sint-

Pieters-Leeuw, Belgium), plate counts and live FCM counts of P. cichorii. Dead counts by FCM of 

24 h old cultures grown on PAF medium are typically below 10% of the total population.  
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Figure 1.6. Accordance between optical density, plate counts and live FCM counts for SYTO 9/PI stained P. cichorii. 

 

As can be seen in Fig. 1.6, the relation between optical density and FCM or plate counts is 

almost identical. Values for R2 are 0.96 for the relation between OD and plate counts, 0.98 for 

the relation between OD and FCM and 0.99 for the relation between plate counts and FCM.  

Although OD measurements, plate counts and FCM counts correlate almost perfectly under the 

circumstances described here, huge differences between these methods can occur when 

conditions change. This will be discussed in detail in Chapter 4, where FCM will also be 

compared with PCR. 

1.7. BACTERIAL DETECTION WITH FCM: GENERAL CONSIDERATIONS 

AND APPLICATIONS ON P. CICHORII 

1.7.1. THE IMPORTANCE OF SINGLE CELL ANALYSIS 

If the statistics of the average Belgian would be taken as a measure for the whole country, we 

would all be 39-year-old, white, Dutch-speaking women with 1.62 children (Demographics of 

Belgium, Wikipedia). Of course this is a very inaccurate representation of the Belgian 

population, because 11 million unique individuals cannot be described by the overall average of 

their country. Bacterial colonies are considered to be clonal and thus identical, but they may in 
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fact consist of different groups, due to mutation or plasmid loss during growth, cell cycle 

differences and thus differences in genotype. Besides, small differences in growth conditions 

result in different phenotypes (Winson and Davey, 2000). Therefore, 11 million individual 

bacteria cannot be accurately described by the average behaviour of their colony. This diversity 

is overlooked with conventional methods for bacteria characterisation.  

Only single cell techniques such as fluorescence microscopy and flow cytometry allow to 

explore the subtle genotypic differences in a clonal population or the complex interactions 

between bacteria and their environment (Valdivia and Falkow, 1998). As flow cytometry is 

faster and allows to analyse thousands of cells per second, it is a great tool to look at bacteria 

to see their individual responses and interactions upon different environmental conditions that 

come forth from a combination of genotypic and phenotypic differences (Steen, 2000). During 

the last 30 years, microbial FCM has slowly become a well-established method to obtain 

information about cell counts, cell size, nucleic acid content, viability and activity of bacteria at 

the single-cell level (Hammes and Egli, 2010). Still, bacterial analysis is not the easiest FCM 

application and many influencing factors must be taken into account to obtain correct and 

reproducible data. This chapter gives an overview of some basic concepts about fluorescent 

staining and flow cytometric measurement of bacteria, which will be elaborated and fine-tuned 

in the following chapters for specific applications. 

1.7.2. STAINING FOR PHYSIOLOGICAL STATUS IN BACTERIA 

Assessment of cell viability is critical for food and water safety, monitoring sterility of 

pharmaceutical compounds, infectivity of pathogens or contamination of industrial processes 

and products (Diaz et al., 2010). Nevertheless, viability can be determined in various ways and 

based on a diverse range of parameters, and depending on the method, the outcome can be 

very different. For example, up to 65% of the bacteria present in drinking water will not be 

detected with culture-dependent methods (Kalmback et al., 1997). Therefore, care should be 

taken when using the terms ‘live’ and ‘dead’, especially when comparing between different 

methods. In the description of bacterial viability, there are five important gradations in 

live/dead (Nebe-von Caron et al., 1998). In short, cells can be growing (active), not growing but 

metabolically active (active but nonculturable), not metabolically active but with working efflux 

pumps (energized), without working efflux pumps, but polarized (de-energized), lacking 

membrane potential but intact (depolarized) or damaged (permeabilized). 
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Generally, growing cells are considered as the most ‘live’ cells. The easiest ways to measure cell 

growth is by traditional culture techniques and/or optical density measurement. However, less 

than 1% of all bacteria are culturable and bacteria that can be cultured do not necessarily grow 

in vitro under all circumstances (Bartscht et al., 1999). Further, growth is always a retrospective 

way to look at viability because it only allows to state that the organism was alive at the time of 

growth (Kell et al., 1998). 

Cells may not grow on any known culture medium or have lost culturability due to stress, but 

can nevertheless be metabolically active. Metabolic activity can be observed after fluorescent 

staining with CTC (5-cyano-2,3 ditolyl tetrazolium chloride), a frequently used indicator of 

respiratory chain activity (Diaz et al., 2010). Esterase activity, another form of metabolic 

activity, can be measured by fluorescein diacetate (FDA), calcein-AM, BCECF-AM (2’,7’-bis-(2-

carboxyethyl)-5-(and 6)-carboxyfluorescein acetoxy methylester) or Chemchrome dyes. 

However, many dyes for metabolic activity do not work equally well on all bacteria and 

especially on environmental bacteria, staining efficiency can be low (Jacobsen et al., 1997b; 

Joux and Lebaron, 2000; Parthuisot et al., 2000; Porter et al., 1995). 

Intracellular staining of bacteria and yeasts can be counteracted because the cells actively 

pump out the dye. This was described for cFDA, ethidium bromide and rhodamine 123 (Diaz et 

al., 2010) and is also an indication of cell activity.  

Cells deficient in efflux pump activity will eventually lose their membrane potential. Cationic 

dyes, such as rhodamine 123 accumulate inside polarized cells (Jacobsen et al., 1997b); oxonol 

dyes, such as DiBAC4 (Boschke et al., 2005) (bis-(1,3-dibarbituric acid)-trimethine oxonol) or 

BOX accumulate inside permeabilized non-viable cells by association with intracellular 

compounds (Deere et al., 1995; Nebe-von-Caron et al., 2000). 

When membrane potential drops to zero, the membrane is in most cases structurally damaged. 

Cells with a damaged membrane are considered dead as they can no longer generate or 

maintain an electrochemical gradient and will eventually decompose and lyse. Membrane 

integrity can be detected by dye exclusion of stains such as SYTOX, TO-PRO, TOTO or PI. 

As membrane integrity loss is considered as the final and only irreversible stage of cell death 

and because membrane integrity staining has proved to work for most cell types, cell death in 

this thesis is defined as the loss of membrane integrity. Consequently, PI-stained cells are 

considered as dead and cells impermeant to PI are considered alive, unless stated otherwise. 
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1.7.2.1. SINGLE COLOUR STAINING 

A molecule excited by a light source or another radiation source absorbs a photon and enters 

into an excited state. Fluorescence is the relaxation of this excited state by the emission of a 

photon, which has less energy and thus a longer wavelength than the absorbed photon. This 

difference in wavelengths is called the Stokes shift. The part of a molecule responsible for 

fluorescence is a fluorophore. Fluorophores are characterised by their excitation and emission 

spectra, but also by their brightness. Brightness can be expressed by the quantum yield, or the 

number of photons emitted for each photon absorbed. This quantum yield can change 

dramatically once a fluorophore is bound to certain molecules, such as nucleic acids. This kind 

of fluorescent dyes are particularly interesting for bacterial staining, as their background 

fluorescence is very low. Another important factor to determine the brightness of a 

fluorochrome is the extinction coefficient. The extinction coefficient of a dye is a measure for 

the amount of light that can be absorbed at a given wavelength. Hence, the excitation 

wavelength is also important, as the emission intensity of a fluorophore is proportional to the 

amplitude of the fluorescence excitation spectrum at the excitation wavelength. Table 1.4 gives 

an overview of the most important characteristics of the fluorescent dyes tested for bacterial 

staining in this chapter and their most important characteristics. 

 

The Gram negative waterborne plant pathogen Pseudomonas cichorii was used as a model 

organism for bacterial detection in this thesis. As we intended to combine both detection and 

viability assessment, we tested several dyes listed (Table 1.4) to find the optimal dye 

combination for the staining of viable and/or nonviable P. cichorii cells. 

FDA AND CFDA 

Fluorescein diacetate (FDA) is a lipophilic, uncharged and cell-permeant non-fluorescent ester 

of fluorescein (Shapiro, 2003). Upon the presence of nonspecific esterases, it will be 

transformed into its fluorescent anionic form and leak more slowly through intact cell 

membranes. Hence, it serves as a viability indicator, because esterase activity is necessary for 

fluorescence and only intact cell membranes keep the fluorescent substrate from leaking 

immediately out of the cells. Carboxyfluorescein diacetate (cFDA) has an extra negative charge 

in its fluorescent form and is therefore better retained in the cell. But cFDA is also less cell-

permeant in its non-fluorescent form. (c)FDA gives the best results when dissolved in ethanol; it 

has an optimal pH of 9.0 and fluorescence is known to decrease dramatically at lower pHs 
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(Molecular probes handbook, 2010). FDA is also quite sensitive to light and temperature. The 

more stable forms, such as cFDA do not work equally well with all bacteria.  

 

Table 1.4. Characteristics of the dyes tested for intracellular staining of bacteria in this thesis.  
Dotted lines represent excitation spectra and full lines represent emission spectra; x-axis units are expressed in nm 
and y-axis units in relative fluorescence; laser lines and emission filter bandwidths represent those of the PAS III 
flow cytometer. Images were obtained with Invitrogen Fluorescence SpectraViewer. (-): absolute values are not 
known, but options are discussed in the text. 
 

 

 

FDA and cFDA have an excitation maximum of respectively 490 and 495 nm and an emission 

maximum of 513 and 517 nm (Sträuber and Müller, 2010) (Table 1.4). Both fluorescein 
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derivates have been used extensively for a variety of cells, including bacteria, fungi, 

spermatozoa and tumour cells (Molecular probes handbook, 2010). The advantages of 

fluorescein-based dyes are the very high quantum yield (Kellogg and Bennett, 1964) and 

extinction coefficient (Seybold et al., 1969), but the disadvantages are the high rate of 

photobleaching (Song et al., 1995), the pH sensitive fluorescence and the unpredictable rate of 

cell leaking, which makes it less suited for small organisms, such as bacteria.  

We did observe bright green FDA and cFDA staining of Pseudomonas cichorii with fluorescence 

microscopy (Leica DM IRB, Leica, Weztlar, Germany), but also high levels of background 

fluorescence. When analysed with flow cytometry, staining intensity between days and 

between samples was highly variable and unpredictable. The use of the more stable cFDA did 

not improve staining reproducibility, but especially pseudomonads are known to stain 

inefficiently with cFDA (Diaper and Edwards, 1994). Therefore both FDA and cFDA were 

rejected for staining of P. cichorii. 

RHODAMINE 123 

Rhodamine is a cationic dye that is accumulated by active mitochondria (Molecular probes 

handbook, 2010). Rhodamine 123 is only permeant to cells with a membrane potential (Diaz et 

al., 2010). Rhodamine gives the best results when dissolved in ethanol; it has a very high 

quantum yield and high extinction coefficient (Kubin and Fletcher, 1982) (Table 1.4). 

Fluorescence of Rhodamine 123 is stable over pH 2-12, but as it is a viability indicator, it is best 

used at the optimal pH of the cells studied (Johnson, personal communication; Shapiro, 

personal communication). Downsides of this dye are the poor performance on environmental 

samples and Gram negative bacteria (Diaz et al., 2010). Rhodamine 123 has been used with a 

variety of cell types such as astrocytes, neurons, live bacteria, plants cells and spermatozoa 

(Molecular probes handbook, 2010). 

P. cichorii did stain with rhodamine 123, but staining was very faint green and somewhat 

shifted to the blue spectrum. Because of this weak fluorescent signal, discrimination between 

stained bacteria and background with FCM was difficult. For this reason, rhodamine 123 was 

found unsuited for FCM detection of P. cichorii. 

7-AMINOACTINOMYCIN D 

7-AAD is a red membrane-impermeant dye, but with an emission spectrum more towards the 

far red compared to other red dyes, such as PI. This makes it an interesting stain for multicolour 

experiments (Table 1.4). 7-AAD is therefore frequently used to determine viability of antibody-
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labeled cells (Molecular probes handbook, 2010). The optimal pH for 7-AAD fluorescence is not 

known, but a pH of 7.2-7.4 is most often used (BD, personal communication), although pH 

depends on the application (Shapiro, personal communication). The dye has a high affinity for 

DNA, especially for GC-rich regions (Liu et al., 1991), but the dye is seldom used on bacteria, 

due to its weak intensity. 

We tested 7-AAD on unfixed P. cichorii cells and found only very weak fluorescent signals, 

probably due to a bad water solubility of the dye. As PI worked much better on our bacteria, 7-

AAD was rejected as a viability indicator for P. cichorii. 

SYTO 9 

SYTO 9 is a cell-permeant cyanine dye that binds preferentially to the DNA and RNA of 

eukaryotic and prokaryotic cells, both live and dead. The stain can penetrate Gram positive and 

Gram negative bacteria and has an excitation maximum of 485 nm and an emission maximum 

of 500 nm. The quantum yield of SYTO 9 is lower than 0.01 when not bound to nucleic acids, 

but 0.58 when bound to DNA (Table 1.4); nevertheless SYTO 9 does not exclusively stain nucleic 

acids (Invitrogen, product information). The manufactures recommend a dye concentration of 

50 nM-20 µM for bacterial staining and warn to avoid buffers containing phosphates or 

detergent as these components can respectively decrease staining efficiency or cause false 

signal. SYTO 9 has a pH range of 7-8 (Invitrogen, personal communication).  

Testing of SYTO 9 on P. cichorii showed that this dye stains all bacteria very brightly green with 

minimal background fluorescence. We observed no notable influence of temperature or short 

light exposure on fluorescence intensity. A concentration of 1.2 µM proved to be optimal for 

staining of P. cichorii and no significant influence of phosphate buffer or buffers containing 

Tween20 was observed in pure cultures of P. cichorii. We found an optimal fluorescence around 

pH 7, but a pH of 7.5-8 already resulted in a major decrease in fluorescence; almost no 

fluorescence was observed at pH 9 and 10, as shown by fluorescence microscopy (Leica DM IRB, 

Leica, Weztlar, Germany) in Fig. 1.7. Slightly lower pH had no notable effect, but pH 5 and 4 

resulted in a dimmer fluorescence.  

SYTO 9 proved to be an excellent dye for the staining of P. cichorii in pure cultures with a pH 

range of 6-7.5. All cells were stained brightly green by this dye and virtually no background 

fluorescence was observed, so stained bacteria could be easily distinguished from noise. 
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Figure 1.7. Illustration of the pH optimum of SYTO 9 staining. 
Fluorescence microscopy images (1000x; Leica DM IRB, Wetzlar, Germany) of SYTO 9/PI stained P. cichorii in saline 
solution at pH 4-10 and graph of average green fluorescence intensity (FL1) of the live population measured with 
FCM at pH 6.5-9.5. 

 

 

 

Figure 1.8. Illustration of the pH optimum of SYBR staining. 
Fluorescence microscopy images (1000x; Leica DM IRB, Wetzlar, Germany) of SYBR/PI stained P. cichorii in saline 
solution at pH 4-10 and graph of average green fluorescence intensity (FL1) of the live population measured with 
FCM at pH 6.5-9.5. 
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SYBR GREEN I 

SYBR Green I (SYBR) is a membrane-permeant asymmetrical cationic cyanine dye that will 

preferentially bind to double stranded DNA. Fluorescence intensity is about 11 times lower 

when bound to single stranded DNA and 800-1000 times lower when not bound to DNA (Table 

1.4). The dye is sold as a 10 000x concentrate, without concentration provided, but the 

concentration is believed to be around 10 mg ml-1 or 19.6 mM (Zipper et al., 2004). The 

maximum excitation wavelength of SYBR is 497 nm, but there is also a secondary excitation 

peak near 254 nm; SYBR Green I has a pH optimum of 8.0 (Sigma-Aldrich product data).  

We tested SYBR as an alternative for SYTO 9, because the latter resulted in staining artefacts 

when used on bead-bound bacteria (see Chapter 2) and poor fluorescence intensity in 

environmental waters. Indeed, SYBR got popular as a dye for marine and environmental FCM. 

Lebaron et al. (1998b) found that SYBR dyes cause less fluorescent noise when staining bacteria 

in marine samples compared to Syto dyes. Also Marie et al (1997) tested SYBR Green I to 

enumerate marine picoplankton with FCM and found the dye more suitable for this purpose 

than TOTO-1 or TO-PRO-1 cyanine dyes.  

We found an optimal SYBR fluorescence around pH 8, but a bright green fluorescence could be 

observed for P. cichorii staining between pH 7 and 9; dim fluorescence occurred below pH 7 

and only dead bacteria were observed at pH 10 (Fig. 1.8). As the environmental waters we used 

typically have a pH above 7, the pH range of SYBR was better suited compared to that of SYTO 

9. Furthermore, SYBR staining of P. cichorii was even slightly brighter compared to SYTO 9 and 

bacterial peaks were sharper, probably because RNA is not stained by SYBR.  

PROPIDIUM IODIDE 

Propidium iodide (PI) is a membrane-impermeant phenanthridine dye that binds to DNA and 

RNA by intercalating between the bases with little or no sequence preference and with a 

stoichiometry of one dye molecule per 4–5 base pairs of DNA (Waring, 1965). Once the dye is 

bound to nucleic acids, its fluorescence is enhanced 20- to 30-fold, the fluorescence excitation 

maximum is shifted 30–40 nm to the red and the fluorescence emission maximum is shifted 15 

nm to the blue (Arndt-Jovin and Jovin, 1989). The quantum yield of PI is low, but opinions differ 

about absolute values, which range from 0.008 to 0.02 for unbound PI and from 0.01 to 0.26 for 

PI bound to DNA (Angerer et al., 1974; Cosa et al., 2001; Langlois and Jensen, 1979; Stocks, 

2004; Waggoner, 1990). PI can be excited with a xenon or mercury-arc lamp or with a 488 or 

532 nm laser (Molecular probes, product information). As shown in Table 1.4, excitation is 
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optimal at 305 nm. The broad excitation and emission spectra of PI are both an advantage, 

because it makes the dye compatible with most instruments, as well as a disadvantage, because 

PI gives spectral overlap. Other advantages of PI are the low price and good water solubility, 

while other disadvantages are the relative low fluorescence upon binding and the relative high 

background fluorescence of the unbound dye. 

As PI only enters cells with a damaged membrane, it is considered as an universal indicator of 

cell death. But still, care should be taken since up to 40% of exponential growing cells of 

Mycobacterium frederiksbergense and Sphingomonas sp. can be stained, as was reported by Shi 

et al. (2007). PI staining is also known to drop when the DNA of the cells is too damaged, for 

example after water chlorination (Phe et al., 2007). 

The recommended pH for PI is 7.4 (BD product information), but we did not observe any 

substantial variations in fluorescence intensity for a pH range between 5 and 10. We found PI to 

be a good viability indicator over a wide pH range, but with a low fluorescence when used 

alone. However, in combination with a green dye, fluorescence of PI is significantly enhanced. 

Overall, we found PI to be a very good stain when used on P. cichorii in combination with green 

dyes, such as SYBR or SYTO 9. This combination enhances fluorescence intensity of PI and 

allows viability discrimination based on membrane integrity. 

1.7.2.2. DUAL COLOUR STAINING 

A molecule in an excited state can also lose energy in other ways than by the emission of a 

photon. One of those ways is radiationless transfer of energy to an acceptor molecule in close 

proximity (< 10 nm), which has an excitation spectrum that overlaps the emission spectrum of 

the first molecule. The acceptor molecule gets into an excited state and can emit fluorescence. 

This radiationless energy transfer is called Förster Resonance Energy Transfer or Fluorescence 

Resonance Energy Transfer (FRET) and has some important applications in FCM. 

 

When some dyes or fluorescent labels are used together, they can interact and give different 

results than when they would be used alone. The most known example of this phenomenon are 

the live/dead staining or nucleic acid dual staining (NADS) protocols, which use a combination 

of a (green) membrane permeant dye (SYTO 9, SYBR) and a membrane impermeant dye (PI). 

When SYTO 9 or SYBR are used alone, they stain all cells green. But when used together with PI, 

only the intact cells are stained green. In the cells where PI can enter, the red stain will 
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preferentially intercalate with the DNA and displace the green dye, due to the higher DNA 

affinity of PI compared to SYTO 9 or SYBR (Stocks, 2004). Additionally, when both SYBR or SYTO 

9 and PI are present in close proximity, FRET will occur from the green dye to the red dye, 

thereby quenching the green fluorescence and increasing the red fluorescence intensity 

(Barbesti et al., 2000; Gregori et al., 2001; Stocks, 2004). This fluorescence increase can be 

substantial, for example Stocks (2004) showed that PI fluorescence is enhanced by almost a 

factor of three in the presence of SYTO 9, owing to FRET. We also observed a notable increase 

in both red cell counts and red fluorescence intensity when using PI in combination with SYTO 9 

or SYBR Green I, compared to PI alone. Figure 1.9 clearly shows an overlap between the 

excitation peak of PI and the emission peak of SYBR and the same overlap can be seen with 

SYTO 9 (Stocks, 2004). The occurrence of FRET is also exploited in the principle of tandem dyes: 

two fluorescent antibody labels that are closely linked to each other. The first antibody label 

has an excitation spectrum that fits the light source used and transfers its energy to the second 

label, which emits the energy as fluorescence. In this way a broader range of emission 

wavelengths can be obtained with only one excitation source. 

 

 

Figure 1.9. Relative excitation (dotted lines) and emission (full lines) spectra of SYBR Green I (green) and propidium 
iodide (red) in function of wavelength (nm). Images were obtained with Invitrogen Fluorescence SpectraViewer. 

 

When detecting multiple fluorescent parameters, both absolute and relative fluorescence 

intensities generated by a certain fluorochrome at a certain wavelength must be taken into 

account. For example SYTO 9 is a green dye, which has less than 5% of its relative emission at 

620 nm (Table 1.4), while the red dye propidium iodide has its maximum emission at that 

wavelength (Fig. 1.9). Nevertheless, SYTO 9 is more than 60 times brighter than PI at an 

excitation of 488 nm, so green SYTO 9 stained bacteria may appear actually three times more 
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intensely red than the red PI-stained bacteria, because 5% muliplied by 60 is 300%. This can 

complicate interpretation of outputs and in some cases necessitate compensation. Another 

complication that frequently occurs with dual staining, both with SYTO 9/PI as with SYBRI/PI, 

are intermediate states: populations that cannot be classified as green or red, but appear to be 

more yellowish orange. These intermediately stained bacteria are considered to be sublethally 

damaged, whereby not enough PI can enter the cell to fully quench the green fluorescence 

(Berney et al., 2007; Gregori et al., 2001).  

However, no false PI staining during exponential growth of P. cichorii in Luria Bertani broth (LB 

high salt, Duchefa, Haarlem, the Netherlands) was observed (Fig. 1.10), but PI staining of live 

bacteria in buffer containing LB resulted in a slight but notable shift of the green stained 

population towards the red spectrum. Microscopy sometimes showed bright green bacteria 

with red edges at the narrow sides. Probably, small amounts of PI can enter right after cell 

division (Sträuber and Müller, 2010). Also after centrifugation of P. cichorii, PI stained cells were 

much lower than expected, which may be due to DNA damage (see Chapter 4). 
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Figure 1.10. Flow cytometric enumeration of SYTO 9/PI stained P. cichorii during exponential growth in LB broth. 

 

In our tests, live/dead staining with SYTO 9 and PI allowed a good discrimination between living 

and dead P. cichorii cells in saline solution (8 g NaCl l-1, pH 7). We found a combination of 1.2 

µM SYTO 9 and 12 µM PI to be optimal. The concentrations recommended according to the 

BacLight protocol are 5 µM SYTO 9 and 48 µM PI (Invitrogen, product information); the 
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concentrations we applied are lower, as was the bacterial concentration of our samples. 

Pascaud et al. (2009) tested different SYTO 9/PI concentrations and found 6 µM SYTO 9 and 60 

µM PI as an optimal. In general, best results are obtained with SYTO 9:PI ratios of 1:10 and 

PI:DNA ratios of 0.4:1 (Stocks, 2004). 

The best results for SYBR staining were obtained with a 8 10-5 dilution of the SYBR concentrate 

and 12 µM PI in saline solution (8 g NaCl l-1, pH 8). Falcioni et al. (2008) found a similar optimal 

PI concentration (7.5-30 µM) in combination with 10-3 SYBR, while Barbesti et al. (2000) 

obtained the best results with 10 µM PI and 10-4 SYBR for staining of E. coli and Bacillus subtilis. 

1.7.3. INSTRUMENTAL CONSIDERATIONS FOR DETECTION OF BACTERIA 

1.7.3.1. EFFECT OF TRIGGER 

During the analysis, the instrument can be triggered on one of its parameters, which means 

that all particles negative for that particular parameter will be ignored by the instrument. Only 

if a particle is positive for the triggering parameter, its signal intensity for that parameter and all 

the other parameters will be displayed on the outputs (Rehse et al., 1995). Triggering (*) on 

side scatter (SSC*) is the most applied method as this shows all particles. However, also much 

noise is visible when using high gains as applied for analyzing bacteria. Most of this noise can be 

excluded by triggering on a fluorescence parameter, because most debris is not or only weakly 

fluorescent. But, when analysing green and red stained bacteria, triggering on green (FL1*) or 

red (FL3*) fluorescence could possibly exclude the red or green signal from the outputs. A 

solution to this problem is taking advantage of the spectral overlap of green and red 

fluorochromes and trigger on the orange detector (FL2*). Both SYTO 9 or SYBR and PI give a 

significant amount of yellow-orange fluorescence when dual staining is applied with 488 nm 

excitation (Stocks, 2004). In practice, we noticed that triggering on FL2 instead of SSC allowed 

the detection of both the green and red fluorescent population, but with significantly less noise 

than when triggering on scatter. This resulted not only in more clearly defined populations, but 

often also in higher bacterial counts, which proved especially valuable when analyzing low 

concentrations. Fig. 1.11 illustrates the influence of trigger on measurements.  

When looking at Fig. 1.11 A, only bacteria are visible, except from some noise along the 

SSC/FSC axis. But the FL3 histogram gives a clear peak and on the FL1 histogram there is a clear 

separation between the weak green fluorescence of the red bacteria and the strong green 

fluorescence of the green bacteria, as can be seen on the FL1/FL3 dot plot where respectively 
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12 103 green and 8.1 103 red bacteria per ml were counted by gates R1 and R2 (Fig. 11.1 A). 

When looking at Fig. 11.1 B, which is the same sample measured with trigger on SSC, a much 

weaker signal is visible on the FL3 histogram; especially on the SSC/FSC dot plot, this noise is 

visible. Strange enough, there is less signal on the FL1 histogram of Fig. 1.11 B, both for the 

SYBR stained bacteria as for the PI stained bacteria. It is clear that bacterial populations in both 

R1 and R2 gates of the FL1/FL3 dot plot are smaller in this sample: only  5.8 103 green bacteria 

and 1.5 103 red bacteria were counted. An underestimation of the actual number of bacteria 

was frequently observed at low bacterial concentrations, independently of SYTO 9 or SYBR 

staining. To avoid noise, a low level threshold or lower cut-off value for each parameter can be 

selected; signal below this threshold is ignored by the instrument. Possibly, the SSC low level 

threshold setting is too high for some of the bacteria, but lowering this threshold would further 

increase the noise levels in the SSC* plot.  

Fig. 11.1 C and D show the evolution in live and dead counts for varying ratios of heat-killed and 

healthy P. cichorii cells, stained with SYTO 9 and PI. Fig. 11.1 C, with trigger on FL2, meets the 

expectations, with an almost equal total count in all samples. But in Fig. 11.1 D, with trigger on 

SSC, live counts follow the same trend as in Fig. 11.1 C, while red counts are clearly 

overestimated. A possible explanation may be that most noise is situated in the red spectrum, 

and that this weak fluorescent debris is also counted when SSC triggering is applied. 

To conclude, FL2 triggering allowed better discrimination of populations, less noise, higher cell 

counts and more reproducible results. Therefore, FL2 triggering was applied for all analyses in 

this thesis, unless stated otherwise. 

1.7.3.2. EFFECT OF COMPENSATION 

Emission spectra of fluorochromes are often much broader than the bandwidth of the filter 

they are detected with. Consequently, the emission spectra overlap with more than one 

emission filter and hence the signal is detected by multiple photomultiplier tubes. It is possible 

to correct for this spectral overlap or fluorescent bleed-through in other filters by 

compensation software. In order to compensate correctly, single stained controls must be 

measured to set the required amount of compensation for each fluorochrome and 

photomultiplier tube used. Therefore, correct compensation can be quite laborious and 

complicated. Nevertheless, it is necessary when six or seven different detectors are used (Diaz 
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et al., 2010). Compensation is also routinely applied in multicolour antibody labelling 

experiments, because a stringent distinction between labeled and unlabeled cells is necessary. 

 

Figure 1.11. Effect of trigger on live/dead counts.  
FCM outputs of a SYBR/PI stained P. cichorii culture (A, B) and  live/dead counts of a sample mixture (C, D) with 
variable ratios of heat-treated (60°C, 10 min) and non heat-treated P. cichorii, stained with SYTO 9 and PI 
measured with trigger on FL2 (A, C) or SSC (B, D). Black dots and green regression lines represent live counts, white 
dots and red regression lines represent dead counts. 

 

But for two-colour experiments, compensation is not always needed, in fact, it can even bias 

correct interpretation. For example, a SYBR/PI stained bacteria culture would typically look like 

the representation in Fig. 1.12 Although the live and dead populations in the uncompensated 

dot plot are clearly separated, they are typically elongated along the FL1/FL3 axis, and the 

green population has a rather high red fluorescence. This is because the emission spectrum of 
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SYBR slightly overlaps with the FL3 filter, as can be seen in Fig. 1.9. If a stringent distinction 

between PI and SYBR positive and negative cells is needed, compensation software can subtract 

the fluorescence spill over of the green fluorochrome in the red detector and vice versa. In this 

case, the populations and quadrant gating would typically look like the compensated dot plot of 

Fig. 1.12, where Q1 contains the PI positive/SYBR negative cells (dead), Q2 contains the PI 

positive/SYBR positive cells (intermediate), Q3 the PI negative/SYBR negative cells (noise) and 

Q4 the PI negative/SYBR positive cells (live). As can be seen on Fig. 1.12, the shape of the 

populations has been changed by the compensation and thereby valuable information can be 

lost as fluorescent patterns as well as shifts in spectral overlap between populations may tell 

something about the state of the measured cells. This is why compensation is often avoided for 

research purposes, especially with intracellular staining. For these reasons, we never applied 

compensation on our measurements. 

 

 

 

1.7.4. CONCLUSION 

The range of fluorescent stains available today is enormous, but not every stain works well on 

bacteria. For bacterial detection, stains with a low background and high quantum yield are 

preferred. But factors such as cell permeability and leakage must be considered as well. 

Especially Gram negative and environmental bacteria are often difficult to stain; bright nucleic 

acid specific dyes with a high water solubility and an adapted pH range are important here.  

Of the dyes we tested, SYTO 9, SYBR green I and propidium iodide performed best. SYTO 9 and 

SYBR work equally well for pure cultures, but SYBR performs better in environmental samples . 

Also Hoefel et al. (2003b) reported that SYTO 9/PI staining of environmental bacteria resulted in 

a less pronounced distinction between live and dead populations compared to cultured 

Figure 1.12. Schematic representation 
of a FL1/FL3 dot plot with SYBR/PI 
stained bacteria before and after 
compensation. 
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bacteria. SYTO 9/PI staining intensity can also be influenced by soil components retaining the 

dyes and quenching fluorescence (Pascaud et al., 2009). PI has a rather weak fluorescence 

when used alone, but fluorescence is enhanced significantly due to FRET when combined with 

green dyes.  

For live/dead staining with SYTO 9 or SYBR and PI, the spectral overlap of both green and red 

dyes in the orange channel can be used to trigger on FL2. This allows better discrimination of 

live and dead populations compared to triggering on scatter. Combination of SYTO 9 or SYBR 

green and PI allows live/dead staining based on membrane integrity. SYTO 9/PI staining of P. 

cichorii is optimal at pH 7, using 1.2 µM SYTO 9 and 12 µM PI; for SYBR/PI staining, 8 µl of a 10-2 

SYBR dilution per ml sample combined with 12 µM PI at pH 8 gives an optimal staining result. 

The dye concentration needed, especially for PI, is of course also dependent on the bacterial 

concentration in the samples; for bacterial concentrations above 107, higher dye concentrations 

than those mentioned above will be required. 

When membrane integrity is used as a viability discriminator, FCM counts of live bacteria 

correlate very well with plate counts and calculations of bacterial concentration based on 

optical density measurement. The stains, instrumental settings and concepts described in this 

chapter will be extended, applied and discussed in more detail in the following chapters. 

1.8. RESEARCH OBJECTIVES AND OUTLINE 

1.8.1. RESEARCH OBJECTIVES 

The objective of this thesis is to explore the possibilities of flow cytometry (FCM) in plant 

pathology and to develop and evaluate flow cytometric protocols for plant pathogens. We 

focus on bacteria, as one of the major advantages of FCM is culture-independent viability 

assessment, and viable-but-not-culturable states often occur in plant pathogenic bacteria. The 

water-borne plant pathogen Pseudomonas cichorii is chosen as our model organism. Because 

this bacterium is already present in a watery suspension in its natural environment, no drastic 

matrix changes are necessary for flow cytometric measurement. 

To begin with, we will compare different antibody-coated bead types for the specific detection 

of P. cichorii and evaluate their compatibility with live/dead staining and FCM analysis. This will 

result in an IMS-FCM method, which will be compared with plate counting and PCR methods on 
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pure cultures and on irrigation water. Additionally, we will show the value of FCM for the 

research of stress, programmed cell death and lysis in P. cichorii. A more detailed description of 

the outline of this thesis is given below. 

1.8.2. OUTLINE 

P. cichorii occurs in very low concentrations in irrigation water with often high microbial 

backgrounds. Therefore immunomagnetic beads were used as a means to concentrate and 

purify samples before analysis. In Chapter 2 we test different magnetic bead systems on their 

compatibility with viability staining and FCM analysis. In the same chapter, we also identify 

important factors influencing the IMS efficiency. The research described in Chapter 2 results in 

an optimized coating, incubation, staining and analysis protocol for the chosen bead type. 

This IMS protocol is used in Chapter 3, where its specificity and sensitivity are evaluated first on 

small volumes of pure and mixed cultures. Then, the method is scaled up to larger volumes and 

a water pretreatment as well as an adapted IMS method for irrigation water samples is 

developed. This protocol is further evaluated on different water types, sampled on different 

points in time and IMS-FCM is compared with PCR.  

During the development of the specific detection method for P. cichorii, we noticed an 

inexplicable loss of bacteria after centrifugation. FCM data given in Chapter 4 show a low 

number of live cells together with an abnormally low number of dead cells, indicating that this 

loss is not due to a normal viability or culturability problem. PCR data confirms that many P. 

cichorii cells completely disappear when centrifuged. Pauwelyn et al. (unpublished) analysed 

the genome sequence of P. cichorii and found that this bacterium is able to commit both 

apoptosis and autolysis, which may be a possible explanation for our observations. The 

combination of viability analysis with FCM and culturability analysis with plate counts allowed 

us to confirm the role of hydrogen peroxide in cell losses and identify several important factors 

to reduce stress, apoptosis and autolysis in P. cichorii. 

Chapter 5 illustrates the broad possibilities of FCM in plant pathology, such as the study of 

Oomycetes and detection of viruses. 

In Chapter 6, general conclusions are formulated and a comparison in time and costs is made 

between the developed IMS-FCM method and the PCR method for detection of P. cichorii. To 

conclude, future perspectives are formulated for further work on P. cichorii as well as for the 

applications of FCM in plant pathology in general. 
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2.1. INTRODUCTION 

The specific detection of a microorganism present in low concentrations in an environmental 

sample is a challenge encountered by many microbiologists in very different fields of research. 

As microbial, organic and inorganic background levels are often very high in these samples, no 

detection method seems fully up to this task. Plates get overgrown by the most fastidious 

microorganisms, PCRs get inhibited by (in)organic background material and ELISA methods are 

often not sensitive enough or experience cross-reactions. Despite the diversity of methods 

nowadays available, it often still comes down to finding the proverbial needle in a haystack. 

This proverbial needle however, would be found much quicker when searching the haystack 

with a strong magnet. And this is the very principle behind magnetic separation: to pull the cells 

of interest out of their matrix using magnetism. Since Molday et al. (1977) first succeeded in the 

separation of red blood cells using iron-containing microspheres conjugated to lectins, 

magnetism has been used in various ways to isolate rare cells, antibodies and nucleic acids from 

their matrix before downstream analysis. Nowadays, magnetic beads are available in diverse 

colours, colour intensities and sizes and with a wide range of surface coatings. Different target 

organisms can be identified in one analysis using differently labelled beads or secondary 

antibodies. The use of differently labelled antibodies allows multiplexing, although to a lesser 

extent than dyed microspheres (Dunbar et al., 2003). With most instruments, the number of 

different bead sizes that can be clearly distinguished is limited compared to the differences in 

colour or fluorescence intensity that can be differentiated. But, if size differences are combined 

with differences in colour or fluorescence intensity of a single colour, the number of 

possibilities increases considerably, leaving plenty of options for multiplexing, even with a one-

laser instrument.  

Based on size, magnetic beads can be roughly divided in three categories: small nanobeads 

(<100 nm), ‘large’ nanobeads (100-500 nm) and microbeads (>0.5 µm). Microbeads and ‘large’ 

nanobeads can be separated with a magnetic rack, while small nanobeads need ferromagnetic 

separation columns placed in a strong magnetic field to be retained (Grutzkau and Radbruch, 

2010). As the discussion of different kinds of surface coatings and separation methods for all 

bead sizes would lead to far, this chapter focuses only on immunomagnetic separation (IMS) 

with microbeads and ‘large’ nanobeads. 
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Immunomagnetic separation uses superparamagnetic beads coated with antibodies, which 

specifically adhere to the target cells in the sample. When the sample is subsequently placed on 

a magnetic separator, the beads and bead-bound target cells adhere to the side of the sample 

tube closest to the magnet. The supernatant containing the non-target cells can then be 

withdrawn. Afterwards, the bead pellet can be resuspended in a minimal volume by simply 

removing the magnetic field. This allows isolation, concentration and purification of target cells 

prior to analysis (Boschke et al., 2005; Safarik and Safarikova, 1999). IMS is commonly applied 

in clinical microbiology (Nilsson et al., 1996; Olsvik et al., 1994; Roberts and Hirst, 1997; Stark et 

al., 1996), food microbiology (Blake and Weimer, 1997; Comas-Riu and Rius, 2009; Dudak et al., 

2009; Gray and Bhunia, 2005; Tomoyasu, 1998), environmental microbiology (Rochelle et al., 

1999; Straub et al., 2005) and veterinary medicine (Biswas et al., 1994; Gagne et al., 1998) as a 

pre-enrichment technique prior to plate assays, or to remove inhibiting components in order to 

increase PCR sensitivity. In the field of plant pathology, IMS has been used for the bacteria 

Pectobacterium atrosepticum (previously Erwinia carotovora subsp. atroseptica) (van der Wolf 

et al., 1996), Xanthomonas axonopodis pv. citri (Hartung et al., 1996), Xylella fastidiosa (Pooler 

et al., 1997), Pseudomonas syringae pv. phaseolicola (Guven and Mutlu, 2000), Ralstonia 

solanacearum (Dittapongpitch and Surat, 2003; Expert et al., 2000), the seed-borne pathogens 

Acidovorax citrulli (previously Acidovorax avenae subsp. citrulli) (Walcott and Gitaitis, 2000), 

Pantoea ananatis (Walcott et al., 2002) and Clavibacter michiganensis subsp. michiganensis (de 

Leon et al., 2006; de Leon et al., 2008). For these plant pathogens IMS was used in combination 

with PCR (Dittapongpitch and Surat, 2003; Expert et al., 2000; Hartung et al., 1996; Pooler et al., 

1997; van der Wolf et al., 1996; Walcott et al., 2002; Walcott and Gitaitis, 2000) or plate counts 

(de Leon et al., 2006; de Leon et al., 2008; Guven and Mutlu, 2000; van der Wolf et al., 1996). 

The analysis of magnetic beads with flow cytometry is less common, but in the medical and 

food sector there are several commercial platforms, such as MagPlex (Luminex, microbeads), 

IMag (BD, ‘large’ nanobeads), MACS (Miltenyi, small nanobeads), etc., that offer flow-

compatible beads coated with pathogen-specific antibodies that can be directly analysed with 

FCM.  

Other magnetic bead manufacturers however, recommend to release the separated cells from 

the magnetic beads before FCM analysis (Dynabead FlowComp Flexi protocol).  

In plant pathology, there is only one paper describing the combination of IMS and FCM for the 

multiplexed detection of potato viruses Y and X and potato leafroll virus (Bergervoet et al., 
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2008). To our knowledge, there are no publications describing the combined use of IMS and 

FCM to detect plant pathogenic bacteria. 

The combination of immunomagnetic beads, viability staining and flow cytometry is practically 

unknown in all fields of microbial research (Jacobsen et al., 1997b). For viability assessment, 

culturing the separated cells or fluorescence microscopy is often the gold standard. 

Nevertheless, the advantages and speed of IMS and FCM are combined as the number and 

viability of the target bacteria can be determined by flow cytometry after purification and 

concentration by IMS. The combination of these techniques is not only useful in plant 

pathology, but in more fields of bacteriology where bacteria are often present in a viable-but-

nonculturable state. For example the monitoring of drinking water purification and disinfection 

processes (Hoefel et al., 2005), endpoint testing for presence of Legionella  (Füchslin et al., 

2010) or controlling industrial fermentation processes (Hammes and Egli, 2010). 

 

In the study presented here, four types of immunomagnetic beads were tested in combination 

with viability staining. For analysis, a basic flow cytometer with single (488 nm) laser excitation 

was used (Chapter 1). The waterborne pathogen Pseudomonas cichorii was chosen as a model. 

P. cichorii cells are able to survive and multiply in irrigation water reservoirs and a single 

overhead irrigation with as few as 100 cells ml-1 can infect lettuce (Pauwelyn et al., 2011). 

Plating and ELISA methods fail to detect the low concentrations of this pathogen against the 

high microbial background of the irrigation water. The recently developed real-time PCR 

protocol (Cottyn et al., 2011) for the detection of P. cichorii in irrigation water is very sensitive, 

but requires a laborious sample extraction procedure and a further DNA extraction step that 

significantly increases the assay time as well as the costs. This makes it less attractive for 

routine applications.  

 

The aim of this study was to develop an alternative detection method for P. cichorii in water 

samples, which is quantitative and fast and combines the techniques of immunomagnetic 

separation, viability staining, and flow cytometry. The proposed method includes separating 

and concentrating target bacteria from water samples with immuno-labeled beads, viability 

staining, and detection of viable and non-viable populations by flow cytometry. To the best of 

our knowledge, this is the first study describing the combined use of immunomagnetic 

separation and flow cytometry to detect plant pathogenic bacteria.  
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2.2. MATERIAL AND METHODS 

2.2.1. ANTIBODY, BACTERIAL STRAINS AND GROWTH CONDITIONS 

The polyclonal rabbit antiserum 8282D1/1b was obtained from Prime Diagnostics (Wageningen, 

the Netherlands). This antiserum has a concentration of approximately 6 mg IgG ml-1 and was 

raised against P. cichorii PD1564 (see Chapter 5). To our knowledge, this is the only 

commercially available antiserum against P. cichorii.  

For all flow cytometric experiments, P. cichorii strain SF1-54 was cultured, washed and used as 

described in Chapter 1.  

2.2.2. DIFFERENT BEAD SYSTEMS 

All bead systems were tested with different concentrations of both beads and bacteria. These 

concentrations were initially determined based on the recommendations of the manufacturers. 

For each system, different dilutions and several positive and negative controls were tested, but 

in this chapter, only the experiments that lead to the most relevant outputs are described. 

2.2.2.1. SCREENMAG BEADS 

ScreenMAG 0.75 µm carboxylated green fluorescent superparamagnetic beads (Fig. 2.1 A) were 

kindly provided by Chemicell (Berlin, Germany). Beads (108) were covalently coupled with 12.5 

µl antiserum, using the carbodiimide method, as instructed by the manufacturer (Chemicell, 

protocol A1, 2-step method).  

Aliquots of 108 antibody-coated ScreenMAG beads were added to the bacterial suspension of 

104 CFU ml-1 in a total volume of 1 ml. Beads and bacteria were incubated at room temperature 

on a flatbed shaker at 15-30 rpm for 1 h. The immunomagnetic separation protocol used was 

based on the method described by van der Wolf et al. (1996). After incubation, the samples 

were placed on a magnetic separator (Dynal MPC-E1, Invitrogen, Merelbeke, Belgium) for 1 min 

and the supernatant was carefully pipetted away. The samples were removed from the 

magnetic rack and washed for 2.5 min in 1 ml of 1/4 strength Ringer’s solution (40 mM NaCl, 

1.4 mM KCl, 1.1 mM CaCl2, 0.5 mM Na2CO3, pH 7.0) supplemented with 0.1% Tween20 and 
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0.1% bovine serum albumin (BSA) by shaking at 15-30 rpm on a flatbed shaker. This separation 

and washing procedure was repeated twice.  

2.2.2.2. IMAG BEADS 

IMag 0.1-0.45 µm anti R-Phycoerythrin (R-PE) superparamagnetic particles (Fig. 2.1 B) were 

purchased from BD (Erembodegem, Belgium) and the crude 8282D1/1b antiserum was labelled 

with R-PE, using the AnaTag R-PE protein labelling kit (AnaSpec, Fremont, USA). The labelled 

antiserum was sterilized by 0.2 µm filtration (Whatman, Maidstone, UK ) and stored at 4°C. The 

coupling protocol used was based on Jacobsen et al. (1997a), except that bacterial 

concentrations of 104-107 ml-1 were used, Tris-HCl was replaced by 0.1 M phosphate buffered 

saline (PBS) pH 7.2, no secondary antibody was used and only 10 µl beads (bead concentration 

unknown by the manufacturers) were added to the samples. Briefly, bacterial samples in 1 ml 

saline solution (8 g NaCl l-1, pH 7.0) were centrifuged (8 500 g, 4°C, 10 min) and the supernatant 

was removed. Subsequently, the pellets were resuspended in 0.5 ml of R-PE-labeled antiserum 

diluted in PBS (pH 7.2). The samples were incubated at 4°C for 15 min, in order to let the 

antiserum bind to the bacteria. Bacteria were spun down (2 000 g, 4°C, 5 min) and the 

supernatant, containing the unbound antiserum, was removed. The pellets were washed two 

times with 1 ml IMag buffer (BD, Erembodegem, Belgium) and the washed pellets were 

resuspended in 0.1 ml IMag buffer, containing the beads. These samples were again incubated 

at 4°C for 15 min, to allow the beads to bind with the antibody-labeled bacteria. After 

incubation, 1 ml of IMag buffer was added to the samples prior to placing them on the 

magnetic separation stand for 7 minutes. The supernatant was carefully removed from the 

samples and the beads were gently resuspended in 1 ml IMag buffer before placing them back 

in the magnetic field for 3 minutes; this step was repeated twice. Finally, the beads were 

resuspended in 1 ml of saline solution (pH 7.0). 

2.2.2.3. COMPEL BEADS 

Compel 2.6 µm carboxylated superparamagnetic microspheres (Fig. 2.1 C) were obtained from 

Bangs Laboratories (Fishers, USA). After vortexing, 200 µl of the commercial bead solution was 

washed two times with 1 ml of 0.1 M 2-(N-Morpholino)ethanesulfonic acid (MES) pH 5 using an 

IMagnet magnetic rack. The beads were then resuspended in 1 ml MES buffer containing 10 mg 

1-cyclohexyl-3(2-morpholinoethyl) carbodiimide metho-p toluensulfonate (CMC) and mixed for 
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15 minutes at room temperature. The antibody was coupled to the activated beads following 

the coating protocol described by de León et al. (2006). To summarize, the beads were washed 

three times with 1 ml 0.1 M PBS pH 7.2. A mixture of 125 µl antiserum in 875 µl PBS was then 

added to the beads and this suspension was left to incubate on a test tube rotator in the dark 

at 4°C. After overnight incubation, the coated beads were washed three times with PBS 

supplemented with 0.1% BSA and 0.05% Tween20 pH 7.2 (PBS-BSA). Beads were stored in 1 ml 

sterile sheath fluid (0.01 % sodium azide, 0.01 % detergent, pH 7.2; Partec, Münster, Germany) 

supplemented with 0.1% BSA until required; beads and antibodies were kept at 4°C. 

Aliquots of 107 antibody-coated Compel stock solution were added to the bacteria suspension 

(104) in a total volume of 1 ml. Beads and bacteria were incubated at room temperature on a 

test tube rotator (8.5 rpm) for 30 min. After incubation, the samples were placed on the 

magnetic rack for 1 min and the supernatant was removed with a pipette. The samples were 

removed from the magnet and resupended in 1 ml of PBS-BSA by gently pipetting up and down 

for 1 min. This separation and resuspending was repeated once with PBS-BSA and once with 

saline solution (8 g NaCl l-1, pH 7.2). After the final washing step, the beads were resuspended 

in 1 ml of the saline solution. 

2.2.2.4. DYNABEADS 

Dynal M-270 2.8 µm non-fluorescent carboxylated superparamagnetic microspheres (Fig. 2.1 D) 

were obtained from Invitrogen (Merelbeke, Belgium). The beads came with a protocol 

suggesting different coating procedures according to the application. The one-step bead 

coating procedure was chosen, as this procedure gives the highest yield (Dynabeads M-270 

carboxylic acid manual); 1-ethyl-3-(3-dimethylhyl aminopropyl) carbodiimide hydrochloride 

(EDC) was replaced by CMC as this is a more stable alternative and gives better results for the 

coupling of IgG (Dynabeads M-270 carboxylic acid manual).  

The Dynal protocol was optimized as follows: an aliquot containing 109 beads was washed twice 

with 500 µl MES (25 mM, pH 5) and vortexed for 10 min between wash steps. The washed 

beads were resuspended in 300 µl MES buffer (25 mM, pH 5) containing 600 µg IgG and 

incubated on a test tube rotator at room temperature for 30 min. Meanwhile, 20 mg CMC was 

dissolved in 200 µl ice-cold MES buffer (100 mM, pH 5) and 150 µl of this mixture was added to 

the beads and vortexed vigorously. Then, 50 µl MES (25 mM, pH 5) was added to a final volume 

of 500 µl and the sample was incubated on a test tube rotator at 4°C for 24 hours. Beads were 
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washed four times with 1 ml 0.1 M PBS (pH 7.2) supplemented with 0.1% Tween20 and stored 

as stock solution in 1 ml sheath fluid supplemented with 0.1% Tween20 at 4°C. 

Further, the Dynal manual recommends the use of 109-1010 coated beads ml-1. Our experience 

learned that measuring more than 107 beads ml-1 with FCM saturates the outputs and has no 

positive effect on the outcome of the experiment. Therefore, 107 Dynabeads were used, which 

is the same concentration as used for the Compel beads. 

 

  

Figure 2.1. Schematic proportional representation of the four different bead types used, coupled to a green-
stained P. cichorii. 
ScreenMAG 0.75 µm carboxylated green fluorescent superparamagnetic beads, coated with antibody against P. 
cichorii (A); IMag 0.1-0.45 µm non-fluorescent anti R-PE superparamagnetic particles and R-PE labelled antibody 
against P. cichorii (B); Compel 2.6 µm carboxylated non-fluorescent superparamagnetic beads, coated with 
antibody against P. cichorii (C); and Dynal M-270 2.8 µm carboxylated non-fluorescent superparamagnetic 
Dynabeads, coated with antibody against P. cichorii (D). 

2.2.3. STAINING 

Samples were filtered through 30 µm CellTrics filters (Partec, Münster, Germany) before 

staining. Prepared samples containing ScreenMAG or IMag beads were live/dead stained based 

on membrane integrity using 1.2 µM SYTO 9 (Invitrogen, Merelbeke, Belgium) and 12 µM 

propidium iodide (PI, Sigma-Aldrich, Bornem, Belgium) at pH 7.2. This combination of stains 

was tested for P. cichorii as described by the manufacturers (Invitrogen, BacLight product 

information). Good correlations between the bacteria analyzed by FCM and plate counts of the 

same sample were obtained in all growth phases of the bacteria (see Chapter 1). In the Compel 

bead system, SYBR Green I (10 000x concentrate; Invitrogen, Merelbeke, Belgium) was 

introduced as an alternative to SYTO 9. SYBR in combination with PI also gave a very good 

correlation between green stained cells and plate counts in all bacterial growth phases. A 
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combination of 8 10-5 SYBR stock  and 12 µM propidium iodide at pH 8 was found to be optimal 

for the live/dead staining of P. cichorii. These concentrations correspond with those 

recommended by other authors (Falcioni et al., 2008).  

 

All microscopy was performed with a Leica DM IRB fluorescence microscope (Leica, Wetzlar, 

Germany), using a 100x objective and a 10x eyepiece, unless stated otherwise. Fluorescent dyes 

were excited with a 50 Watt mercury arc lamp and observed using a FITC/Texas Red filter 

(Chroma, Rockingham, USA). 

2.2.4. OPTIMIZATION 

2.2.4.1. INFLUENCE OF INCUBATION AND WASHING STEPS 

To determine the optimal incubation method and time, samples of 1 ml containing 105 P. 

cichorii in saline solution (8 g NaCl l-1, pH 7.2) were incubated with 107 antibody-coated Compel 

beads on a test tube rotator (8.5 rpm), a flatbed shaker (100 rpm) or motionless for 30, 60 or 90 

minutes. No washing steps were applied and immediately after incubation, samples were 

stained and measured with FCM. For each treatment, six independent samples were prepared 

and analyzed on two different days.  

 

To determine the effect of washing and resuspending of the beads between wash steps on the 

number of bead-bacteria complexes on the one hand and on the non-specific adsorption of 

bacteria to uncoated beads on the other hand, a second experiment was performed. Samples 

of 1 ml containing 105 P. cichorii were incubated with 107 antibody-coated or uncoated Compel 

beads. Samples were washed as described above (section 2.2.2.3), but different ways of stirring 

the bead pellet between washing steps were tested. No washing was compared to washing 

without any resuspending of the beads, stirring by vortexing at different speeds, flatbed 

shaking at different speeds and gently pipetting up and down. The experiment was repeated on 

two different days and a total number of five independent samples for each treatment were 

measured.  
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2.2.4.2. INFLUENCE OF BUFFERS AND STAINING 

During the experiments, we noticed that the use of SYTO 9 resulted in staining artefacts when 

combined with large antibody-coated beads. Furthermore, SYTO 9 and performed poorly on 

environmental waters. As SYTO 9 is known to be no exclusive nucleic acid stain, we compared it 

to SYBR, for SYBR/PI staining was reported to result in better distinction of live/dead 

populations in environmental bacteria compared to SYTO 9/PI (Berney et al., 2007) and is also 

known to be highly DNA-specific. 

 

To determine the effect of the buffer composition and the amount of fluorescence emitted by 

antibody-coated beads stained with SYTO 9 and PI or with SYBR and PI, both dye combinations 

were compared in different buffers. The buffers tested were: saline solution supplemented 

with 10% BSA, 10 mM (ethylenediaminetetraacetic acid), EDTA or 10% casein. Saline solution 

was used at pH 7.2 for SYTO 9 staining, and at pH 8 for SYBR staining to reflect the optimal pH 

of both dyes (Chapter 1). Samples of 1 ml containing 107 antibody-coated Compel beads ml-1 

without any bacteria were incubated in the different buffers as described above. No washing 

was applied.  

2.2.4.3. COMPARISON BETWEEN COMPEL BEADS AND DYNABEADS 

Compel beads were coated according to the protocol described by de León et al. (2006) without 

the use of BSA and compared to Compel and Dynabeads coated according to the Dynal 

protocol. Incubation was performed on a test tube rotator for 30 min, as this proved to be the 

best method. After incubation however, only one washing step was applied and beads were 

resupended in 1 ml of saline solution by gently pipetting up and down. Samples were stained 

with 12 µmol PI and 8 µl 100-fold diluted SYBR.  

2.2.5. FLOW CYTOMETRY 

As our purpose was to combine and analyze live/dead stained bacteria with and without beads, 

five different groups can be expected in the bead-bacteria samples: unbound beads, living 

unbound bacteria, dead unbound bacteria, living bead-bound bacteria and dead bead-bound 

bacteria. To correctly identify these groups, different controls were required and at least two 

fluorescence and two scatter parameters needed to be observed. Only the most relevant 
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outputs are shown in this chapter and all outputs are shown as two-parameter dot plots 

because this graph form is best suited to show the different groups. Each analyzed particle is 

represented by a dot on each dot plot; multiple particles with the same properties will cluster 

in what is called a population. Populations on a dot plot can be identified and counted by 

putting a region gate (R) around them. A colour can be assigned to a gate to facilitate the 

identification of the gated particles on the other dot plots and hence interpret the outputs. 

 

 

Figure 2.2. Schematic overview of populations expected on the outputs. 
A SSC/FSC dot plot can help to distinguish beads from bacteria, a FL1/FL3 dot plot is the best way to identify 
live/dead stained from unstained particles and a FL/SSC dot plot is most suited to discern unbound bacteria, 
unbound beads and bead-bacteria complexes. 

 

SSC/FSC scatter dot plots often allow a first separation between beads and bacteria based on 

size and surface properties (Fig. 2.2). Beads (and bead clusters) are denser and have a more 

reflecting surface compared to bacteria, resulting in a higher SSC. The beads also have a higher 

refracting index and are -in the case of Dynabeads and Compel beads- larger than bacteria, 

resulting in a higher forward scatter compared to the bacteria. However, the SSC/FSC dot plot 

gives no information about viability. The difference between living and dead bacteria, for both 

unbound and bead-bound, can be seen on a FL1/FL3 dot plot. Green stained  (R1) bacteria have 

a higher FL1 fluorescence and often a lower FL3 fluorescence, while red stained (dead) bacteria 

have a higher red fluorescence and often a lower green fluorescence. All the bead types used in 

this chapter had a lower FL1 and FL3 fluorescence intensity than stained bacteria. This makes 

the unbound beads appeared in the corner of the FL1-FL3 dot plot after staining. As the FL1/FL3 

dot plot tells nothing about size or surface properties, this graph cannot distinguish between 

unbound bacteria and bead-bacteria complexes. To make a distinction between unbound 

beads, unbound bacteria and bead-bacteria complexes, a dot plot with fluorescence versus 

scatter is best suited. This dot plot allows to combine the expected scatter difference between 
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beads and bacteria with the fluorescence pattern of the bacteria. Bead-bound bacteria are 

expected to have the same fluorescence pattern as the brightly stained bacteria, but also have 

the same scatter pattern as the beads. Hence, the living and dead populations as defined in the 

FL1/FL3 dot plot will be split into unbound and bead-bound bacteria according to their scatter 

properties. 

 

This of course, is a model representation of what we expect to see. Realistic outputs are often 

more difficult to interpret, because populations are more spread out and noise or staining 

artefacts occur. Therefore, by putting a gate R3 around the place where we expect the living 

bead-bacteria complexes and measuring a control sample without bead-bacteria complexes, we 

will only visualise noise in R3. This false signal can be reduced by the definition of a logical gate 

G, which is a Boolean expression combining two or more gates. For example, if we define the 

logical gate G1=R3 AND R1 we will only count the dots in R3 that also belong to the R1 gate, 

something we expect to be true for all living bead-bacteria complexes but not for noise, which 

often has a higher FL3 fluorescence than living bacteria. In the same way, a logical gate G2 

could be defined to combine the dead bead-bacteria complexes as defined on an FL3/SSC plot 

with the dead bacteria populations in the FL1/FL3 plot.  

2.2.6. STATISTICAL ANALYSIS 

Results were statistically analyzed with SPSS16, using ANOVA (Sheffé post hoc, p<0.05). 

2.3. RESULTS 

2.3.1. BEAD SYSTEMS 

In this study, four bead systems were used that differ in size, fluorescent properties and surface 

characteristics (Fig. 2.1). ScreenMAG beads are quite small (0.75 µm) green fluorescent 

carboxylated microbeads. IMag beads belong to the ‘large’ nanobeads: they are very small (0.1-

0.45 µm), non-fluorescent and coated with monoclonal antibody against R-phycoerythrin (R-PE) 

by the manufacturers. Consequently, they can only be used in combination with R-PE labelled 

antiserum.  
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Figure 2.3. ScreenMAG 0.75 µm carboxylated green fluorescent beads and P. cichorii.  
Typical dot plots obtained from 200 µl sample containing  4.10

4
 Pseudomonas cichorii ml

-1
 (A, B), 10

8
 antibody-

coated ScreenMAG beads ml
-1

 (C,D) and  4. 10
4
 Pseudomonas cichorii captured with 10

8
 ScreenMAG beads ml

-1
 (E, 

F) after washing steps. Samples were  unstained (A, C, E) or  stained with 1.2 µmol SYTO 9 and 12 µmol propidium 
iodide  ml

-1
 (B, D, F). All measurements were performed with trigger on FL2 and without compensation; gates R1: 

beads (blue), R2: bacteria (green and red) and R3: dead bacteria (red) were placed around the populations of 
interest after measurement. Arrows indicate the assumed population of bead-bound bacteria.  
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Compel beads are large (2.6 µm) non-fluorescent carboxylated microbeads and can be coated 

with antibody in a similar way to the ScreenMAG carboxylated beads. Dynabeads are very 

similar to Compel beads, but slightly larger (2.8 µm); they were included because they are 

frequently used in plant pathology, but never analyzed in combination with FCM. 

2.3.1.1. SCREENMAG BEADS 

Representative outputs of bacteria, beads and bead-bacteria samples with and without staining 

are shown in Fig. 2.3. Beads (R1, blue) and bacteria (R2, green) could be distinguished based on 

side scatter properties (Fig. 2.3 B and D, SSC/FSC dot plot). However, there was no clear shift in 

fluorescence nor in scatter between beads with (Fig. 2.3 E and F) or without (Fig. 2.3 C and D) 

bacteria. In Fig. 2.3 A, no signal is visible, meaning no autofluorescence of unstained P. cichorii 

was detected with triggering on FL2. After intracellular staining with SYTO 9 and PI, the 

bacterial population (R2) is clearly visible on the SSC/FSC dot plot of Fig. 2.3 B. This bacteria 

population splits out in two distinct groups on the FL1/FL3 dot plot (Fig. 2.3 B), representing a 

large green living bacteria population and a small red dead bacteria population (R3). Also the 

fluorescent 0.75 µm beads (R1, blue) gave a green fluorescence, but weaker than the living 

bacteria (R2, green), as can be seen when comparing the FL1/FL3 dot plots of Fig. 2.3 D and B. 

But when comparing the outputs of beads with (Fig 2.3 E and F) and without (Fig 2.3 C and D) 

bacteria, no clear differences are visible, except from a small population that is most apparent 

in the FL1/FL3 and FL1/SSC dot plots, indicated by the arrows on Fig. 2.3 F. This extra 

population is only visible in the stained samples and possibly represents the bead-bound 

bacteria in the different dot plots. The abundant presence of unbound fluorescent beads most 

likely masked the rather small population of bead-bound bacteria. Most of the bacteria were 

found in the washing effluent of the beads and are thus unbound (data not shown).  

2.3.1.2. IMAG BEADS 

Typical outputs of unstained and stained samples are shown in Fig. 2.4. The most important 

populations in these outputs can best be distinguished in a FL2/SSC dot plot. R2 (green) is a 

population with low fluorescence and low scatter properties and consists of PE-labeled 

unbound bacteria (Fig. 2.4 A, FL2/SSC dot plot) and noise (Fig. 2.4 B, FL2/SSC dot plot). R1 (blue) 

is a population with high scatter properties (Fig. 2.4 C, SSC/FSC dot plot) and high FL2 

fluorescence (Fig. 2.4 D, FL2/SSC dot plot) and consists of beads labeled with PE. 
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Figure 2.4. IMag 0.1-0.45 µm anti-PE beads and P. cichorii.  
Typical dot plots obtained from 200 µl sample containing  10

6
 P. cichorii ml

-1
 labelled with 1.47 µg PE-conjugated 

IgG (A, B); 10
4 

 P. cichorii labelled with 1.47 µg PE-conjugated IgG and captured with 10 µl IMag beads ml
-1

, after 
washing steps (C, D) and  10

7 
 P. cichorii labelled with 1.47 µg PE-conjugated IgG and captured with 10 µl IMag 

beads ml
-1

, after washing steps (E, F). Samples were unstained (A, C, E) or stained with 1.2 µmol SYTO 9 and 12 
µmol propidium iodide per ml (B, D, F). All measurements were performed with trigger on FL2 and without 
compensation; gates were manually placed around the populations of interest after measurement. R1: beads with 
PE (blue), R2: bacteria and noise (green), R3: unbound and bead-bound PE-labelled bacteria (orange).  
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R3 (orange) has slightly lower scatter properties, a higher FL2 (Fig 2.4 F, FL2/SSC dot plot) and a 

much higher FL1 fluorescence (Fig 2.4 D, FL2/FL1 dot plot) compared to R1. This population 

mainly consists of living bead-bound bacteria, but also some living PE-labeled unbound bacteria 

are present.  

Also for the IMag system, beads (blue, Fig 2.4 D, SSC/FSC dot plot) could be distinguished from 

bacteria (green, Fig. 2.4 B, SSC/FSC dot plot) based on scatter properties. But in contrast to the 

other bead systems where no bacteria are visible in the unstained samples, Fig. 2.4 A does 

show a part of the bacteria population due to the labelling of the bacteria with PE-conjugated 

antibody. When the same sample is stained with SYTO 9 and PI (Fig. 2.4 B) the whole 

population is visible and the distinction between the PE-labelled (R3, orange) and unlabeled 

living (R2, green) bacteria becomes more clear. Unfortunately, in the bacteria population (R2, 

green) the noise is also more apparent in the stained samples as can be seen when comparing 

Fig. 2.4 A with B. The live/dead stained PE-labeled bacteria (Fig 2.4 B, orange) can further be 

divided into living and dead based on the FL1 and FL3 fluorescence as shown by the arrows (Fig. 

2.4 B FL2/FL1 and FL2/FL3 dot plots). Beads (Fig. 2.4 C and D, blue) should normally not be 

visible on the outputs, as the IMag beads are non-fluorescent. However, the unbound beads 

(R1, blue) appear on the outputs while triggering on FL2 (Fig. 2.4 C and D). So despite the 

washing step after incubation of the bacteria with the PE-labelled antibody, there was still 

some free PE or PE-labelled antibody that bound to the beads and made them visible. 

As the concentration of added bacteria increased from 104 (Fig. 2.4 C and D) to 107 (Fig. 2.4 E 

and F), the population of unbound beads (blue) decreased and the population of bead-bacteria 

complexes (orange) increased. This is clearly visible when comparing the FL2/SSC dot plots in 

Fig. 2.4 D and F and indicates a good bead-bacteria binding. Also when comparing the SSC/FSC 

dot plots of Fig. 2.4 D and F it is apparent that the plots are very similar in scatter properties, 

but the blue unbound beads in Fig 2.4. D are replaced by the orange bead-bound bacteria in 

Fig. 2.4 F. However, the larger bacteria population in Fig. 2.4 E and F (green) made it also much 

more complicated to distinguish the different populations compared to Fig. 2.4 C and D. 

Furthermore, the yellow PE fluorochrome gave too much spectral overlap in combination with 

SYTO 9 and PI and hampered correct interpretation of the live/dead staining. 
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Figure 2.5. Compel 2.6 µm carboxylated beads and P. cichorii.  
Typical dot plots obtained from 200 µl sample containing  3.10

4
 P. cichorii ml

-1
 (A); 10

7
 antibody-coated Compel 

beads ml
-1

 (B, C); 3.10
4
 P. cichorii captured with 10

7
 antibody-coated Compel beads ml

-1
 after washing steps (D). All 

samples were stained with 1.2 µmol SYTO 9 and 12 µmol propidium iodide ml
-1

. Measurements were performed 
with trigger on FL2 (A, B, D) or SSC (C) and without compensation; gates R1: beads (blue); R2: living bacteria 
(green) and R3: bead-bacteria complexes (orange) were manually placed around the populations of interest after 
measurement.  
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2.3.1.3. COMPEL BEADS 

Typical outputs of bacteria, beads and bead-bacteria complexes analyzed with trigger on FL2 

(Fig. 2.5 A, B, D) or SSC (Fig 2.5 C) are shown in Fig. 2.5. The population in gate R2 (green) are 

the green fluorescent bacteria, as is clearly shown in Fig. 2.5 A. Fig. 2.5 C, triggered on SSC, 

shows the blue bead population which is almost completely invisible in Fig. 2.5 B (trigger on 

FL2). Therefore, when triggered on FL2 during measurements of beads and bacteria (Fig. 2.5 D), 

the unbound beads (blue) could be excluded from the outputs so only bacteria (green) and 

bead-bacteria complexes (orange) remained. The bacteria are situated in the first decade of the 

SSC scale (Fig. 2.5 A and D, green), while the beads (blue) and bead-bacteria complexes 

(orange) appear in the third and fourth decade (Fig. 2.5 C and D). Therefore, the signal 

appearing in the third decade of the SSC scale (R1, SSC/FSC dot plot) when triggered on FL2 can 

be identified as the bead-bacteria complexes as it has both the fluorescent emission caused by 

the bacteria and the high scatter caused by the beads. Fig. 2.5 D shows two distinct populations 

which have the same fluorescence properties (R2, FL1/FL3 dot plot) but different scatter 

properties (SSC/FSC dot plot) depending on the bacteria being bead-bound or not. This is most 

clearly visible in the FL1/SSC dot plot of Fig. 2.5 D, where both the unbound (green) and bead-

bound (orange) bacteria population are centred around the FL1 value of 10, but the green 

population has a SSC value clearly below 10 while the orange population has a SSC value above 

10. Thus, the Compel bead system has potential for FCM detection with viability staining.  

 

 

 

Figure 2.6. Fluorescence (A, C) and bright-field (B, D) images of SYBR 
green I (A, B) and PI-stained (C, D) P. cichorii captured by antibody-
coated 2.6 µm carboxylated beads.  
Sample obtained by incubating 10

7
 beads and 10

9
 P. cichorii in 1 ml 

saline solution and applying one washing step before live/dead 
staining (1000x; Leica DM IRB, Wetzlar, Germany). 
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The size of the Compel beads makes it possible to see them under the microscope (Leica DM 

IRB, Wetzlar, Germany), enabling visual observation of the coupling. A picture of a sample 

containing 109 bacteria and 107 antibody-coated Compel beads is shown in Fig. 2.6. On this 

picture, a bead bound with a green stained bacterium and a bead bound with a red stained 

bacterium is shown. Note that a high bacterial concentration of 109 CFU ml-1 was applied to 

improve the visualization but high concentrations often result in multiple bacteria binding to 

one bead. 

2.3.1.4. DYNABEADS 

The success of the Compel bead system raised the question if the very similar Dynabeads, 

which have often been used for IMS on plant pathogens, also could be measured with FCM. As 

Dynabeads are not very different from the Compel beads, they resulted in similar outputs. 

However, the Dynabeads formed a larger and more spread out population on the outputs 

compared to the Compel beads (results not shown). 

2.3.2. OPTIMIZATION 

2.3.2.1. INFLUENCE OF INCUBATION AND WASHING STEPS 

As the Compel bead system showed most potential for the combination of IMS, FCM and 

viability staining, it was further improved. Different incubation methods and incubation times 

were compared (Fig. 2.7). Incubation on a flatbed shaker (30 min, 100 rpm) or without any 

disturbance made the magnetic beads sink to the bottom of the test tube. The best way to 

incubate the samples was on a test tube rotator (8.5 rpm) as this keeps the beads in 

suspension. The optimal incubation time appeared to be 30-60 minutes. An incubation time of 

90 minutes gave significantly (Sheffé, p<0.05) less bead-bacteria complexes, especially for the 

test tube rotation method.  

 

Next, the influence of washing and resuspension of the beads between washing steps was 

investigated. No washing was compared with six different washing methods using three 

succeeding wash steps, whereby the first wash step was performed with PBS-BSA and the 

second and third wash step with saline solution (Fig. 2.8). The wash steps differed in stirring 

method used. 
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Figure 2.7. Comparison between different incubation times and methods. 
Samples of 1 ml containing 10

5
 P. cichorii were incubated with 10

7
 Compel beads and incubated on a test tube 

rotator (8.5 rpm), a flatbed shaker (100 rpm) or standing still. Beads and bacteria were incubated for 30, 60 or 90 
minutes, stained with SYTO 9 and PI and measured with FCM; no washing steps were applied. Bars represent the 
means (n=6) ± SD; bars indicated with different letters are significantly different according to ANOVA (Sheffé post 
hoc, p<0.05).  

 

The suspension of the beads between washing steps must be powerful enough to prevent 

nonspecific adsorption of bacteria to uncoated beads, but at the same time not too powerful to 

prevent breaking of the rather weak antibody bond between beads and bacteria. No washing 

resulted, as expected, in the highest number of bead-bacteria complexes, but also in a high and 

very variable non-specific adsorption between uncoated beads and P. cichorii. All other stirring 

methods caused a vast decrease in the resulting bead-bacteria complexes, as well as very 

significant decrease in non-specific adsorption. The number of bead-bacteria complexes with 

antibody-coated beads seems to be directly related with the violence of the stirring method. 

Vortexing, the most disturbing method applied, yielded the lowest number of specifically 

formed bead-bacteria complexes. The three methods that resulted in the highest specific 

binding and the lowest non-specific adsorption are washing without any resuspension of the 

beads, flatbed shaking at 100 rpm and slowly pipetting up and down between wash steps. As 

the last method was the simplest and the most described in literature, pipetting up and down 

was used in all further experiments. Still, losses were high when using three succeeding wash 

steps.  
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Therefore, we decided to reduce the number of wash steps to just one for all pure cultures. 

 

 

Figure 2.8. Effect of washing and resuspending the bead pellets between wash steps on the number of bead-
bacteria complexes and on the non-specific adsorption of bacteria to uncoated beads. 
Samples of 1 ml containing 10

5
 P. cichorii were incubated with 10

7
 antibody-coated or uncoated Compel beads and 

incubated on a test tube rotator for 30 min. Samples were washed three times: the first time with PBS containing 
0.05% Tween20 and 1% BSA and the next two times with saline solution. Washing was performed by placing the 
samples on the magnetic rack for one minute, removing the supernatant, taking the samples of the magnet, 
applying new buffer and suspending the bead pellet during 1 min according to the method specified. Bars 
represent the means (n=5) ± SD; bars indicated with different letters are significantly different according to ANOVA 
(Sheffé post hoc, p<0.05).  
 

2.3.2.2. INFLUENCE OF BUFFERS AND STAINING 

Despite the fact that the Compel beads are non-fluorescent, the antibody-coated beads are 

faintly stained by SYTO 9 (Fig. 2.6 C). Uncoated beads are not visible when triggering on FL2 

(not shown) and neither are antibody-coated beads stained with PI alone (Fig. 2.11 E). Single 

beads are in general too faintly stained to be visible with the instrument settings used, but 

bead clusters are visible.  
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Figure 2.9. Effect of different components in blocking buffers on antibody-coated beads stained with SYTO 9 and PI 
or with SYBR and PI. 
Outputs obtained from 200 µl samples of 10

7
 antibody-coated Compel beads ml

-1
 incubated without any bacteria 

in (A,B) saline solution, (C,D) 10% BSA, (E,F) 10 mM EDTA, (G,H) 10% casein, (I,J) 10% Tween20 and (K,L) PBS 
stained with (A-L) 12 µmol PI and (A, C, E, G, I, K) 1.2 µmol SYTO 9 or (B, D, F, H, J, L) 8 µl of a 100-fold dilution of 
the commercial SYBR Green stock. All samples were measured with trigger on FL2. Gates were placed where living 
bacteria (R1), dead bacteria (R2) and living bead-bacteria complexes (R3) would appear in samples containing 
bacteria. 
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The amount of noise caused by SYTO 9 stained, unbound beads showed inexplicable day-to-day 

variation. Apparently, almost all components of blocking buffers, such as casein, bovine serum 

albumin, skimmed milk and EDTA increase this noise level.  

With the fluorescence microscope, a greenish halo around the beads can be observed in the 

presence of those components (pictures not shown). Especially BSA (Fig. 2.9 C), casein (Fig. 2.9 

G) and EDTA (Fig. 2.9 E) influence the measurements, while saline solution (Fig. 2.9 A), PBS (Fig. 

2.9 I) and Tween20 (Fig. 2.9 K) have little or no influence on the noise level.  

Commercially available blocking buffers, containing a combination of these components, 

resulted in a very high noise level. As this noise increases the detection limit of the method, an 

alternative to SYTO 9 was necessary. SYBR Green I is known to have a higher DNA-selectivity 

compared to SYTO 9. For the staining of bacteria alone, there is not much difference between 

SYTO 9 and SYBR Green staining, except from a different pH optimum of respectively 7 and 8. 

But when staining bead-bacteria complexes, the use of SYBR results in better defined groups 

compared to SYTO 9. SYBR Green also resulted in high noise levels, especially in combination 

with BSA and casein (Fig. 2.9 D and H), but the noise level in gates R1 and R3 was in most cases 

not as high compared to SYTO 9 (Fig 2.9 C and G). SYBR noise levels in saline solution (Fig. 2.9 B) 

were also lower compared to SYTO 9 (Fig. 2.9 A). For Tween20, noise levels were very low for 

both dyes (Fig. 2.9 I and J). The manufacturers of SYTO 9 recommend the avoidance of PBS, but 

there is no such recommendation for SYBR staining. Remarkably, in PBS, noise levels for SYBR 

staining (Fig. 2.9 L) were higher than for SYTO 9 staining (Fig. 2.9 K). But when comparing all 

buffers, noise levels were lower with SYBR staining and the noise caused by SYBR staining did 

less interfere with the viable bacteria gate R1, so it can be excluded by logical gating. Most 

important, day-to-day variations in staining artefacts were lower with SYBR staining compared 

to SYTO 9 and therefore we decided to replace SYTO 9 by SYBR staining. 

2.3.2.3. COMPARISON BETWEEN COMPEL BEADS AND DYNABEADS 

Because Compel beads and Dynabeads resulted in similar outputs, but the two bead systems 

differ in coating protocol, these protocols were compared. The optimized Compel protocol and 

the optimized Dynal protocol were first compared using the Compel beads. The Dynal protocol, 

using two kinds of MES buffer, 15 mg CMC and 600 µg IgG for 109 beads, increased the 

fluorescence of the Compel beads compared to the optimized Compel protocol, but still 

allowed clear distinction between unbound beads and bead-bacteria complexes. Comparison 
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between the differently coated beads for different bacteria concentrations (Fig. 2.10) revealed 

that there was less variation in the results when using the Dynal protocol. This resulted in a 

lower detection limit and significantly more bead-bacteria complexes detected. Hence, the 

Dynal bead coating protocol will be used in further experiments.  

 

Figure 2.10. Comparison between Compel beads and Dynabeads.  
The different coating protocols were compared using Compel beads coated according to the optimized Compel 
protocol and Compel and Dynabeads coated according to the optimized Dynal protocol. Results were obtained by 
incubating 0-3 10

4
 P. cichorii cells ml

-1
 with different beads, applying one wash step and staining with SYBR and PI. 

Particles were analysed with FCM, using the same settings and gating as for the optimized Compel system. Living 
bead-bacteria complexes were defined and counted as particles that belonged both to the living bacteria gate R1 
and to the bead-bacteria gate R3, using the logical gate definition G1=R1 AND R3. Bars represent the mean of 
three independent repetitions ± SD; bars indicated with different letters are significantly different according to 
ANOVA (Sheffé, p<0.05).  

 

When comparing Compel beads and Dynabeads coated according to the Dynal protocol, it was 

apparent that the Dynabeads formed a larger and more spread out population on the outputs 

compared to the Compel beads (results not shown). This resulted in significantly higher bead-

bacteria counts for al concentrations for the Dynabeads, but also much higher noise levels. So 

both bead types give comparable results, but as the high noise level of the Dynabeads 

increased the detection limit, Compel beads are preferred.  
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Figure 2.11. Optimized Compel system 
Typical dot plots obtained from 200 µl sample containing 10

5
 P. cichorii ml

-1
, stained with SYBR Green I and PI (A); 

10
6
 antibody-coated Compel beads ml

-1
, stained with SYBR Green I and PI (B); 10

5 
P. cichorii ml

-1 
and 10

6
 antibody-

coated Compel beads ml
-1

, stained with SYBR Green I and PI (C); 10
5
 P. cichorii ml

-1 
and 10

6
 antibody-coated 

Compel beads ml
-1

, stained with SYBR Green I (D); 10
5
 P. cichorii ml

-1 
and 10

6
 antibody-coated Compel beads ml

-1
, 

stained with PI (E). Measurements were performed with trigger on FL2 and without compensation; gates R1: living 
bacteria (green), R2: dead bacteria (red), R3: single beads and G1=R1 AND R3 (blue) were manually placed around 
the populations of interest after measurement.  
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2.3.2.4. OPTIMIZED COMPEL SYSTEM 

When all changes and optimizations steps were implemented, the resulting Compel protocol 

was as follows: a 200 µl aliquot of the commercial Compel beads stock was washed twice with 

500 µl MES (25 mM, pH 5) and vortexed for 10 min between wash steps. The washed beads 

were resuspended in 300 µl MES buffer (25 mM, pH 5) containing 600 µg IgG and incubated on 

a test tube rotator at room temperature for 30 min. Meanwhile, 20 mg CMC was dissolved in 

200 µl ice-cold MES buffer (100 mM, pH 5) and 150 µl of this mixture was added to the beads 

and vortexed vigorously. Then, 50 µl MES (25 mM, pH 5) was added to a final volume of 500 µl 

and the sample was incubated on a test tube rotator at 4°C for 24 hours. Beads were washed 

four times with 1 ml 0.1 M PBS (pH 7.2) supplemented with 0.1% Tween20 and stored in 1 ml 

sheath fluid supplemented with 0.1% Tween20. Of this antibody-coated bead stock, only 1 µl 

(106 beads) was used per sample and beads and bacteria were incubated during 30 min on a 

test tube rotator at room temperature. After incubation, beads and bacteria were washed once 

with saline solution and resuspended by gently pipetting up and down. Samples were stained 

with 12 µmol PI and 8 µl 100-fold diluted SYBR. 

 

Typical outputs of bacteria, beads and bead-bacteria complexes are shown in Fig. 2.11, 

including some single-stained controls. For this experiment a 72 h culture was used, to have a 

dead bacteria population large enough to see on the outputs. In the absence of PI (Fig. 2.11 D), 

no red bacteria (R2) are observed in the FL1/FL3 dot plot. Instead, the population bead-bound  

(blue) and unbound (green) bacteria increased, as both living and dead bacteria are now 

stained by SYBR. The dot plots of the PI-stained bead-bacteria complexes (Fig 2.11 C) clearly 

show that PI has no effect on the fluorescence of the antibody-coated beads, as almost no 

particles are visualized on the dot plots, meaning no beads nor bacteria are stained.  

The absence of PI-stained bacteria (R2, red) in Fig. 2.11 C is due to the too weak fluorescence of 

PI alone (see Chapter 1), which cannot be detected with trigger on FL2 and the FCM settings 

used in the absence of SYBR.  

Live/dead staining of P. cichorii, using both SYBR and PI (Fig. 2.11 A), results in living bacteria 

stained with SYBR (R1, green) and dead bacteria stained with PI (R2, red) as well as some 

intermediate stained bacteria (black), discussed in Chapters 1 and 4. Beads stained with SYBR 

and PI in the absence of bacteria, still give a small amount of noise (Fig. 2.11 B). Most of the 
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signal in Fig. 2.11 B is not caused by single beads but by bead clusters. Therefore, the gate R3 

was put around the single beads on the SSC/FSC dot plots; this group is clearly visible when 

triggering on SSC (not shown). The living bacteria gate R1 and the single bead gate R3 were 

then combined with the logical gate G1 (blue) to count the living bead-bacteria complexes (Fig. 

2.11 E, FL1/SSC dot plot).  

 

 

Figure 2.12. Examples of the effect of logical gating on the exclusion of noise and loss of signal. 
Outputs shown represent live/dead stained beads without bacteria in blocking buffer (A) and live/dead stained 
beads and bacteria without blocking buffer(B-D), with different gating. 
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2.3.3. LOGICAL GATES 

The effect of gating, especially logical gating, is illustrated in Fig. 2.12; resolution of the dot 

plots was adapted to see the individual dots. Fig. 2.12 A represents a sample containing stained 

beads and blocking buffer, but no bacteria. In gate R3, where no signal is expected in the 

absence of bacteria, the noise level (red) is quite high. When looking at the FL1/FL3 dot plot of 

Fig. 2.12 A, the noise of gate R3 (red) is visible along the axis of the dot plot and does not have 

the fluorescence pattern of either living (R1) or dead (R2) bacteria. Moreover, the noise level in 

the living bacteria gate (R1, green) is low. Hence, the red noise counts can be excluded from the 

outcome by the condition that true signal in the R3 gate must also fall within the living bacteria 

gate R1. This can be done by defining the logical gate G1=R1 AND R3 in the software to count 

the true signal and reduce the noise level in Fig. 2.12 A from R3=245 to only G1=15. What 

actually happens is the creation of a three dimensional dot plot, where only the signal with a 

certain FL1, SSC and FL3 characteristics is considered positive. The same gating principles are 

applied in Fig. 2.12 B, a sample with target bacteria and Compel beads without blocking 

components. Again, the red noise in the R3 gate is visible along the axis of the FL1/FL3 dot plot 

of Fig. 2.12 B, but here, a few red dots fall inside the R1 gate. Nevertheless, most noise is again 

excluded as illustrated by the counts in logical gate G1. When looking at the SSC/FSC dot plot of 

Fig. 2.12 B, most of the blue bead-bacteria complexes appear in the lower part of the bead 

population, where the single beads are situated. Indeed, it are the black bead clusters that 

cause the noise and false positives in this output. 

In order to further reduce the noise and false positives, new gates were defined and a new 

logical gate, combining four different parameters, was introduced. The gate R3 is now placed 

around the single beads in the SSC/FSC dot plot (Fig. 2.12 C and D). This makes it possible to 

ignore the bead clusters and count both living and dead bead-bacteria complexes in the same 

way. In Fig. 2.12 C, single beads (R3) are visible both in the R2 gate (red) and in the R1 gate 

(blue) of the FL1/FL3 dot plot. 

To count the living bead-bacteria complexes, the scatter properties of the beads (R3) are 

combined with the fluorescence properties of the living bacteria (R1) and only the blue signal is 

counted. When looking at the FL1/SSC dot plot of Fig. 2.12 C, there is a green population visible 

with higher SSC signal compared to the blue signal. This population consists of noise and bead 

clusters and is not counted as bead-bacteria complexes. Fig. 2.12 D is the same output as Fig. 
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2.12 C but here the bead-bacteria complexes (FL3/SSC dot plot, blue) are counted by combining 

the single beads (R3, green) with the dead bacteria (R2, red) by the logical gate G2. 

2.4. DISCUSSION 

This chapter discusses the combination of immunomagnetic separation and flow cytometry to 

evaluate possibilities for the specific detection of bacteria in water samples, illustrated on the 

plant pathogen P. cichorii. We evaluated four different bead systems in combination with 

live/dead staining. We also evaluated the comprehensibility of the resulting outputs and factors 

influencing the results.  

2.4.1. BEAD SYSTEMS 

An overview of the different bead systems and protocols with their main advantages and 

disadvantages is given in Table. 2.1. Criteria that were considered in this table are the ease of 

interpretation of the outputs, compatibility of the beads with live/dead staining, possibilities to 

broaden the assay to multiplex detection of different pathogens, amount of noise on the 

outputs and number of bead-bacteria complexes formed. 

 

The first system tested made use of ScreenMAG 0.75 µm carboxylated green fluorescent beads. 

ScreenMAG beads have been used by other authors to study the impact of external stimuli and 

cell micro-architecture on intracellular transport (Mathowald et al., 2009) and to specifically 

label subcellular locations on human liver cells (Tseng et al., 2009). To our knowledge, these 

beads have never been used for IMS of bacteria. 

ScreenMAG beads were tested because fluorescent beads have the advantage that they form 

clear peaks on fluorescence histograms and thus can easily be identified. Additionally, the use 

of differently coloured beads allows multiplexing in flow cytometry (Dunbar et al., 2003; Peters 

et al., 2007; Spiro and Lowe, 2002). But fluorescent beads are not the best choice when working 

with intracellular staining and only one excitation wavelength, because the large population of 

fluorescent, unbound beads can mask the much smaller population of bead-bound bacteria, as 

revealed by our results.  
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Table 2.1. Overview of the different bead systems and protocols used in this chapter. 

 

 

A second system with IMag 0.1-0.45 µm anti-PE beads was tried. IMag beads were developed 

for flow cytometry, but mainly for the purpose of leukocyte isolation; to our knowledge, they 

have never been tested for the isolation of bacteria. Hibi et al. (2006) used comparable 0.25 µm 

magnetic microspheres together with fluorescein isothiocyanate (FITC)-labelled antibody to 

capture Listeria monocytogenes and subsequently analyzed the bead-bacteria complexes with 

FCM. They found the method suitable for detection in the range of 102-108 bacteria per ml, but 

aimed at detecting both living and dead cells.  
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An advantage of the non-fluorescent IMag beads is that the small unbound beads can be 

excluded from the outputs when triggering on fluorescence. Furthermore, labelled antibodies 

may help to gain insight into the binding and washing efficiency, as remaining bacteria that are 

labelled but not bead-bound can still be identified as P. cichorii. However, in our tests, some of 

the bacteria were not labelled, and the labelled antibodies that did not bind to the bacteria 

were not completely removed by washing. As a result, some of the beads reacted with the free 

antibody and these unbound but fluorescent beads were a source of false positives on the 

outputs. Additionally, there was too much spectral overlap between the PE and the SYTO 9/PI 

staining. Moreover, the size variation within the beads was too large compared to their small 

size, which resulted in broad populations. It is also possible that traces of the blocking 

components in the IMag buffer used during the washing steps increased the noise level in the 

outputs. Overall, the PE-labelled antibody made this system more complex rather than simpler; 

it is therefore not the appropriate system for our objectives. 

 

A third system tested made use of Compel 2.6 µm carboxylated beads. Alefantis et al. (2004) 

successfully employed Compel beads of 8 µm diameter for the detection of staphylococcal 

enterotoxin B, using a two-antibody system and Alexa Fluor 647. In the study presented here, 

the use of 2.6 µm Compel beads resulted in valuable outputs for the development of a plant 

pathogen detection system based on IMS and FCM. The power of this system lies in its 

simplicity: beads are identified based on scatter, and bacteria based on fluorescence. The 

different groups can be clearly identified and the large size of the beads allows microscopic 

observation of the binding. A downside is that multiplexing is not possible, at least not in 

combination with the live/dead staining used.  

 

The fourth system tested, using Dynal Carboxylated 2.8 µm beads, did not differ much from the 

Compel bead system. Dynabeads were tested because several IMS methods for plant 

pathogens (de Leon et al., 2006; de Leon et al., 2008; Dittapongpitch and Surat, 2003; Expert et 

al., 2000; Hartung et al., 1996; Pooler et al., 1997; Walcott et al., 2002; Walcott and Gitaitis, 

2000) use M-280 Dynabeads (Invitrogen, Merelbeke, Belgium) in combination with PCR or plate 

counts. These large magnetic beads however, are considered not to be suitable for flow 

cytometric analysis, because they would disturb the flow and aggregate the cells, as one bead is 

able to bind several bacteria (Füchslin et al., 2010; Jacobsen et al., 1997a). For that reason the 
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manufacturers recommend releasing the target cells from the Dynabeads before flow 

cytometric analysis (Dynabead FlowComp Flexi protocol). However, other particles used in flow 

cytometry, such as monocytes (Loken et al., 1990), most plant protoplasts (Doležel et al., 

2007b) and pollen (Eeckhaut et al., 2005), are much larger than these beads and still can be 

measured without influence of flow distortion. 

As we obtained very good results with the Compel beads, which have very similar 

characteristics and are only 0.2 µm smaller, we compared both bead types with FCM. Because 

the recommended coupling protocol differed from the one used for the Compel beads, both 

protocols were first compared. The Dynal protocol turned out to be an improvement. When 

comparing both bead types with the same protocol, we concluded that Dynabeads can be 

measured with flow cytometry without any problem, but they give higher noise levels than the 

Compel beads. Furthermore, the Dynabeads are more expensive compared to the Compel 

beads. 

 

No observations were made of multiple bacteria binding to one bead, but bead clusters were 

observed with FCM in all bead systems and with microscopy for the Compel and Dynabeads. 

Given that the number of beads in most samples for FCM is over 100 times more than the 

number of target bacteria, it is unlikely that one bead will bind several bacteria. When the 

bead/bacteria ratio is smaller, microscopic observations of multiple bacteria on one bead were 

frequent. In contrast, when using small beads, the chance increases that more than one bead 

will bind to a single bacteria. This is probably the case for the ScreenMAG and IMag beads 

tested and may have contributed to the complexity of the outputs. Tu et al. (2009) compared 

the efficiency of beads of different sizes and antibody conjugating chemistry, to capture E. coli. 

They found that larger beads, such as the 2.6 µm Compel beads and the 2.8 µm Dynabeads, 

were more effective in capturing bacteria than smaller beads, because the larger beads can 

travel through a larger volume of sample and thus have more opportunity to interact with the 

target. Also Rotariu et al. (2002) concluded that large particles with higher magnetite 

concentrations reduce time to collision between beads and bacteria. However, a major 

downside to large beads is that they detach more easily from the cells due to shear forces 

(Füchslin et al., 2010), resulting in partial detachment of bead-bacteria complexes during FCM 

analysis. 
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2.4.2. OPTIMIZATION 

Successful recovery of target cells by IMS depends on many factors, such as antibody 

concentration and specificity, bead size and number, incubation time and method, bacterial 

losses by washing and bead or cell clumping (de Leon et al., 2006; van der Wolf et al., 1996). 

The optimization of all these factors strikes a balance between the purity of the separated cells 

and the need to obtain a single cell suspension, and restricts the loss of target cells to a 

minimum. Moreover, optimization is a never-ending process of trial and error whereby all 

factors are interdependent. A few aspects were highlighted in this chapter, but other aspects 

will need to be optimized in more realistic settings. For example the Compel beads are best 

incubated on a test tube rotator to keep the beads in suspension; but smaller beads, such as 

ScreenMAG and IMag, can be kept in suspension on a slowly rotating flatbed shaker. In pure 

cultures of 1 ml there is no significant difference between 30 and 60 min incubation while 90 

min incubation has a negative effect. When the volume is increased, the bead- or bacteria 

concentration is lowered or the matrix is denser, the optimal incubation time will probably be 

longer. Another example of this balance, one with a major influence on the outputs, is the 

manner of resuspension of the beads between washing steps. Vigorous methods, such as 

vortexing, released the bound between beads and bacteria. Gently pipetting up and down 

proved to be one of the best methods, but still resulted in high losses. To avoid losses as much 

as possible, the number of washing steps will need to be kept to a minimum, but this needs to 

be evaluated on environmental samples. 

 

When combining IMS with FCM, special attention should be given to the use of blocking 

reagents, as they cause fluorescence artefacts, observed as noise when SYTO 9 or SYBR staining 

is applied. Most commercial blocking buffers contain large amounts of blocking reagents, such 

as BSA or casein. These blocking agents can be necessary to avoid non-specific binding, but the 

optimal concentration and washing steps should be determined for each application when IMS 

is followed by FCM. EDTA is commonly used in buffers for DNA-based bead applications 

(Levison et al., 1998), but should particularly be avoided in combination with live/dead staining 

because it is both a cause of false signal with beads and of false positive PI-stained cells (Berney 

et al., 2007).  
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ScreenMAG, IMag and Compel bead systems were measured after staining with 12 µM 

propidium iodide and 1.2 µM SYTO 9. This resulted in staining artefacts, especially when BSA, 

EDTA or casein were present in the buffers. With fluorescence microscopy a greenish halo 

around the beads could be observed in those buffers. Although the use of buffers containing 

phosphate or detergent is not recommended by the manufacturers when using SYTO 9, both 

Tween20 and PBS did not seem to have much influence on the staining. Therefore, PBS was still 

used to wash and neutralize the beads after incubation in MES buffer and Tween20 was used in 

both wash and storage buffers to promote particle dispersion and as a blocking reagent to 

reduce non-specific adsorption (Baldrich et al., 2008). During the optimization of the Compel 

bead system, SYBR Green I was introduced to reduce the day-to-day variation in noise cause by 

staining artefacts. Also for SYBR, staining artefacts were observed with BSA, EDTA or casein. 

Nevertheless, SYBR allowed a better distinction of the bead-bound bacteria and less variation 

compared to SYTO 9. The green fluorescence of the SYBR-stained beads did not interfere with 

the living bacteria gate. This opens possibilities for logical gating, as true bead-bacteria 

complexes should have both the fluorescence of the bacteria and the scatter of the beads, this 

prerequisite can be implemented in a logical combination of two gates. Still, to prevent 

incorrect interpretation of the results, the use of blocking buffer should be avoided and outputs 

should always be compared with an unbound bead control. 

When all the improvements mentioned above were implemented, the resulting protocol was as 

summarized in Fig. 2.13. The outcome was a bead system with reduced noise and more dense 

and clearly defined populations compared to the preliminary Compel system. In the PI-stained 

controls, we observed that the number of PI-stained cells is lower compared to SYBR/PI stained 

samples. This can be explained by FRET occurring between SYBR and PI when both dyes are in 

close proximity (Stocks, 2004) and is explained in detail in Chapter 1.  

 

Although all experiments in this chapter were performed on pure cultures, different sources of 

noise were encountered. Some noise could be removed by avoiding certain blocking 

components, inherent instrument noise could be excluded by searching the right instrument 

settings and triggering on FL2, but still some noise remained. As this unavoidable noise is likely 

to increase when measuring environmental samples, a method to distinguish and count true 

bead-bacteria complexes while excluding the noise was necessary. This was achieved by 

combining for parameters into a logical gate. Living and dead bacteria were defined by gates on 
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the FL1/FL3 dot plots and single beads were defined by a gate on the SSC/FSC dot plots. Only 

signal that belonged to the single beads gate and one of the bacteria gates was considered as 

bead-bacteria complexes. By gating on the single bead peak and thus ignoring the bead 

clusters, much noise is avoided, but also some true signal is lost, as sometimes bacteria bound 

to bead clusters are also excluded. The occurrence of bead clusters may be avoided by further 

lowering the bead concentration or the use of surfactants. But as beads cannot be vigorously 

stirred after IMS without breaking the bead-bacteria bonding, it is not likely that bead clusters 

can be completely avoided. 

 

 

Figure 2.13. Optimized IMS protocol for the specific detection of P. cichorii in pure cultures and small volumes. 

 

OPTIMIZED COMPEL PROTOCOL FOR PURE CULTURES 

 

• Wash 200 µl commercial Compel beadstock (109 beads) twice with 500 µl MES (25 mM, pH 5) 

vortex for 10 min between wash steps  

• Suspend washed beads in 300 µl MES buffer (25 mM, pH 5) containing 600 µg IgG  

incubate on a test tube rotator at room temperature for 30 min 

• Dissolve 20 mg CMC in 200 µl ice-cold MES buffer (100 mM, pH 5) 

add 150 µl of this mixture to the beads; vortex vigorously 

• Add 50 µl MES (25 mM, pH 5) to a final volume of 500 µl 

incubate on a test tube rotator at 4°C for 24 hours 

• Wash four times with 1 ml 0.1 M PBS (pH 7.2) supplemented with 0.1% Tween20 

store in 1 ml sheath fluid supplemented with 0.1% Tween20 

• Use 1 µl (106 beads) of this antibody-coated bead stock per spiked sample  

incubate beads and sample during 30 min on a test tube rotator at room temperature 

• Wash once with saline solution (8 g NaCl l-1, pH 8) and  

resuspend by gently pipetting up and down 

• Stain with 12 µmol PI and 8 µl 100-fold diluted SYBR 

• Count living bead-bacteria complexes with FCM by using a logical gate G1=R1 AND R3  

with R1 the gate around the living bacteria on the FL1/FL3 dot plot  

and R3 the gate around the single beads on the SSC/FSC dot plot 
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2.5. CONCLUSION 

The detection techniques described in this chapter aim to combine the advantages of FCM with 

the advantages of IMS. Four different bead systems were tested for this purpose and the non-

fluorescent 2.6 µm Compel beads were found to be most suitable. A few important factors in 

the combined IMS and FCM protocol were highlighted and improved, to come to a system with 

low noise levels and clearly defined populations. The most important factors influencing the 

yield are the bead coating, the incubation method and the number of wash steps. Noise levels 

are most influenced by buffer composition, green dye used and bead concentration (and thus 

bead clustering) in the final sample. 

All IMS work described in this chapter was done on 1 ml volumes and with pure cultures. Some 

adjustment of the IMS method will be necessary when working with larger sample volumes and 

mixed populations, but the principle remains the same. This method can be used as a starting 

point to create a practical detection technique for Pseudomonas cichorii in irrigation water and 

possibly for the specific detection, live/dead assessment and enumeration of numerous other 

(plant) pathogens.  

The method presented here using the Compel beads will be applied to analyze larger volumes 

of irrigation water samples from commercial lettuce greenhouses in Chapter 3.  
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3.1. INTRODUCTION 

Research on pathogen detection, whether it is with plate counts, ELISA, PCR, flow cytometry, 

IMS or a combination of these techniques, focuses on a very limited number of bacteria. In fact, 

only five pathogens: Salmonella, E. coli O157, Listeria, Campylobacter and Legionella are dealt 

with in over 90% of all reported detection methods (Lazcka et al., 2007). It is not surprising that 

these ‘big five’ are all human pathogens, often occurring in outbreaks that affect multiple 

people at once. Except from the water-borne Legionella, all of these pathogens are mostly 

food-transmitted. Therefore, investments are made in research and development of better and 

faster detection methods for these bacteria by both the public health sector and the food 

industry. Especially rapid and reliable culture-independent methods that allow quick response 

to possible threats are aimed at. Quantitative information on the presence and viability of a 

target pathogen is crucial for risk assessment. As flow cytometry meets those requirements, 

this technique is increasingly used to detect food-borne pathogens. However, food matrices are 

often complex and contain many components that can interfere with the detection method 

used (Clarke and Pinder, 1998; Yamaguchi et al., 2003). Immunomagnetic separation has been 

successfully applied to circumvent these problems and is therefore often used as a 

pretreatment before plating, FCM or PCR analysis (Drysdale et al., 2004).  

 

Plant pathogens seldom get the same amount of attention or research funding as human 

pathogens. Still, they are also responsible for worldwide economic losses. Besides the 

economical damage, crop yield and quality losses can have a high social impact on small-scale 

farmers and even be the cause of famine, starvation and migration of whole ethnic groups.  

Also for plant pathogens, early detection and identification of the pathogen is mostly crucial to 

an effective disease control strategy. Therefore, FCM can be an attractive alternative for 

conventional detection methods used in plant pathology (Chapter 1). Moreover, plant 

pathogen detection is also frequently hampered by the background of the matrix. But plant 

pathogens are often even harder to detect than those on processed food, as they are present in 

complex and largely uncharacterised environmental matrices of which the constitution can 

change, literally, as fast as the weather (Yamaguchi et al., 2003).  
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Therefore, techniques developed for food-borne pathogens cannot be instantly used to detect 

plant pathogens, although the methodology is very similar. This is one of the reasons why new 

techniques developed in other sectors only disseminate slowly into plant pathology and 

diagnosis of plant pathogens often still relies on culture, followed by identification based on 

biochemical reactions and pathogenicity tests. 

 

The aim of this study was to develop an alternative detection method for plant pathogens in 

irrigation water samples, which combines the techniques of immunomagnetic separation, 

viability staining, and flow cytometry.  

Using the waterborne plant pathogen P. cichorii as a model, basic knowledge about the 

combination of immunomagnetic beads, viability staining and flow cytometry and the main 

factors influencing those two techniques was acquired in the previous chapter. This resulted in 

the selection of an appropriate bead system, coating protocol, staining combination and FCM 

procedure, which was optimized in small volumes and pure cultures. In this chapter, sensitivity 

and specificity of the chosen procedure was investigated and the method was scaled up to 

larger volumes. Then, the procedure was tested on and adapted to the high microbial and other 

background levels often encountered in irrigation water. Different water samples obtained 

from commercial lettuces greenhouses were analysed in parallel with PCR, IMS and FCM and 

methods were compared. 

3.2. MATERIAL AND METHODS 

3.2.1. SPECIFICITY OF THE ANTIBODY 

The polyclonal rabbit antiserum 8282D1/1b was obtained from Prime Diagnostics (Wageningen, 

the Netherlands). This antiserum has a concentration of approximately 6 mg IgG ml-1 and was 

raised against P. cichorii PD1564. To our knowledge, this is the only commercially available 

antiserum against P. cichorii. Specificity was tested with slide agglutination (Shutt et al., 2004). 

Cottyn et al. (2009) showed that P. cichorii strains isolated from butterhead lettuce affected by 

midrib rot can be divided into three groups based on BOX-PCR analysis. A selection of 22 

bacterial strains from the different BOX-PCR groups, or closely related to P. cichorii , was grown 

at 28°C on Pseudomonas agar F (PAF; BD, Erembodegem, Belgium) supplemented with 50 mg l-1 
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cycloheximide. The strains were tested after 24 and 72 hours of growth. A loopful of bacteria 

was suspended in 1 ml saline solution (8 g NaCl l-1, pH 7.0) and 50 µl of this suspension was 

mixed with 50 µl of the 1:100 diluted antiserum on a microscope slide. At the same time 50 µl 

of bacterial suspension was mixed with 50 µl of saline solution as a control. Agglutination was 

monitored with the naked eye and with the microscope (Leica Wild MZ8, Wetzlar, Germany) 

immediately, 5 min and 30 min after mixing.  

3.2.2. BACTERIA, BEADS AND BUFFERS 

The test strains used in this study were P. cichorii strain SF1-54, isolated from midrib rot 

symptoms on greenhouse lettuce as described earlier (Cottyn et al., 2009) and Escherichia coli 

strain K12, used as a negative control in the specificity tests.  

Compel 2.6 µm carboxylated superparamagnetic microspheres were coated with antibody as 

described in Chapter 2 (summarized in Fig. 2.13). Aliquots containing 106 antibody-coated 

Compel beads were added to the samples, independent of the bacterial concentration or 

sample volume used. Beads and bacteria were incubated at room temperature on a test tube 

rotator (8.5 rpm) for 30 min, unless stated otherwise. Washing was performed by placing the 

samples on a magnetic rack (IMagnet, BD, Erembodegem, Belgium) for 1 min and gently 

removing the supernatant with a pipette. The washing protocol from Chapter 2 was adapted 

and will be specified for each experiment. For all protocols, the last step consisted of 

suspending the beads in 1 ml of buffer by gently pipetting up and down. 

 

Initially, bacteria and beads were suspended, washed, diluted and measured in saline solution 

(8 g NaCl l-1, pH 8). But when upscaling the method to larger volumes, a concentration step was 

necessary. Filtration and centrifugation were compared for concentration (data not shown). 

Although concentration of water samples by filtration is a frequently used method, recovery of 

P. cichorii from the filter was a major problem with filtration and the outcome of the 

experiments was very variable. Centrifugation gave more consistent results, but recovery was 

lower than expected. P. cichorii turned out to be very sensitive to the stress caused by 

centrifugation, as will be discussed in detail in Chapter 4. Survival of centrifugation greatly 

improved when using milliQ water (Milli-QUF plus, Q-pack 2E; Millipore, Billerica, USA) 

supplemented with 1% LB broth (Luria Bertani high salt, Duchefa, Haarlem, the Netherlands). 
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Therefore, for all experiments on irrigation water, saline solution was replaced by milliQ 

supplement with 1% LB. 

3.2.3. PURE AND MIXED CULTURES 

In the previous chapter, we developed and optimized an IMS method for P. cichorii, using 1 ml 

volumes and pure cultures with relatively high bacterial concentrations. Of course these test 

conditions differ from the requirements for detection of naturally occurring P. cichorii in 

irrigation water. Therefore, step-by-step testing and adjusting of our method was necessary.  

In a first phase, we determined the specificity by testing bead-bacteria binding using beads 

coated with antibody against another pathogen, or using the anti-P. cichorii beads, but 

combined with non-target bacteria. Secondly, we looked at the sensitivity of our method, first 

in 1-ml volumes and then in larger volumes up to 250 ml. In the next phase, irrigation water 

from commercial lettuce greenhouses was spiked with P. cichorii and tested. This last phase 

required additional sample pretreatment and wash steps. We finally tested two pretreatment 

methods on several irrigation water types sampled on different days, starting with one type of 

groundwater and then broadening to different groundwater and rainwater types.  

IMS was tested in combination with FCM, PCR and plate counts and compared with PCR as 

described by Cottyn et al. (2011). Although identical IMS pre-treated samples were measured, 

all three methods measure different parameters and can therefore result in different 

outcomes.  

With IMS-FCM, we can distinguish between live and dead cells and between bound and 

unbound cells. We can detect and enumerate all cells, or all bead-bound cells, but we cannot 

identify P. cichorii under all circumstances, as non-specific adsorption to the beads can occur. 

With our FCM settings, dead and nonculturable cells can be detected, but no lysed cells. 

IMS-plating on PAF can distinguish between fluorescent bacteria (using an UV lamp) with a P. 

cichorii-like appearance, other fluorescent bacteria and non-fluorescent bacteria. P. cichorii can 

only be identified if plates are not overgrown by more fastidious organisms and if no organisms 

with similar colony morphology are present. Furthermore, only culturable cells can be detected. 

IMS-PCR detects all P. cichorii genome copies and is least hampered by microbial backgrounds; 

PCR inhibitors should be removed during IMS. However, the small sample volumes of PCR 
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require an extra concentration and this small volume is often a cause of variability. Cells do not 

need to be viable or intact for PCR, but the target DNA fragment should still be intact. 

Conventional RT-PCR requires sample pretreatment and DNA extraction to remove inhibiting 

components, but has proven to yield sensitive and specific P. cichorii detection in irrigation 

water (Cottyn et al., 2011). 

3.2.3.1. SPECIFICITY AND SENSITIVITY OF IMS IN 1 ML VOLUMES 

Specificity and sensitivity of the IMS method in 1 ml volumes was tested according to the 

protocol described in Chapter 2. Briefly, 106 antibody-coated Compel beads and bacteria were 

combined in 1 ml of saline solution and incubated during 30 min on a test tube rotator at room 

temperature. After incubation, beads and bacteria were washed once with 1 ml saline solution 

and resuspended by gently pipetting up and down. Suspended beads were transferred to FCM 

tubes, stained with 12 µmol PI and 8 µl 100-fold diluted SYBR and measured with FCM (Fig. 3.1). 

 

To determine the specificity of the immunomagnetic separation method, several controls were 

tested. To allow clear visualisation of the different populations on the outputs, 104 bacterial 

cells were used for both P. cichorii and E. coli. Tests were performed with 106 beads coated with 

antiserum against P. cichorii to determine non-specific binding of E. coli. In addition, 106 

uncoated beads or beads coated with antiserum against Ralstonia solanacearum (Prime 

Diagnostics, Wageningen, the Netherlands) were also tested to evaluate the dragging of 

bacteria non-specifically bound to the beads during IMS. Coating of the beads with R. 

solanacearum antiserum was performed in the same way as for the P. cichorii antiserum.  

Different populations on the FCM dot plots were defined as described in Chapter 2, based on 

fluorescence and scatter properties. On the FL1/FL3 dot plots, gate R1 comprises green stained 

bacteria and gate R2 the red stained bacteria. On the FSC/SSC dot plot, gate R3 is drawn where 

the single beads appear when SSC triggering is used. To allow the detection of rare events and 

to minimize the effect of noise in the bead-bacteria gates, logical gates were defined for the 

counting of the bead-bacteria complexes. The logical gates were defined as G1= (R1 AND R3) 

for living bead-bacteria complexes and G2= (R2 AND R3) for dead bead-bacteria complexes. 

 

For the sensitivity testing of the IMS method, a dilution series of P. cichorii in saline solution 

(8.5 g NaCl, pH 8) was prepared. Intended concentrations were 2 103, 1 103, 1 102, 10 and 0 P. 
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cichorii cells ml-1 to reflect realistic concentrations in irrigation water. Subsamples of 1 ml of 

each concentration were measured with plate counts and FCM before IMS and according to 

both methods, 14 102, 7 102, 70, 7 and 0 live P. cichorii cells ml-1 were present in the samples. In 

parallel, IMS was performed on 1 ml samples of the same dilution series and bead-bacteria 

samples were subsequently analysed with plate counts and FCM, using three independent 

samples for each concentration and each method. 

 

 

Figure 3.1. IMS protocol on 1 ml samples 
 

3.2.3.2. SENSITIVITY OF IMS IN 250 ML VOLUMES 

As the infection threshold of P. cichorii (100 cells ml-1) is below the expected detection limit of 

FCM, larger water volumes need to be concentrated in order to obtain a higher number of P. 

cichorii cells in the final samples.  

 

 

Figure 3.2. Sample concentration and IMS protocol for 250 ml volumes of pure and mixed cultures in saline 
solution. 

 

For both pure cultures and mixed samples, bacteria were spiked into 250 ml saline solution and 

transferred to 250 ml flat-bottom centrifuge tubes. Spiked concentrations were 50, 102, 2 102, 4 

102 and 8 102 cells ml-1 or 12.5, 25, 50, 100 and 200 103 cells sample-1. Samples were 

centrifuged (8 500 g, 15 min) using a solid angle rotor centrifuge (Sorvall RC 24 with GSA rotor). 

After centrifugation, supernatant was gently poured off and pellets were dissolved into 3 ml 

saline solution by vortexing. The bacterial suspension was transferred to 4 ml tubes and 

incubated with the beads on a test tube rotator for 30 min. Beads were then magnetically 
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separated and supernatant removed. After removal of the magnet, beads were again 

suspended in 1 ml saline solution by gently pipetting up and down (Fig. 3.2). This suspension 

was used for FCM analysis, plate counting or RT-PCR. 

3.2.4. IRRIGATION WATER SAMPLES 

In this chapter, IMS-FCM and PCR were compared on 6 different irrigation water types. 

Irrigation water samples were obtained from commercial lettuce greenhouses in Flanders and 

varied in turbidity, conductivity, pH and bacterial content (Table 3.1). For farms located in the 

same town, water sources differed. 

 

Table 3.1. Summary of irrigation water types, sampling and analysis dates, water parameters and IMS method 
used. 

Water type Sampling 

place 

Sampling 

date 

Analysis date pH EC 

(µS) 

Non-target 

bacteria 

according to 

FCM (cells ml
-1

)
 

IMS 

method 

Groundwater I Torhout 17/01/2011 

 

28/02/2011 

 

 

28/03/2011 

18/01/2011 

21/01/2011 

01/03/2011 

04/03/2011 

09/03/2011 

29/03/2011 

05/04/2011 

7.65 

 

7.45 

 

 

7.14 

7.47 

376 

 

377 

 

 

326 

370 

10 10
4 

29 10
4 

83 10
2 

17 10
3 

10 10
4 

66 10
3 

13 10
4 

S 

S 

L 

L 

L 

L 

L 

Groundwater II Torhout 17/01/2011 

 

28/02/2011 

 

 

28/03/2011 

19/01/2011 

21/01/2011 

02/03/2011 

04/03/2011 

09/03/2011 

30/03/2011 

06/04/2011 

7.16 

 

7.18 

 

 

7.53 

7.65 

1510 

 

1100 

 

 

728 

738 

27 10
3 

21 10
3 

41 10
3 

47 10
3 

12 10
5 

23 10
3 

40 10
4 

S 

S 

L 

L 

L 

L 

L 

Groundwater III Hooglede 26/11/2010 

 

 

 

17/01/2011 

 

28/02/2011 

14/12/2010 

15/12/2010 

06/01/2011 

07/01/2011 

20/01/2011 

21/01/2011 

03/03/2011 

6.98 

 

7.73 

 

7.64 

 

7.45 

740 

 

714 

 

720 

 

676 

79 10
2 

17 10
3 

32 10
3 

50 10
2 

39 10
2 

37 10
2 

11 10
3 

S 

S 

S 

S 

S 

S 

L 

Rainwater IV Westrozebeke 14/02/2011 15/02/2011 7.63 635 29 10
4 

L 

Rainwater V Houthulst 14/02/2011 16/02/2011 7.72 306 44 10
4 

L 

Rainwater VI Westrozebeke 14/02/2011 

 

 

28/03/2011 

17/02/2011 

18/02/2011 

22/02/2011 

31/03/2011 

07/04/2011 

7.06 

 

 

7.88 

7.73 

70 

 

 

327 

326 

39 10
4 

42 10
4 

53 10
4 

33 10
4 

41 10
4 

L 

L 

L 

L 

L 

(L: long IMS protocol; S: short IMS protocol) 
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Water types can be divided into groundwater, which is clear water pumped out of a covered 

well, and rainwater, which is surface runoff water collected in an open reservoir or pond 

located on the farm. Different water types and sampling places were called groundwater I, II 

and III and rainwater IV, V and VI.  

Three groundwater sources and three rainwater sources were sampled between the 26th of 

November 2010 and the 28th of March 2011. On each sampling date, three different sampling 

places were visited and samples were collected in sterile 5 l containers and stored at 4°C. On 

the following three days, each water type was at least once spiked, processed and analysed. 

Sometimes, additional repetitions were performed on the following days.  

For each water type, 4 sterile bottles were filled with 1600 ml, of which 2 were left unspiked 

and 2 were spiked with 75 P. cichorii cells ml-1. For each bacterial concentration, two times 1 l 

of these spiked and unspiked water samples was pretreated and processed using the ultraclean 

Water DNA kit (Mo Bio Laboratories, Carlsbad, USA) and analysed with PCR as described by 

Cottyn et al. (2011). The remaining volume of each sample (600 ml) was used to fill two 250 ml 

bottles. This resulted in 4 spiked and 4 unspiked 250 ml samples, which were independently 

processed with beads according to the short or long protocol. Two of the spiked and unspiked 

IMS-treated samples were then live/dead stained and analysed as described above. The other 2 

spiked and unspiked IMS-treated samples were spun down (10 000 g, 10 min, 4 °C) and pellets 

were kept at -20°C until PCR. The remaining spiked water (100 ml) of each sample was used to 

determine the bacterial background and check the P. cichorii spiking by plate counts, as well as 

to determine live FCM counts and to monitor pH and conductivity. Natural occurrence of P. 

cichorii was also checked on each water sample with PCR. No P. cichorii was found in unspiked 

samples. 

3.2.4.1. SHORT PROTOCOL 

As there is a huge difference between a volume of buffer spiked with a mixed culture and an 

environmental water sample, extra processing steps were necessary. In unprocessed water 

large ‘dirt’ pellets were formed after centrifugation and this material could not be removed 

during the IMS process. Analysing those samples resulted in outputs saturated with noise 

where no populations could be distinguished. Microscopy showed that this ‘dirt’ consisted of 

different cell types and cell clusters. Probably, the 2.6 µm beads got stuck into clusters of larger 

material and this hampered washing efficiency.  
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The first sample pretreatment hence consisted of filtration. The samples were first vacuum 

filtered through a 20 µm SPI pore track-etch polycarbonate membrane (SPI supplies, West 

Chester, USA) to remove the largest debris and then through an 3 µm Whatman track-etch 

polycarbonate membrane (Whatman, Kent, UK) to remove everything that could hamper the 

beads. FCM analysis and plate counts from samples before and after filtration showed that this 

pretreatment step did not significantly affect viability or single bacteria counts. It must be 

noted that it is important to use polycarbonate filters and not nitrocellulose or other fibre-

based filters, as those do retain a large amount of the bacteria from the samples (results not 

shown). 

Filtration removed particles from the water, and water was markedly clearer after filtration 

steps. But after centrifugation, the bacteria pellet often still contained visible amounts of some 

brownish gray clay-like material (<2 µm). Even multiple wash steps were often not enough to 

remove this clay-like material, as it had the tendency to adhere to the magnetic beads and 

result in false positive FCM counts. The solution to this problem was found in the pretreatment 

protocol of the PCR method, where PVPP was added to bind phenolic compounds and tannins 

(Cottyn et al., 2011). Before the first filtration step, 5 g of PVPP was added to the water samples 

and suspended by shaking. The PVPP, which is not soluble in water, was then removed by the 

20 µm filter (Fig. 3.3). The resulting filtrate was markedly clearer compared to samples filtered 

without PVPP. After this first filtration, LB broth was added to the samples to obtain a 1% 

dilution, as this was shown to reduce the effect of mechanical stress on P. cichorii (see Chapter 

4) and improve recovery. Subsequently, the samples were again vacuum filtered through a 3 

µm polycarbonate filter. Finally, 200 ml of the purified water was transferred to conical 

centrifuge tubes (Nunc, Thermo Scientific, Waltham, USA) and concentrated using an 

Eppendorf 5910R Swinging bucket centrifuge (3 000 g, 10 min, 4°C). Supernatant was gently 

poured off and pellets were dissolved in 3 ml milliQ water containing 1% LB and transferred to 

4 ml tubes. Beads were added and samples were incubated as described earlier in this chapter 

(Section 3.2). After incubation, beads were washed twice. The first wash step consisted of 

adding 3 ml 1% LB and slowly tilting the tubes ten times in order to remove most bacteria 

sticking to the wall of the tubes but not disturbing the bead-bound bacteria. After this step, the 

magnet was placed on the other side of the tube. The second wash step was the same as in all 

previous methods. 
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This new filtration and pretreatment protocol was evaluated on groundwater III (Table 3.1), 

spiked with 0, 50, 5 102 and 5 103 P. cichorii cells ml-1 or 0, 104, 105 and 106 cells sample-1. The 

experiment was repeated three times on different days. All repeats were performed on the 

same water sample, which was stored at 4 °C. 

 

 

Figure 3.3. Sample concentration and short IMS protocol for 200 ml volumes of irrigation water. 
 

3.2.4.2. LONG PROTOCOL 

Unfortunately, the irrigation water on which we developed the method (groundwater III) 

turned out to have a low microbial background in comparison to other lettuce greenhouse 

irrigation waters (Table 3.1). Microbial backgrounds as high as 106 per ml were found in the 

other water samples, sometimes combined with all kinds of other organic and inorganic debris. 

For the other groundwater samples tested, too much noise remained in the samples and no 

clear distinction between spiked samples and the unspiked control could be made. Therefore, a 

more stringent washing method was needed that would remove the noise also from very dirty 

samples with high microbial backgrounds. But at the same time, the number of P. cichorii cells 

could not be further reduced. Therefore, a short enrichment step was introduced.  

 

 

Figure 3.4. Sample concentration and long IMS protocol for 200 ml volumes of irrigation water. 
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The new sample pretreatment was the same as the previous one until the centrifugation step. 

After centrifugation, the pellets were dissolved in 3 ml 1% LB containing 0.1 % Tween20, to 

minimize the attachment of dirt and non-target bacteria to the beads (Baldrich et al., 2008). 

These samples, often still containing visible amounts of debris, were incubated on a test tube 

rotator for 30 min to capture the P. cichorii out of the sample. After incubation, samples were 

again washed one time with 3 ml 1% LB and once with 1 ml 1% LB, but then the suspended 

bead solution was transferred to a 2 ml microcentrifuge tube and incubated for 100 min on a 

test tube rotator at room temperature. These samples were freed from the concentrated 

debris and a large part of the non-target bacteria. The 100 min incubation in 1% LB should allow 

the P. cichorii in the sample to double and meanwhile remove weakly bound non-target 

bacteria from the beads. The use of a smaller sample tube increased the binding chances 

between the P. cichorii and the beads. After this incubation step, again one wash step with 1 ml 

1% LB was applied, followed by a last 30 min incubation step and one final wash step with 1 ml 

1% LB. These samples were then transferred to FCM-tubes, stained and analysed (Fig. 3.4). 

3.2.5. RT-PCR 

Cells of pure and mixed cultures as well as IMS-treated samples were spun down by 

centrifugation (10 000 g, 10 min, 4 °C). Pellets were kept at -20°C until PCR was performed. 

Samples were thawed and resuspended in 50 µl milliQ; suspended cells were boiled for 5 min at 

95°C and 600 rpm. Splashed drops were collected again by short spin centrifugation and cell 

extracts were placed on ice until 5 µl aliquots were used in the PCR reaction.  

Irrigation water samples were pre-treated as described in Chapter 1. All PCR reactions were 

performed as described by Cottyn et al. (2011) and summarized in Chapter 1. The reaction 

efficiency of the PCR was 96-101% for pure cultures and 88% for irrigation water samples. 

3.2.6. FLOW CYTOMETRY 

Flow cytometric analysis and gating was performed as described for the optimized Compel 

system in Chapter 2. 
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3.2.7. STATISTICAL ANALYSIS 

All statistical analyses were performed using SPSS 17 descriptive statistics and analysis of 

variance (ANOVA). In most cases, data had to be log or square root transformed to fulfil the 

condition of homogeneity of variances. Statistical differences between groups were tested 

using Sheffé Post-hoc testing. 

 

Table 3.2. Most relevant characteristics of the Pseudomonas strains showing positive reaction (+) or no reaction (-) 
with the antiserum 8282D1/1b. 

Strain Box 
type 

Serum 
agglutination 

Host plant Country 
of origin 

Reference 

P. cichorii SF 0066-01 I + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF 0075-01 I + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF 1046-02 I + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF 1047-01 I + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF1-54 I + Lactuca sativa Belgium (Cottyn et al., 2011) 

P. cichorii LMG 2163 II + Lactuca sativa USA 
(Burkholder, 1954; 
Cottyn et al., 2009) 

P. cichorii IVIA 154 3.1-1 II + Lactuca sativa Spain 
(Cottyn et al., 2009; 
Garcia et al., 1984) 

P. cichorii SF0057-02 II + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0063-01 II + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0093-04 II + Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SPC9018 II + Lactuca sativa Japan (Kiba et al., 2006) 

P. cichorii SF0119-01 III - Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0125-01 III - Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0126-01 III - Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0129-01 III - Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii SF0131-01 III - Lactuca sativa Belgium (Cottyn et al., 2009) 

P. cichorii 9D42 
related 
to III 

- Lactuca sativa USA 
(Cottyn et al., 2009; 
Grogan et al., 1977) 

P. viridiflava ME3.1b / - Arabidopsis thaliana USA (Araki et al., 2006) 

P. viridiflava RMX23.1a / - Arabidopsis thaliana USA (Araki et al., 2006) 

P. viridiflava PNA3.3a / - Arabidopsis thaliana USA (Araki et al., 2006) 

P. viridiflava LP 23.1a / - Arabidopsis thaliana USA (Araki et al., 2006) 

P. syringae LMG 1247
T 

/ - Syringa vulgaris UK (Cottyn et al., 2009) 



Detecting Pseudomonas cichorii with immunomagnetic separation, flow cytometry and PCR 

103 

3.3. RESULTS 

3.3.1. SPECIFICITY OF THE ANTIBODY 

Slide agglutination tests showed a positive reaction with all P. cichorii strains belonging to BOX-

PCR groups I and II, but there was no agglutination with any of the tested strains belonging to 

group III, nor with the ‘lettuce varnish spot’ P. cichorii strain 9D42 from the USA (Table 3.2). 

However, the ‘lettuce tar’ P. cichorii strain SPC9018 did react with the antiserum. The tested P. 

syringae and P. viridiflava strains, which are closely related to P. cichorii, gave no reaction to 

the antiserum. All available mutant strains of SF1-54 (Pauwelyn et al., unpublished) also 

agglutinated with the antiserum (not shown). Although the antiserum 8282D1/1b is polyclonal, 

it showed a very high specificity towards P. cichorii. Specificity was even too high, as the type III 

strains were not recognized by the antibody. It is not known what kind of epitopes are 

recognized by the antiserum, but it is striking that type III strains are also less virulent 

compared to type I and II (Pauwelyn et al., 2011). 

3.3.2. PURE AND MIXED CULTURES 

3.3.2.1. SPECIFICITY AND SENSITIVITY OF IMS IN 1 ML VOLUMES 

To test the specificity of the antibody-coated beads and IMS procedure, suspensions containing 

104 bacteria and/or 106 beads ml-1 were live/dead stained and analyzed with FCM to determine 

the specificity of the IMS method. Table 3.3 shows the average counts and standard deviations 

in every gate for different combinations of bead coatings and bacteria. All samples were 

washed, using IMS, except for the samples without beads. Although E. coli was used in the 

same concentration as P. cichorii, FCM counts of E. coli were lower, as FCM detection of this 

bacterium is very sensitive to pH. Experiments were performed at pH 8, which is lower than the 

optimal staining pH of E. coli (see Chapter 4).  

The living bacteria counts (R1) were very low in the samples that only contained beads, 

meaning that noise levels were very low. Dead bacteria counts (R2) were slightly higher 

because most noise is rather red fluorescent. The same can be seen in the living (G1) and dead 

(G2) bead-bound bacteria gates. The noise in the G2 gate was higher and more variable and did 

only allow to make a distinction between the sample with P. cichorii bacteria + anti-P. cichorii 
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coated beads and all the other samples. About half of the living P. cichorii added to the samples 

was recovered after IMS with one wash step using anti-P. cichorii coated beads. Of those 

recovered living bacteria, 10% was measured as bead-bound. Although this percentage is quite 

low, G1 counts were clearly higher than in all other combinations. When combining P. cichorii 

with antibody-coated beads against R. solanacearum, 85% of the bacteria was removed by the 

wash step and binding of P. cichorii to the anti-R. solanacearum beads was not significantly 

different from the noise level in other combinations. The combination of P. cichorii with 

uncoated Compel beads resulted in the removal of more than 90% of the bacteria from the 

sample. But nearly 20% of the bacteria that were left in the sample was attached to the 

uncoated beads, giving rise to a G1 count significantly higher than all noise levels (Table 3.3). 

There was a small and not significant amount of non-specific binding between E. coli and anti-P. 

cichorii beads, resulting in the recovery of around 15% of the E. coli in the washed sample, but a 

G1 count around the noise level. The high adsorption ratio of the bacteria to the uncoated 

beads is probably due to electrostatic interactions between the bacterial surface and the 

carboxyl groups on the beads. But, after antibody coating, the carboxyl groups are saturated 

and non-specific adsorption is much lower, as shown in Table 3.3. 

 

Table 3.3. Specificity testing of the IMS method with P. cichorii and E. coli  (10
4
 cells ml

-1
) and Compel beads (10

6
 

ml
-1

) coated in three different ways (uncoated beads and beads coated with two different antibody types).  
Averages ± SD of three repetitions are shown for each gate (R1, R2, G1, G2) and expressed as cells ml

-1
. In columns 

G1 and G2, data were subject to a square root transformation and analyzed with ANOVA. Values indicated with 
different letters are significantly different from the other values in that column (Sheffé post hoc, p<0.05).  

sample 
Wash 
steps 

R1 
(live) 

R2 
(dead) 

G1 
(living 

beadbound) 

G2 
(dead 

beadbound) 

anti-P. cichorii beads 1 20 ± 10
 

68 ± 45 0 ± 0
a 

12 ± 10
ab 

anti-R. solanacearum beads 1 23 ± 10
 

50 ± 22 2 ± 3
a 

5 ± 0
ab 

uncoated beads 1 20 ± 0
 

12 10
1
 ± 2 10

1 
3 ± 6

a 
18 ± 3

ab 

P. cichorii 0 89 10
2
 ± 8 10

2 
54 10

2
 ± 2 10

2 
2 ± 3

a 
8 ± 8

ab 

E. coli 0 34 10
2
 ± 3 10

2 
80 10

1
 ± 9 10

1 
0 ± 0

a 
2 ± 3

a 

P. cichorii+ anti-P. cichorii beads 1 47 10
2
 ± 6 10

2 
14 10

2
 ± 2 10

2 
48 10

1
 ± 12 10

1 c 
29 10

1
 ± 4 10

1 c 

P. cichorii+ anti-R. solanacearum 
beads 

1 12 10
2
 ± 3 10

2 
38 10

1
 ± 13 10

1 
25 ± 13

a 
15 ± 5

ab 

P. cichorii+ uncoated beads 1 59 10
1
 ± 16 10

1 
41 10

1
 ± 15 10

1 
12 10

1
 ± 2 10

1 b 
38 ± 20

b 

E. coli + anti-P. cichorii beads 1 42 10
1
 ± 5 10

1 
21 10

1
 ± 4 10

1 
10 ± 5

a 
53 ± 21

b 
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Table 3.4. Detection limit obtained with FCM and plate counts after IMS (10
6
 beads ml

-1
, 1 wash step) on 1 ml-

samples.  
The average counts ml

-1
 ± SD of three repetitions are given for each method. Data were subject to a square root 

transformation and analyzed with ANOVA. Values indicated with different letters are significantly different from 
the other values in that column (Sheffé post hoc, p<0.05).  

 

In another experiment, the sensitivity of the IMS-FCM method was tested and compared with 

plate counts following IMS. The detection limit of both methods after IMS with one wash step 

was determined on a dilution series containing 0, 7, 70, 70 101 or 14 102 P. cichorii cells ml-1 

(Table 3.4). Flow cytometry on average counted twice as much living bacteria than plate counts 

and noise levels in the R1 gate were very low, allowing detection of very low bacterial 

concentrations. In contrast, dead bacteria counts in the R2 gate were rather high and variable, 

indicating we mainly detected noise. Consequently, the counts in G2 also contained much 

noise, which resulted in high variability. Hence, we decided to focus on the living bacteria and 

bead-bacteria complexes.  

In the G1 gate, no living bead-bacteria complexes were detected in the samples with an original 

bacteria concentration of 7 cells ml-1. But in two out of three of the 70 cells ml-1 samples, bead-

bacteria complexes were detected. Hence, the sensitivity of our method is high. Bead-bacteria 

counts significantly different from zero were obtained in all samples analysed starting from 70 

101 cells ml-1. Although with plate counts P. cichorii colonies were found in all samples 

containing 70 cells ml-1, these counts were not significantly different from zero (p=0.079). 

Therefore, plate counts and FCM counts based on living bead-bacteria complexes had the same 

detection limit of 70 101 P. cichorii cells ml-1 in this experiment. 

3.3.2.2. SENSITIVITY OF IMS IN 250 ML VOLUMES 

In a next step, we wanted to test which detection limits could be obtained if we concentrated 

larger samples. Therefore the detection limit of IMS after centrifugation of 250 ml samples 

spiked with P. cichorii was investigated in combination with FCM, PCR and plate counts. When 

analysing the samples with FCM, a noise level of 38 ± 0 counts ml-1 was measured in the living 

 Flow cytometry Plate counts 
Concentration 
added to the sample 

R1 
(live) 

R2 
(dead) 

G1 
(living 

beadbound) 

G2 
(dead 

beadbound) 

 

0 17 ± 6
a 

10 10
1
 ± 5 10

1
 
a 

0 ± 0
a 

10 ± 7
a 

0 ± 0
a 

7 36 ± 8
a 

65 ± 66
a 

0 ± 0
a 

2 ± 3
a 

5 ± 5
a 

70 58 ± 37
a 

62 ± 23
a 

3 ± 3
a 

5 ± 5
a 

7 ± 3
a 

70 10
1 

21 10
1
 ± 8 10

1
 
b 

90 ± 18
a 

23 ± 10
b 

10 ± 7
a 

12 10
1
 ± 6 10

1
 
b 

14 10
2 

41 10
1
 ± 5 10

1
 
c 

13 10
1
 ± 4 10

1
 
a 

37 ± 3
b 

13 ± 8
a 

18 10
1
 ± 2 10

1
 
b 
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bead-bacteria gate; this noise level was constant over all three samples (Fig. 3.5). The samples 

originally containing 50 cells ml-1 (12.5 103 cells in a total volume of 250 ml) were already 

significantly different from the negative control. This means we can detect as few as 50 cells ml-

1 in pure cultures, when concentrating 250 ml samples before IMS. Total live counts were on 

average four times higher than live bead-bacteria counts and twice as high as plate counts of 

the same samples. PCR after IMS was comparable to live FCM counts, except in the 80 101 cells 

ml-1 sample, where PCR counts were on average two times higher. But PCR variability was also 

high, probably due to the small sample volume of the method. Only one out of three of the 

samples originally containing 50 cells ml-1 was positive, resulting in less sensitive detection for 

PCR compared to FCM. Plate counts resulted in the same sensitivity as FCM, because all 

samples originally containing 50 cells ml-1 resulted in P. cichorii colonies. 

Overall, the three methods gave similar results and allowed to detect very low P. cichorii 

concentrations after IMS on 250 ml samples. However, of the spiked bacterial concentrations of 

12.5, 25, 50, 100 and 200 103 cells sample-1, we recovered 3, 14, 20, 33 and 150 102 cells 

sample-1 in the final samples, which is only 3-9%. This is in contrast to the 1 ml volumes, where 

about 50% of the cells was recovered. This low recovery after centrifugation and IMS is 

investigated and discussed further in Chapter 4. 

 

The same experiment comparing the different methods after centrifugation and IMS on 250 ml 

volumes was repeated, but with an equal amount of E. coli added to the samples (Fig. 3.6).  

In the samples with equal amounts of E. coli and P. cichorii , noise levels in the negative samples 

were even lower, with an average of 8 ± 14. All samples with an original concentration of 50 P. 

cichorii ml-1 had a bead-bacteria count significantly different from this noise level. Hence, the 

presence of E. coli in the samples had no adverse effect on the detection limit. But total live 

counts as well as live bead-bacteria counts were lower compared to the samples without E. coli. 

Also PCR counts were lower, and the standard deviations of the PCR samples was this time even 

higher. In one of the 50 as well as one of the 10 101 cells ml-1 samples, no P. cichorii were 

detected by PCR. This made that only the 80 101 cells ml-1 sample was significantly different 

from zero according to Sheffé post hoc (p<0.05). The detection limit of plate counts also 

increased in the presence of E.coli to 10 101 cells ml-1 in the original samples. However, when 

comparing the total number of bacteria detected by plate counts to the number of 

pseudomonads, it is clear that almost no E. coli colonies are found on the plates.  



Detecting Pseudomonas cichorii with immunomagnetic separation, flow cytometry and PCR 

107 

 

Figure 3.5. Comparison and detection limits of FCM, PCR and plate counts after centrifugation and IMS of 250 ml 
spiked samples.  
Samples of 250 ml saline solution containing 12.5, 25, 50, 100 and 200 10

3
 cells sample

-1
 were centrifuged and IMS 

was applied on the dissolved pellets, resulting in a final volume of 1 ml. Bars represent means (n=3) ± SD; data 
were log transformed and analyzed with ANOVA (Sheffé post hoc). Bars indicated with different letters are 
significantly different (p<0.05). For FCM data, striped bars in the uspiked sample represent the noise level, which 
was subtracted from the spiked samples. 

 

 

Figure 3.6. Comparison and detection limits of FCM, PCR and plate counts after centrifugation and IMS of 250 ml 
spiked samples.  
Samples of 250 ml saline solution containing 12.5, 25, 50, 100 and 200 10

3
 cells sample

-1
 and an equal 

concentration of E. coli were centrifuged and IMS was applied on the dissolved pellets, resulting in a final volume 
of 1 ml. Bars represent means (n=3) ± SD; data were log transformed and analyzed with ANOVA (Sheffé post hoc). 
Bars indicated with different letters are significantly different (p<0.05). For FCM data, striped bars in the uspiked 
sample represent the noise level, which was subtracted from the spiked samples. 
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It thus seems that only the detection limit of FCM was not affected by addition of E. coli. 

However, again only 3-5% of the total Pseudomonas present in 250 ml were recovered in the 

final samples. With PCR, 2-6% was recovered and with plate counts only 1-2% of the spiked 

bacteria were present in the final samples. From previous experiments we learned that 10-20 % 

of target bacteria is bead-bound, so the wash step after IMS cannot be the single cause of the 

loss. Centrifugation is the major cause (see Chapter 4), and survival improves when bacteria are 

kept in milliQ water containing 1% LB. Therefore all further experiments were performed in this 

1% LB. To further improve recovery after centrifugation, we switched from 250 ml flat-bottom 

tubes to 200 ml conical tubes and from a solid angle rotor at 8 500 g for 15 min to a swinging 

bucket centrifuge at 3 000 g for 10 min.  

3.3.3. IRRIGATION WATER SAMPLES 

All irrigation waters tested, as well as their sampling date, analysis date and most important 

characteristics are given in Table 3.1. Visually, there were also some differences. Groundwater I 

looked very clear and colourless, groundwater II had a greenish shade and contained some 

algae, groundwater III was slightly opaque but did not contain visual particles. Rainwater IV and 

V looked quite clear, except from a few pieces of plant material and an occasional rotifer, but 

rainwater VI was noticeably green and turbid. However, turbidity was markedly reduced by the 

first filtration step. After PVPP treatment, 20 µm and 3 µm filtration, there were no more visible 

differences between the six different waters. 

3.3.3.1.  SHORT PROTOCOL 

The short protocol developed for groundwater III enabled detection of 50 P. cichorii cells ml-1 in 

groundwater used for the irrigation of a commercial greenhouse-grown lettuce (Fig. 5.7). This 

water had an average background of 1.5 104 living bacteria ml-1 according to FCM and 1.5 103 

CFU ml-1 according to plate counts. In the unspiked final samples of groundwater III, on average 

3 102 living background bacteria were found back, giving rise to an average noise level of 17 ± 8 

in the G1 gate, which is very low.  

In the same samples originally spiked with 50 cells ml-1, 103 living bacteria were recovered in 

the final 1 ml samples. After subtracting the noise level of the negative control, about 7 102 

bacteria remain and can be considered as live P. cichorii cells. Plating of these samples resulted 
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in an average of 3.5 102 P. cichorii colonies per sample. P. cichorii colonies could be easily 

enumerated as background after IMS was low and mainly consisted of very slow-growing 

bacteria with a distinctly different colony morphology.  

This means that of the total background of 3 106 cells sample-1, 99.99% was removed while in 

the same samples spiked with 104 P. cichorii cells, 7% of the P. cichorii was recoverd. The 

average P. cichorii recovery over all spiked concentrations was 5%. This is still very low, but, 

despite the much higher background levels, slightly better compared to the recovery in the 250 

ml spiked saline solution (Fig 3.5 and 3.6). 

 

 

Figure 3.7. Detection limit of FCM and plate counts after centrifugation and IMS of 200 ml spiked irrigation water 
samples (groundwater III).  
Samples of 200 ml irrigation water supplemented with 1% LB containing 0, 10

4
, 10

5
 or 10

6
 P. cichorii sample

-1
 were 

treated according to the short IMS protocol, resulting in a final volume of 1 ml. Bars represent means (n=3) ± SD; 
data were log transformed and analyzed with ANOVA (Sheffé post hoc). Bars indicated with different letters are 
significantly different (p<0.05). For FCM data, striped bars in the uspiked sample represent the noise level, which 
was subtracted from the spiked samples. 

 

The use of 1% LB increased survival and detection of P. cichorii (Chapter 4), but also had an 

effect on the fluorescence of both bacteria and beads (Fig. 3.8). Live bacteria showed an 

increased red fluorescence and beads were much more apparent on the outputs and appeared 

in the dead bacteria gate (R3). Therefore, dead bead-bacteria complexes cannot be determined 

in 1% LB. Further, noise appeared in the lower left corner of the FL1/FL3 dot plots as well as the 

FL1/SSC dot plots (Fig. 3.8, purple circles) but this is also due to the organic and inorganic 
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background of the irrigation water and not only to the LB. In Fig. 3.8 two clusters, both with an 

FL1 fluorescence between 1 and 10, are visible in all samples (orange circles). These originate 

from the irrigation water and are possibly bacteria with a low nucleic acid content and/or 

fluorescent cell debris or humic acids. Some of this material seemed to be attached to the 

beads, especially in the sample without P. cichorii. 

 

 

Figure 3.8. FCM outputs obtained after centrifugation and IMS of 250 ml spiked irrigation water samples.  
Samples of 200 ml groundwater III containing 0, 50, 50 10

1
 or 50 10

2
 P. cichorii ml

-1
 were treated according to the 

short IMS protocol. Samples were stained with SYBR green and PI and analyzed as described in Chapter 2. R1: living 
bacteria (green), R2: dead bacteria and beads (red), R3: single beads; purple circles indicate noise caused by the 1% 
LB and orange circles indicate undefined fluorescent material originating from the water. 
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Despite the low recovery after centrifugation and the noise in the samples, our short method 

was sensitive enough to detect P. cichorii concentrations below the infection threshold of 100 

cells ml-1 in this type of groundwater (groundwater III, Table 3.1) used in practice as irrigation 

water for lettuce production.  

However, so far, we could consider a sample positive if it yielded significantly higher bead-

bacteria counts than the negative control. In practice, it is not possible to compare to a 

negative control. Therefore, we had to evaluate spiked and unspiked samples from different 

sources, and compare both the spiked and unspiked samples per water type, as well as the 

variation in noise level over all samples, to find a threshold between P. cichorii positive and P. 

cichorii negative samples that could be used as a replacement for the negative control. 

 

 

Figure 3.9. Live bacteria present in the irrigation water before filtration and after filtration (only determined for P. 
cichorii negative samples) and total and bead-bound bacteria after IMS for unspiked and spiked samples. 
Data shown include different analyses (n=2) on groundwater I, II and III, sampled on November 26 and January 17, 
all treated according the short IMS protocol. 

 

In a next experiment, we sampled three different types of groundwater. On the day of analyses, 

total background was characterized with FCM by the counts in the live bacteria gate R1 (Table 

3.1). Then, 200 ml samples were spiked with 15 103 P. cichorii cells (75 cells ml-1) or left 

unspiked and treated according to the short IMS protocol. Of each sample, a 2 ml subsample 
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was taken just before centrifugation to count the number of live bacteria present after filtration 

steps. In the final 1 ml sample, total live bacteria as well as live bead-bound bacteria were 

determined.  

Figure 3.9 shows all FCM data of spiked and unspiked samples treated according to the short 

protocol. Where bacterial background levels in groundwater III were around 106 sample-1, 

groundwater I and II had bacterial backgrounds between respectively 106-107 and 107-108 

sample-1. There was a clear (R2>0.99) linear relationship between bacterial backgrounds before 

and after filtration steps and again only 0.01% of this bacterial background was found back in 

the samples after IMS. Also the noise level in the living bead-bacteria gate could be well 

predicted based on the background of the samples: only 0.005% of the background bacteria led 

to unspecific binding to the beads. Consequently, this method would allow us to determine a 

detection threshold for each sample, based on its background population. This could be done 

by adding a confidence interval to the regression line of the live bead-bacteria complexes (not 

shown).  

 

But, although live bead-bacteria counts in the spiked samples were never lower than the 

negative controls, they were often not much higher (Fig. 3.9). Because the differences between 

the spiked samples and the negative samples were too small compared to the noise level, 

almost all of the spiked samples would fall into the confidence interval around the noise level. 

Therefore, it was not possible to make a clear distinction between the P. cichorii positive and 

the P. cichorii negative samples. 

Although the bars of spiked samples highest above the noise level of their unspiked 

counterparts are mostly from samples with a low noise level, there is no negative relationship 

between the background of the sample and the recovery of P. cichorii. On the contrary, there is 

a weak (R2=0.36) but significant (p<0.05) correlation between background and recovery of P. 

cichorii. 

Also Figure 3.10 shows that recovery was highest in groundwater I, which had also the highest 

bacterial background. Recovery in groundwater II was lower and even zero in one analysis. Also 

in groundwater III, recovery was low (Fig. 3.10). It is only because noise levels in groundwater III 

are very low, that this water allows distinction between P. cichorii positive and negative 

samples. Between day 2 and day 4 after sampling, bacterial background doubled in water I, but 
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was slightly lower in water II and III. Interestingly, recovery between the two days also 

increased in water I and decreased in water II and III. 

 

 

Figure 3.10. Influence of water type and analysis date (2 or 4 days after sampling) on recovery percentage of live P. 
cichorii. 
Recovery percentages for P. cichorii were calculated by subtracting live counts of negative samples from that of 
their spiked counterparts and dividing this number of presumed P. cichorii cells by the amount originally spiked in 
the samples. Bars represent the average of two independent samples. 

 

3.3.3.2. LONG PROTOCOL 

Because noise levels in the final samples were still too high to allow a clear distinction between 

spiked and unspiked samples, the IMS procedure was changed. This long protocol included 

more wash steps as well as a short enrichment step. The new protocol was tested on all 

groundwater samples used in the short protocol as well as on three rainwater samples (Table 

3.1). Again, we wanted to predict the noise level in the final samples, based on the microbial 

background in the water. But, when pooling our data from all unspiked samples, the values 

obtained after IMS formed two distinct groups (Fig. 3.11). These groups were not determined 

by water type, but by sampling date: samples taken at the end of March (Fig. 3.11, striped bars) 

were clearly different from all samples taken during February (Fig. 3.11, plain bars). While the 

microbial background before and after filtration steps were very similar for all sampling dates, 
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live bead-bound and unbound non-target bacterial counts were more than ten times higher in 

samples taken in March, compared to those of February.  

 

For all sampling dates, there is still a clear (R2>0.99) linear relationship between live counts 

before and after filtration steps (Fig. 3.11). However, there is no relation between microbial 

background and noise levels in the samples after IMS. This means that the extra wash steps 

eliminated the background, as we intended. In the samples taken in February, 0.0002-0.03% of 

the background cells were found in the final samples. For the samples taken in March, this was 

0.02-0.4%. Relatively, these are low amounts, but in absolute numbers these percentage 

represent 1 102-8 102 cells for the February samples and 1 104-3 104 cells for the samples taken 

in March. So, despite the extra wash steps, a quite high noise level remained that seems to be 

dependent on the sampling date. Although this noise appeared on the outputs on the same 

position as live bacteria or live bead-bound bacteria, no abnormal growth occurred on plates 

and no significant amount of bacteria was observed with the microscope.  

 

 

Figure 3.11. . Live bacteria present in the irrigation water before filtration and after filtration and total and bead-
bound bacteria after IMS for unspiked samples. 
Data shown include different analyses on groundwater I, II and III and rainwater IV, V and VI. Plain bars represent 
sampling dates in February, striped bars represent samplings in March. All samples shown were treated according 
the long IMS protocol. 
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Despite the short incubation period, the additional wash steps caused too much loss of P. 

cichorii, resulting in an even lower recovery compared to the short protocol. Again, we could 

not make a clear distinction between unspiked samples and samples spiked with 15 103 P. 

cichorii cells. Moreover, noise level could no longer be predicted based on a measurable sample 

parameter and the incubation step prolonged the protocol and does not allow to estimate the 

number of live and dead P. cichorii cells in the original sample. 

 

 

Figure 3.12. Influence of sampling data and analysis date (2 or 9 days after sampling) on recovery of live P. cichorii 
for groundwater I and II (A) and rainwater IV (B). 
Samples were taken on February 28 and March 28 (A) or February 14 and March 28 (B), stored in sterile containers 
at 4°C and analysed 2 and 9 days after sampling. Recovery percentages for P. cichorii were calculated by 
subtracting live counts of negative samples from that of their spiked counterparts and dividing this number of 
presumed P. cichorii cells by the amount originally spiked in the samples. Bars represent the average of two 
independent samples. 
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There was an effect of both sampling date and analysis date on the recovery of P. cichorii, 

shown in Figure 3.12. As can be seen in Fig. 3.12 A, live P. cichorii recovery in groundwater I 

sampled in February was only 0.2% on the first analysis date, but one week later, recovery in 

the same sample was 1.3%. In the same water, sampled in March, recovery was 0.8% on the 

first analysis date, but as high as 25% a week later. Also in groundwater II, recovery critically 

improves when the same water is kept a week longer. And in this water type too, recovery is 

higher in water sampled in March. Also for rainwater VI, this trend can be seen (Fig. 3.12 B), but 

overall recovery was lower and the difference in recovery between the two analysis dates is 

somewhat less pronounced. For the groundwater I and II samples in Fig. 3.12 A, sampled on 

February 28th, a clear linear relationship (R2>0.99) could be seen between the total microbial 

background in the samples and the recovery percentage. However, no such trend was visible 

for samples taken on March 28th, nor for the rainwater samples at any date. 

 

From all data given above, it is clear that there is at least one unknown factor with a distinct 

influence on our recovery.  

 

 

Figure 3.13. Relation between live target and non-target bacteria after IMS and live bead-bound bacteria present 
in the same sample. 
Data points represent all spiked samples, including both long and short IMS procedure, all water types and all 
sampling dates. 
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The same comparisons could be made for live bead-bound bacteria, which would result in even 

lower recovery percentages, but all trends would be the same. Indeed, when pooling our data 

we see a good linear correlation (R2=0.92) between live bacteria and live bead-bound bacteria 

in the sample, irrespective of the IMS procedure, water type, sampling date or analysis date 

(Fig. 3.13). Although binding percentage is very low, it is not subject to variation. 

3.3.3.3. COMPARISON WITH PCR 

Although recovery of P. cichorii according to FCM improved with later sampling dates, an 

opposite effect was found for PCR recovery (Fig. 3.14). PCR recovery was almost two log orders 

lower for samples taken on February 28th, compared to those of January 17th. Also the water 

type had an apparent effect on PCR recovery and this effect was visible on both sampling dates 

(Fig. 3.14). However, PCR on 1 l-samples never failed to identify P. cichorii positive samples.  

 

 

Figure 3.14. Influence of water type and sampling date on recovery percentage of live P. cichorii according to PCR. 
PCR analysis according to the protocol by Cottyn et al. (2011) was performed in parallel with IMS and FCM on 1 l-
samples spiked with exactly the same bacterial concentration. Recovery percentages for P. cichorii were calculated 
by dividing the number of detected P. cichorii cells by the amount originally spiked in the samples. Bars represent 
the average of two independent samples. 
 

We did not test the effect of analysis date on PCR recovery, but Cottyn et al. (2011) previously 

noticed higher PCR recoveries after a one-week incubation of water samples containing P. 
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P. cichorii during that period. As none of our waters contained P. cichorii during storage, this 

cannot explain our results. 

 

 

Figure 3.15. Influence of water type and analysis method on recovery percentage of live P. cichorii. 
Recovery percentages of P. cichorii for FCM were calculated by subtracting live counts of negative samples from 
that of their spiked counterparts and dividing this number of presumed P. cichorii cells by the amount originally 
spiked in the samples. PCR recovery was calculated by dividing the number of detected cells by the amount 
originally spiked in the samples. Data represented are from water sampled on the 17

th
 of January and spiked and 

analysed two days after analysis. Bars represent the average of two independent samples. 

 

We did not only compare the IMS-FCM method with the conventional RT-PCR method, but on 

the first analysis date, we also combined PCR with IMS (IMS-PCR) for both short and long IMS 

protocols. For the long protocol, PCR recovery on the beads was almost always zero (not 

shown), which confirmed the low FCM recovery on the same samples. But for the short IMS 

protocol, P. cichorii in the bead samples was always detected with PCR, and negative controls 

always tested negative. Figure 3.15 compares the recovery of IMS-PCR with that of 

conventional RT-PCR (Fig. 3.14) and IMS-FCM (Fig. 3.10) on three water types sampled on the 

same day. Conventional RT-PCR recovery was between 5% and 75% after pretreatment and 

DNA extraction. Recovery of IMS-PCR varied between 1% and 8%. However, in groundwater III, 

recovery was lowest with conventional RT-PCR and highest with the bead-based method. In the 

same water sample, FCM recovery of live P. cichorii was the same as conventional RT-PCR 

recovery. In the other samples, FCM recovery after IMS was higher than PCR after IMS. But, as 
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mentioned before, FCM often detected too many false positive counts to make a reliable 

distinction between P. cichorii positive and negative samples.  

Average recovery was highest for conventional RT-PCR, but variability was also highest for this 

method. When analysing beads with PCR, specificity problems encountered with FCM were 

eliminated, resulting in a positive signal for all spiked samples and a negative signal in all 

unspiked controls. However, more recovery was lower with IMS-PCR compared to conventional 

RT-PCR. 

3.4. DISCUSSION 

3.4.1. SPECIFICITY OF THE ANTIBODY 

The polyclonal antiserum 8282D1/1b was raised against P. cichorii PD1564, but the 

manufacturers had not tested it with other P. cichorii strains (Prime Diagnostics, personal 

communication). However, the P. cichorii strains that have been isolated from midrib rot 

outbreaks in Belgium are a rather diverse group, represented by at least three genotypes as 

revealed by BOX-PCR fingerprinting (Cottyn et al., 2009). Our results indicate that this 

antiserum reacts with P. cichorii strains from BOX-PCR type I and II, but not with type III. No 

exceptions were found to this rule. The varnish spot strain 9D42 of California does not belong 

to types I, II or III but was found to be most related to type III (Cottyn et al., 2009) and indeed 

did not react with the antiserum. The tar strain SPC 9018 from Japan belongs to type II 

(Pauwelyn et al., 2011) and reacted with the antiserum. 

It is well known that polyclonal antibodies produce more cross reactions than monoclonal 

antibodies, but polyclonal antibodies are better suited for immunocapture, as they have 

multiple binding sites on a bacterium and thus form more stable complexes (de Leon et al., 

2006). Previous research has shown that IMS techniques using beads coated with polyclonal 

antiserum require 100 times fewer beads to acquire the same sensitivity than when using 

beads coated with monoclonal antibodies (Gottschalk et al., 1999).  

We did not observe any cross reactions with non-target bacteria. On the contrary, the 

antiserum used reacted only with two of the three P. cichorii types isolated from infected 

lettuce in Flanders (Cottyn et al., 2009). Pauwelyn et al. (2011) showed that the type III strains, 

that do not react with the antiserum, are significantly less virulent towards lettuce than types I 
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and II. Nevertheless, type III strains can also cause visible midrib rot symptoms. Therefore an 

antiserum specific for all P. cichorii strains will be required before the detection method 

described in this chapter can be applied as an early warning system to prevent outbreaks of 

midrib rot in greenhouses. 

3.4.2. SPECIFICITY AND SENSITIVITY IN PURE CULTURES 

Sensitivity testing indicated that the 2.6 µm Compel beads allowed detection of target bacteria 

at minimal concentrations between 70 and 700 cells ml-1 in combination with plate counts or 

FCM for 1 ml volumes. Strong correlations between the live population counted by FCM and 

plate counts were obtained as well as between the total number of live bacteria (target and 

non-target) and live bead-bound bacteria. The sensitivity of our method was comparable to the 

detection limits obtained for other bacterial plant pathogens based on IMS combined with PCR 

or plate counts (Chapter 2), which ranged between 10-102 CFU ml-1 for IMS-plating and 

between 2 103-104 cells ml-1 for IMS-PCR (de Leon et al., 2006; Dittapongpitch and Surat, 2003; 

van der Wolf et al., 1996). On human bacterial pathogens, Dunbar et al. (2003) obtained 

detection limits of 3-5 102 bacteria per ml in pure cultures and 50 µl volumes, using a multiplex 

IMS Luminex assay.  

 

When centrifuging 250 ml volumes and applying IMS to the pellets, we could obtain detection 

limits of 50 P. cichorii cells ml-1 in the original volume with FCM and plate counts, and 102 cells 

ml-1 could be detected after PCR. Addition of an equal amount of E. coli did not alter the 

detection limit of FCM, but lowered the sensitivity of the assay with plate counts to 102 cells ml-

1. But for all 250 ml samples, overall recovery was much lower than expected. Although sample 

concentration using centrifugation was better reproducible and resulted in a higher recovery 

than the filtration technique that was initially tried, almost 90% of the P. cichorii cells vanished 

after centrifugation in saline solution. Lowering centrifugation speed to 3 000 g, using conical 

tubes, and especially centrifuging in 1% LB, increased recovery to about 60%. However, the use 

of 1% LB made it impossible to discern the PI stained bead-bacteria complexes. But, if wanted, 

total bead-bacteria complexes could be enumerated using only SYBR staining and hence dead 

bead-bacteria complexes can be calculated after subtracting the living cells from the total. The 
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same principle could be applied to enumerate dead target and non-target bacteria in pure 

cultures or irrigation water samples. 

Füchslin et al. (2010) were able to detect 5 102 Legionella pneumophila cells in one litre of tap 

water, after water concentration by 0.45 µm filtration, double antibody labelling, IMS with 

nanobeads and two-laser flow cytometry. The detection limit they obtained was very low, but 

their method did not work in tap water from strongly corroded pipes and did not allow viability 

discrimination. Filtration as a concentration technique did work for them, because the purity of 

tap water prevents clogging of the filter.  

 

Specificity testing showed that one single wash step removed most of the non-target E. coli 

cells in the sample and non-specific adsorption to the beads was low. However, the number of 

bead-bound P. cichorii on the FCM outputs was lower than expected while the number of 

unbound P. cichorii was higher. It is probable that this is due to shear forces during the 

measurement whereby the bead-bacteria complexes were broken and thus measured as 

unbound bacteria and unbound beads (Smith et al., 2011). Reducing the analysis speed did not 

markedly increase the percentage of bead-bacteria complexes (data not shown). Using smaller 

beads would probably decrease shear forces, but during the first incubation step, when 

samples still contain a lot of debris, larger beads are more efficient. 

Smith et al. (2011) researched several factors influencing IMS performance, including bead size, 

functional groups, antibody concentration, blocking buffer, and extraction time and method. 

For their assay, the use of nanobeads instead of microbeads was crucial to reduce shear forces 

during the extraction process. 

3.4.3. IRRIGATION WATER SAMPLES 

For irrigation water, sample pretreatment was necessary as some large components in the 

water hampered the beads and other, small debris adsorbed to the beads. Treatment with 

PVPP and two filtration steps was enough to obtain a highly reproducible detection limit of 50 

cells ml-1 in the original samples for groundwater III. In the other five waters tested, distinction 

between positive samples and unspiked control samples was sometimes possible, but often 

not. This was due to the low recovery of our method on the one hand and the variable and 

often high noise levels in our final samples on the other hand. Hence, there are two possibilities 
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to improve our method and allow distinction between positive and negative samples: lowering 

the noise level or increasing the P. cichorii recovery. In all of the tested irrigation water 

samples, some of the noise appeared to be bound to the beads and caused a third population 

with a fluorescence intensity between that of unbound beads and bead-bacteria complexes. 

Possibly, this is caused by humic acids: a mixture of plant and animal residues resulting from 

chemical or biological decomposition. They are known to interact with a wide variety of organic 

compounds and bind with fluorescent stains such as SYBR and therefore hamper DNA 

quantification (Zipper et al., 2003). Cross-flow filtration may be a more efficient way of 

removing debris from the water in the first purification steps. Noise levels could also be 

lowered by additional washing, but this will only result in better detection if this extra washing 

does not result in additional P. cichorii losses. Thus, better IMS recovery is the key factor to 

improve our method. 

 

The most important factors influencing the number of bead-bacteria complexes captured and 

recovered are: (i) the antiserum, (ii) the bead coating method, (iii) the bead type, (iv) the 

sample concentration method and (v) the optimal buffer composition. Both antiserum, bead 

coating method and bead type could have an influence on the chances for bead-bacteria 

binding as well as on the strength of this binding. For example, we performed some preliminary 

test with IMS-FCM on R. solanacearum and noted a considerable difference between the two 

antisera tested (not shown). Also de Leon et al. (2006) compared two different polyclonal 

antisera for IMS-plating of Clavibacter michiganensis and found an almost tenfold difference in 

cell recovery between the two. This means that a simple change of antiserum might improve 

the recovery of our IMS method to a level comparable with PCR recovery. Further, the bead 

coating protocol can influence the eventual concentration of antiserum on the beads as well as 

the orientation of the antiserum (Schreier et al., 2011). The kind of coating chemistry of the 

beads as well as their size, density and brand influence their movement through the samples, 

their amount of non-specific adsorption, the bead-bacteria binding strength and the shear 

forces (Füchslin et al., 2010; Hoffman et al., 2007; Lazcka et al., 2007; Rotariu et al., 2002; van 

der Wolf et al., 1996). All these factors can have a considerable influence on recovery efficiency 

and a small change in the protocol or bead could also result in a significant improvement of 

recovery. 
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The sample concentration efficiency of course influences the number of bacteria that can be 

captured by the beads, but in case of extremely stress-sensitive bacteria such as P. cichorii 

(Chapter 4), it also influences viability of those bacteria. We only tested our large-volume 

method on P. cichorii, but possibly, the exact same method works much better on a different 

target bacterium. Another option may be the use of flow-through IMS, where a larger sample 

volume is recirculated over antibody-coated beads to capture the target cells. These methods 

were allready succesfully used to detect foodborne pathogens (Prentice et al., 2006). 

Last but certainly not least, the buffer composition is not only vital for the survival of P. cichorii 

(Chapter 4), but also influences the IMS procedure. Especially pH and ionic strength are known 

to have a major impact on IMS efficiency (Dudak et al., 2009). Also nonspecific adsorption 

depends on pH and ionic strength of the buffer (Williams and Fletcher, 1996). In general, pH 

ranging from 7-8 and low ionic strengths as well as surfactants such as Tween20 promote 

particle dispersion and thus reduce non-specific adsorption (Davies et al., 2003). Once we fully 

understand the medium requirements for optimal P. cichorii survival, an optimized buffer may 

both increase P. cichorii recovery and at the same time decrease non-specific adsorption of 

non-target bacteria. 

If we could increase the percentage of bead-bound bacteria, IMS-PCR could be an alternative 

for conventional RT-PCR. This would allow to combine the speed of IMS with the specificity of 

PCR and eliminate the problem of non-specific adsorption. 

 

Recovery and noise in our final samples were both significantly influenced by an unknown 

factor correlated with sampling date and storage time. This factor also affected PCR recovery, 

but PCR never failed to identify the P. cichorii positive samples. A change must have occurred to 

the water constitution between January and March which has a positive effect on FCM 

recovery and a negative effect on PCR recovery. A similar but possibly unrelated change takes 

place during storage of the water. Neither pH, conductivity or voltage monitoring allowed us to 

explain what happened. If this is solely an effect of the water background, or a combination 

between the water constitution and the peculiar characteristics of P. cichorii also remains 

ambiguous.  

 

The unknown and very variable microbial and/or (bio)chemical background of environmental 

water samples complicates both FCM and IMS. As flow cytometry is a culture-independent 
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technique, it has to deal with the total background levels of the samples instead of just the 

culturable part. Depending on the water sample, we found viable FCM counts to be 10-103 

times higher than plate counts. Differences between plate counts and live FCM counts of raw 

water between 102-104 were also found by Hoefel et al. (2003a). These authors also reported 

that differences appeared to be nonlinear between different water types. Moreover, Pianetti et 

al (2005) concluded that SYBR Green I/PI staining was a reliable method to assess the viability 

of bacteria in different water types, although FCM data did not correlate with those obtained 

by traditional methods. Differences between FCM, plate counts and optical density could not 

be explained. Furthermore, also in this study, a clear effect of water type on bacterial survival 

was found, but could not be attributed to a single physical or chemical parameter (Pianetti et 

al., 2005). Barbesti et al. (2000) combined SYBR/PI staining of mixtures of E. coli and Bacillus 

subtilis with antibody labelling of the Gram negative population, using a fluorescent antibody 

label in the far red spectrum. They succeeded in their three-colour FCM assay, but did not 

report detection limits of their method. 

IMS on environmental waters remains challenging as many known and unknown factors can 

influence recovery. Morgan et al (1991) used 4.5 µm Dynabeads and monoclonal antibody 

against Pseudomonas putida flagella to capture and isolate the whole bacteria out of lake water 

and detect them by plating. On average, they were able to recover 20% of the initial inoculum, 

with a detection limit of 300 cells ml-1. They also observed detachment of a large proportion of 

the bead-bacteria complexes, even after a single wash step. This hampered the purification of 

the isolated cells and forced them to make a decision between high purity or high recovery 

(Morgan et al., 1991). Campbell and Smith (1997) also reported an important influence of water 

turbidity as well as water type on IMS efficiency for Cryptosporidium isolation. Also for the 

recovery of Giardia from wastewaters, inexplicable variations and low recoveries were reported 

for some water types (Ferrari et al., 2006). On the other hand, Bukhari et al. (1998) tested 

different commercially available IMS kits for Cryptosporidium isolation on different water types, 

and obtained recoveries as high as 83%. They also showed that the kit type was more important 

for recovery than the water turbidity (Bukhari et al., 1998). This proves that high recovery in 

environmental samples is possible, but different bead systems can give very variable results.  
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3.5. CONCLUSION 

We developed a new method for the detection of P. cichorii in water samples, using antibody-

coated magnetic beads, viability staining and flow cytometry. Despite the low recovery 

percentages, this method allowed us to detect 50 P. cichorii ml-1 after concentration of a 200 ml 

volume. But, when evaluating our method on different types of irrigation water from 

commercial lettuce greenhouses, recovery was too low and too variable to allow reliable 

detection of spiked samples with P. cichorii concentrations below 100 cells ml-1, the threshold 

for infection. This low and variable recovery has multiple known and unknown causes. Firstly, 

binding efficiency and binding strength of our method should be improved to increase the 

number of initially bead-bound bacteria and decrease detachment of bead-bacteria complexes 

throughout the process. Second, our model bacteria turned out to be far from typical in their 

response to our protocol and are likely an additional cause of low recovery. Third, the water 

constitution changed over time and this has a very important effect on P. cichorii survival 

and/or efficiency of IMS, PCR and FCM. Although these reasons make our IMS-FCM method in 

its current state unsuited for reliable detection of P. cichorii in irrigation water, we only 

thoroughly evaluated the system with one bead type, one antibody type and one bacterium. 

Possibly, further research will show that significant recovery improvements can be obtained by 

changing one of those factors. Furthermore, the principle of the method and the knowledge 

obtained about both IMS and bead-based FCM can be used as a starting point to develop other 

applications. For example, IMS could be a faster and cheaper way for pre-PCR treatment; the 

higher specificity of PCR compared to FCM would then allow to clearly distinguish between 

positive and negative samples. Furthermore, (magnetic) bead-based FCM shows to be 

promising for virus detection, as viruses are smaller and hence less subject to shear forces (see 

Chapter 5).  

In short, for the specific application developed in this chapter, we are working with a difficult 

bacterium in a difficult matrix and both have an unexpected and unknown influence on the 

results of our method. More research is necessary to unravel what exactly is happening with 

both the bacteria and their matrix and how they interact, before we can further optimize our 

method for P. cichorii. But despite the difficulties we encountered, we believe both IMS and 

FCM have shown potential for the specific detection of plant pathogens. 
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4.1. INTRODUCTION 

When trying to develop a detection method for P. cichorii in irrigation water samples in the 

previous chapters, we noticed an extremely low recovery of the bacteria after centrifugation. 

Moreover, according to FCM, bacteria were not dead, but completely disappeared. We first 

thought it to be a flaw in our methodology, but it soon turned out to be a peculiarity of the 

bacteria. Sequencing of the P. cichorii genome revealed that this bacterium was indeed a very 

unusual Pseudomonas species, possessing the genes for both apoptosis and autolysis. Hence, 

what started as an attempt to improve centrifugation recovery, ended as a report about the 

factors triggering and inhibiting apoptosis and autolysis in P. cichorii. 

 

P. cichorii bacteria are able to induce apoptosis in the lettuce cells. The first symptoms of this 

apoptosis could already be observed in the first hour after inoculation and very obvious 

symptoms were seen only three hours after inoculation (Kiba et al., 2006). Further, P. cichorii 

produces cyclic lipopeptides similar to syringomycin that probably also play a role in the 

colonization or killing of the host cells (Pauwelyn, unpublished).  

P. cichorii also possesses hypersensitive response and pathogenicity genes (Hrp), which encode 

the type III secretion system (TTSS). These Hrp genes play an important role in apoptosis and 

the formation of necrotic lesions in eggplant infected by P. cichorii, but not in development of  

rot symptoms in lettuce (Hojo et al., 2008). Although P. cichorii is a biofilm-forming bacterium, 

it does not produce homoserine lactons for quorum sensing as most other biofilm-forming 

pseudomonads do. 

 

Sequencing of the P. cichorii genome revealed that it has several copies of genes coding for 

lysine production, indicating lysine production is important for this bacterium. A LysA mutant, 

no longer able to complete the last step of the lysine synthesis pathway, shows slower growth 

and spread through the lettuce leaf compared to the wild type as well as more undulate colony 

edges and a more coarse biofilm structure (Pauwelyn, unpublished). Interestingly, the P. cichorii 

genome contains the LodA gene that enables the production of H2O2 out of lysine. LodA has, so 

far, not been found in any other Pseudomonas species. Only very recently, the LodA gene was 

first described in the marine bacterium Marinomonas mediterranea, associated with the sea 
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grass Possedonia oceanica (Espinosa et al., 2010). A homologue gene, AlpP, is produced by 

another marine bacterium Pseudoalteromonas tunicata, epiphytic colonisator of both marine 

plants and animals (Franks et al., 2006). In both marine bacteria, cell death induced by H2O2 has 

been shown to cause the death of a subpopulation of cells during biofilm formation and to 

mediate differentiation, dispersal and phenotypic variation of the surviving cells (Mai-Prochnow 

et al., 2008). Furthermore, hydrogen peroxide may not only play a role in biofilm formation, but 

may also act as a signalling molecule or may give the bacteria a competitive advantage in 

colonization of hosts or surfaces (Carmody and Cotter, 2001; Mai-Prochnow et al., 2008). 

 

In the P. cichorii genome, also genes coding for several murein hydrolases were found 

(Pauwelyn, unpublished). Murein hydrolases are essential for cell growth and cell division, but 

also play an important role in autolysis, targeting the own cell wall. The combination of cell 

death and lysis is also believed to play a crucial role in biofilm-forming bacteria. Ma et al. (2009) 

studied biofilm formation and release in Pseudomonas aeruginosa. According to their findings, 

apoptosis of cells inside mature biofilm occurs, followed by lysis of the killed cells to create a 

cavity inside the biofilm. The lysed cells are a source of nutrients and enzymes that are used to 

feed and release living cells from the biofilm into the cavity. The same process is then repeated 

to create a passage from the biofilm cavity to the outside environment and release the 

bacteria. Once the free-swimming bacteria start forming a new biofilm elsewhere, the cycle is 

completed. Lysis of bacteria is regulated by the Cid/Lrg system or an analogue system that 

codes for genes with holin/anti-holin activity (Bayles, 2007). Holins are phage-encode small 

integral membrane proteins that control the activity of murein hydrolases and timing of host 

cell lysis (Ma et al., 2009). Although apoptosis and autolysis often serve the same goal, namely 

increased fitness of the biofilm, their link is not yet fully elucidated and neither are the exact 

factors triggering both processes. 

4.2. MATERIALS AND METHODS 

4.2.1. FACTORS INFLUENCING P. CICHORII RECOVERY AFTER CENTRIFUGATION 

When the IMS method developed in Chapter 2 was scaled up to larger volumes, a 

centrifugation step was included into the protocol to concentrate 250 ml samples to 4 ml 
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volumes before IMS. The recovery percentage after IMS on the concentrated samples was 

lower than 5%, compared to 30-60% on 1 ml samples (see Chapter 3). After tracking the 

bacterial concentration through the different steps in the process, it became clear that the 

highest bacterial loss occurred at the centrifugation step. At first we thought the cause to be an 

incomplete recovery of the pellets from the sample tubes. Therefore, we switched from 

centrifuging in 250 ml flat-bottomed tubes in a solid angle rotor (Sorvall RC 24 with GSA rotor) 

to 200 ml conical tubes in a swinging bucket rotor to be able to better locate the pellet. Also the 

centrifugation speed was lowered from 8 500 g to 4 000 g and the centrifugation time from 15 

to 10 min. This decreased variability, but only slightly improved results (data not shown). 

Different factors may have an influence on the apparent disappearance of P. cichorii after 

centrifugation. It may be that pelleted bacteria are not easily suspended or adhere to the walls 

of the centrifugation tube and are therefore not recovered. Therefore, we tested several 

methods of resuspending the bacterial pellets after centrifugation. In this experiment, we also 

tried different initial bacterial concentration, to investigate if there was any effect of bacterial 

concentration on survival. Another possibility is that the problem is not the resuspension but 

the survival of the bacteria during centrifugation. This poor survival may then be caused by 

suboptimal medium constitution, such as the relatively high salinity or pH or the absence of 

certain nutrients. Therefore, influence of all these factors was investigated. Also possible 

effects of time and mechanical stress were researched. Furthermore we compared the survival 

of P. cichorii with that of E. coli and other pseudomonads to look at the different responses of 

bacterial strains to this treatment. Finally, we specifically investigated the role of H2O2 

production in the survival of P. cichorii during centrifugation, whereby we also analysed our 

samples with PCR, to confirm the presence or absence of P. cichorii. 

4.2.1.1. RESUSPENSION METHOD 

P. cichorii was cultured as described in Chapter 1. Bacterial suspensions were prepared in saline 

solution (8 g NaCl l-1, pH 8) and divided over sterile 200 ml conical centrifuge tubes (Nunc, 

Thermo Scientific, Waltham, USA). Aliquots of 100 µl were spread-plated on PAF agar plates to 

determine CFU before centrifugation. Samples were centrifuged (4 000 g, 10 min, 4°C) and 

supernatant was removed immediately after centrifugation. Pellets were suspended in 

different ways and in different volumes. Methods of resuspending the pellets were (i) pouring 

off supernatant and dissolving pellets in 4 ml saline solution by vortexing for 1 min; (ii) pouring 
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off supernatant and dissolving pellets in 4 ml saline solution by vortexing for 1 min, followed by 

a short spin of the bottles to collect all liquid; (iii) pouring off supernatant, except the last 4 ml 

and vortexing for 1 min to mix the remaining volume with the pellets; (iv) removing 

supernatant with a pipette except the last 4 ml and vortexing for 1 min to mix the remaining 

volume with the pellets; (v) pouring off supernatant and dissolving pellets by vortexing for 1 

min in 4 ml saline solution supplemented with 0.05% Tween20. After these steps, again 100 µl 

aliquots of the resuspended bacteria were spread-plated to determine CFU concentration after 

centrifugation. Plates were counted after 48 h incubation at 28°C and CFU values were 

expressed as total CFU per sample.  

Data of different experiments, using different initial concentrations were pooled and linear 

regression was performed with Sigmaplot 12.0 software. 

4.1.1.2. PH 

As the aim was to look for an optimal pH in combination with the staining procedure and not to 

investigate behaviour of P. cichorii under extreme pH conditions, we only tested the pH range 

7-8. For this range, we know P. cichorii can be brightly stained with SYBR/PI (see Chapter 1). 

P. cichorii and E. coli were both grown at 28 °C on PAF plates and prepared as described in 

Chapter 1. MilliQ was adjusted to pH values of 7, 7.5 and 8 before autoclaving, using NaOH and 

HCl (Consort C532 multiparameter analyser, Consort, Turnhout, Belgium). After autoclaving, pH 

was checked again and exact values were found to be 6.90, 7.45 and 8.14. Electric conductivity 

was also measured. The pH adjustment to 7, 7.5 and 8 had resulted in an increase of electric 

conductivity (EC) of the milliQ from 0 µS to respectively 309, 349 and 360 µS, which is 

equivalent to NaCl concentrations of respectively 0.15, 0.17 and 0.18 g l-1. Three independent 

samples of 10 ml were prepared in conical 13 ml tubes for each bacteria and each pH. Samples 

were spiked with an estimated 5 104 bacteria and subsamples of 2 ml were taken before 

centrifugation. Real bacterial concentrations in those samples were determined to be 4 103 ml-1 

for P. cichorii and 7 103 ml-1 for E. coli by FCM and plate counts. After centrifugation (3 000 g, 10 

min, 4 °C), supernatant was left in the tubes and mixed again with the bacterial pellet by 

vortexing for 1 min. Again, a subsample of 2 ml was taken from each tube. Aliquots of 100 µl of 

each tube were spread-plated on PAF agar and incubated for 48 h at 28 °C. The remaining 

volume of the subsamples was live/dead stained using SYBR Green I and propidium iodide as 

described in Chapter 1 and analysed with FCM. 



Mechanical stress and medium composition influence cell death and autolysis in Pseudomonas cichorii 

133 

4.2.1.3. SALINITY 

Saline solution with NaCl concentrations of 0, 0.1, 1, 2, 4 and 8 g l-1 were prepared in milliQ. The 

pH of the saline solution was neither adjusted nor monitored in this experiment, but as NaCl 

does not influence pH, samples are expected to have a pH of 7.  

Again, samples of 10 ml were prepared in conical 13 ml tubes and samples were spiked with 3 

104 bacteria. Subsamples of 2 ml were taken before and after centrifugation (3 000 g, 10 min, 

4°C). All subsamples were spread-plated, SYBR/PI stained and measured with FCM. The 

experiment was performed with two independent replicates for each salt concentration and 

repeated on a different day. 

4.2.1.4. NUTRIENTS 

To investigate the effect of nutrients, we tested both the effect of different culture media and 

buffers, as well as the effect of some of their constituents (Table 4.1). All media were used at a 

pH of 8, except for milliQ, which was used at unmodified pH to keep it free from salts. Medium 

components were used at unaltered pH. The tested concentration as well as the exact pH and 

EC of each diluted component is given in Table 4.1. 

The common bacterial medium LB (Miller) contains 10 g NaCl (Z), 5 g yeast extract (Y, 

autodigest of Saccharomyces cerevisiae) and 10 g tryptone (T, pancreatic digest of casein from 

cow’s milk) per l in its commercial formulation. The effect of all possible combinations of these 

three components (Z, T, Y, Table 4.1) was investigated in order to identify which nutrients were 

essential. However, both tryptone and yeast extract consist of a complex mixture of amino 

acids and sugars, of which the exact constitution is unknown (Duchefa, personal 

communication). As it was impossible to test all nutrients in tryptone and yeast extract, we only 

focused on two amino acids: L-proline and glycine. Both are frequently described to improve 

stress resistance in bacteria. Sezonov et al. (2007) estimated the concentration of several 

amino acids in LB, using two different methods. They found an L-proline concentration of 9.5 

mM and a glycine concentration of 4.0 mM using high pressure liquid chromatography (HPLC). 

We tested 10 mM proline and 5 mM glycine to reflect these values, as well as 100 µM proline 

and 50 µM glycine to mimic the concentrations present in 1% LB. Proline and glycine were 

dissolved in milliQ and tested both separate and together. Samples containing only milliQ and 

samples with 1% LB were used as a negative and positive reference.  
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Terrific broth (TB, Table 4.1) is a culture medium known to improve growth of transformed E. 

coli. The commercial formulation contains 12 g tryptone, 24 g yeast extract, 9.4 g K2HPO4, 2.2 g 

KH2PO4 and 8 ml glycerol per l. The separate effect of glycerol was also tested, as well as the 

effect of beef extract, a component frequently present in other general bacteria media, such as 

nutrient broth. 

 

Table 4.1. Products used to investigate the influence of different components present in standard bacterial media. 

Component company abbreviation concentration used (l
-1

) pH EC at concentra-
tion used (µS) 

Saline solution Merck FO 8 g 8.00 15 300 
Luria Bertani Duchefa LB 10 ml 8.00 237 
Minimal 
medium 

- MM 8.48 g Na2HPO4.2 H2O,  
3 g KH2PO4, 0.5 g NaCl,  
1 g NH4Cl, 0.12 g MgSO4,  
0.011 g CaCl2, 4 g glucose 

8.00 14 400 

Staining buffer - SB 0.372 g EDTA, 8 g NaCl, 0.2 g KCl, 
0.2 g KH2PO4, 0.9 g Na2HPO4,  
100 µl Tween20 

8.00 15 700 

Terrific broth Sigma-Aldrich TB 10 ml 8.00 189 
Sodium chloride Merck Z 0.1 g 6.95 237 
Tryptone BD T 0.1 g 6.97 21 
Yeast extract Duchefa Y 0.05 g 7.00 53 
Beef extract Sigma-Aldrich B 0.03 g 6.34 20 
Glycerol Sigma-Aldrich G 0.08 ml 7.33 2 
MilliQ water Millipore MQ - 6.88 0 
L-proline Sigma-Aldrich Pro  10 mM 

100 µM 
7.00 0 

Glycine Sigma-Aldrich Gly 5 mM 
50 µM 

7.00 0 

(BD, Erembodegem, Belgium; Duchefa, Haarlem, the Netherlands; Merck, Nottingham, UK; Sigma-Aldrich, St. 
Louis, USA) 

 

Experimental setup was the same as in the previous experiments, using three independent 10 

ml samples spiked with 3 104 P. cichorii cells for each treatment. Again, samples were prepared 

in conical 13 ml tubes and compared with plate counts and FCM before and after centrifugation 

(3 000 g, 10 min, 4°C). The experiment was performed with two independent replicates for 

each treatment and repeated on a different day. 

4.2.1.5. EFFECT OF TIME AND AGITATION 

Before centrifugation, we noticed in the previous experiments that part of the effect of a 

certain medium was visible. This was often more pronounced in the FCM outputs compared to 

the plate counts. Sample preparation takes several hours and therefore it is possible that 
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bacteria multiply or die in some media during that time. Therefore, we compared FCM and 

plate counts of P. cichorii in three different media over several hours. 

Besides the effect of time, mechanical stress caused by vortexing during sample preparation 

may also have an effect on bacterial viability. Vortexing is necessary to guarantee a 

homogeneous cell suspension and reproducible results. A single vortexing step has no 

immediate effect on cell counts or viability (data not shown), but as bacteria are frequently 

vortexed for short periods during sample preparation, there may be cumulative effect.  

Therefore, this experiment was intended to compare the effect of time as well as the effect of 

agitation over time between cultures in three different media. These three media were: milliQ, 

1% LB and phosphate buffered saline (PBS, 8 g NaCl, 0.2 g KCl, 0.24 g KH2PO4, 1.44 g Na2HPO4, 

pH 7.4). Samples containing 20 ml of the appropriate medium were prepared and spiked with 5 

103 P. cichorii ml-1; subsamples of 2 ml were taken and immediately spread-plated, stained and 

analysed with FCM. Then, the cultures were split in two whereby one halve was incubated on a 

flatbed shaker at 300 rpm and the other halve was left undisturbed. At different time points, 

subsamples of all cultures were taken and immediately analysed by plating and FCM. 

4.2.2. COMPARISON WITH OTHER BACTERIA 

From previous experiments, it became clear that E. coli did not show the same sensitivity to 

mechanical stress. But the question rose whether this stress-sensitivity of P. cichorii was 

something unique for this bacterium or common in pseudomonads. Therefore, we compared 

five other Pseudomonas strains, listed in Table 4.2, with P. cichorii. Also the waterborne plant 

pathogen Ralstonia solanacearum DGB504 and E. coli K12 were included in the experiment. 

 

Table 4.2. Pseudomonas strains of which survival after centrifugation in milliQ and 1% LB was tested. 

strain niche host  reference 

P. aeruginosa PNA1 soil Cicer arietinum (Anjaiah et al., 1998) 
P. cichorii SF1-54 water Lactuca sativa (Cottyn et al., 2009) 
P. fluorescens CMR12a soil Xanthosoma sagittifolium (Perneel et al., 2007) 
P. syringae pv. syringae LMG 1247 seeds Syringa vulgaris (Cottyn et al., 2009) 
P. tolaasii 867 milk Mushrooms (Reybroeck, 2010) 
P. viridiflava ME3.1b leaves Arabidopsis thaliana (Araki et al., 2006) 

 

Pseudomonads of different ecologic niches were selected. P. syringae and P. viridiflava strains 

were included for their close genetic relationship with P. cichorii. The plant growth promoting 

rhizobacterial strains P. aeruginosa and P. fluorescens because they are known to be robust. 
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The strain closely related to P. tolaasii, the causal agent of bacterial blotch on mushrooms, was 

isolated from bulk tank milk giving false-positive results on antibiotic testing (Reybroeck, 2010). 

The bacterium was characterized as a cold-tolerant Pseudomonas species producing a cyclic 

lipopeptide very similar to tolaasin, but further taxonomic research is necessary to confirm that 

this is indeed a P. tolaasii strain. 

Experimental setup was the same as in previous experiments, whereby bacterial suspensions of 

each strain were prepared in 10 ml milliQ with our without 1% LB and subsamples were taken 

before and after centrifugation (3 000 g, 10 min, 4°C) and analysed with plate counts and FCM. 

However, FCM data were not included, as different bacterial strains may have different staining 

conditions and these conditions were not optimized for all strains. 

4.2.3. ROLE OF HYDROGEN PEROXIDE 

Because sequencing showed that P. cichorii may be able to produce H2O2 out of lysine 

(Pauwelyn et al., unpublished), which may lead to programmed cell death, we tested the role of 

this hydrogen peroxide on the survival of P. cichorii after centrifugation. Therefore we 

compared the wild type P. cichorii strain SF1-54 with a LysA mutant strain unable to synthesise 

lysine. Different strains were compared in milliQ and 1% LB with or without 1 000 units of 

catalase ml-1 (catalase from bovine liver, Sigma-Aldrich, St. Louis, USA) to neutralize H2O2. In 

this experiment, PCR data were also included as an extra control to see if P. cichorii cells were 

really completely lysed after centrifugation and not just too damaged to be stained or cultured. 

Experimental setup was the same as in the previous experiments, using three independent 10 

ml samples spiked with 3 104 P. cichorii cells for each treatment. Subsamples of 3 ml were taken 

before and after centrifugation (3 000 g, 10 min, 4°C). From these subsamples, 1 ml aliquots 

were pelleted by centrifugation (10 000 g, 10 min 4°C) and pellets were kept at -20 °C until PCR 

was performed. The PCR protocol used was that of Cottyn et al. (2011), as described in Chapter 

1. The remaining 2 ml of the subsamples was used for spread-plating as described above.  

4.2.4. FLOW CYTOMETRY AND GATING 

All flow cytometric analyses in this chapter were performed using the same instrument settings 

and the same gates. These instrument settings were also very similar to those used in the 

previous chapter: settings were exactly the same for fluorescence parameters, but scatter gains 
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were higher. Gates used to enumerate bacteria were defined on the FL1/FL3 dot plots and 

included R1= live bacteria, R2= dead bacteria and a small gate R3= intermediately stained 

bacteria. Total bacteria were calculated by simple adding cell counts in gates R1, R2 and R3.  

Although instrument settings and gating were the same in all experiments, fluorescent patterns 

of P. cichorii changed with medium constitution, pH, salinity etc. Especially the green 

population often appeared at different positions within the R1 gate. Green SYBR/PI stained 

bacteria in milliQ normally appeared at a central position within the R1 gate. In saline solution 

and without centrifugation, this population shifted slightly to the right and when pH was lower 

than 7, the population shifted to the left (not shown). P. cichorii in LB typically appeared as a 

dense cluster close to the upper border of the R1 gate. Under some circumstances, this cluster 

shifted to the left and appeared partly in the R1 and partly in the R3 gate (not shown). 

Sometimes -but not often- a distinct third and intermediately stained population occurred. In 

this case, the intermediate population fell partly within the R2 and partly within the R3 gate. 

Although the use of the same settings and gates in all experiments allows comparison between 

those experiments, gates cannot be drawn to perfectly fit the right population under all 

circumstances. Therefore, only total counts and live counts were mentioned in this chapter and 

separate information about dead and intermediately stained bacteria was given only when 

relevant. 

4.3. RESULTS 

4.3.1. FACTORS INFLUENCING P. CICHORII RECOVERY AFTER CENTRIFUGATION 

4.3.1.1. RESUSPENSION METHOD 

Different methods of removing the supernatant and suspending the bacterial pellet were tried 

(Fig. 4.1). Because centrifugation problems with P. cichorii were never reported before, we 

assumed that our FCM counts possibly underestimated the number of bacteria present. In this 

experiment, plate counts were used to compare P. cichorii counts in the ‘classical’ way, as done 

in previous research.  
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Figure 4.1. Plate count recovery after centrifugation of 200 ml volumes and resuspension of the pellets using 
different methods. 
Bacterial suspensions in saline solution (8 g NaCl l

-1
) were centrifuged (4 000 g, 10 min, 4°C) in conical tubes of 200 

ml. Supernatant was removed after centrifugation and pellets were suspended in different ways. Values are 
expressed as means ± SD for each treatment. Treatments included: gently pouring away supernatant and 
dissolving pellets in 4 ml saline solution by vortexing; gently pouring away supernatant and dissolving pellets in 4 
ml saline solution by vortexing, followed by short spin to collect splashed drops; partially pouring away 
supernatant until only 4 ml remained, dissolving pellets in this volume by vortexing; removing supernatant with a 
pipette until only 4 ml remained and dissolving pellets in this volume by vortexing; dissolving pellets in 4 ml saline 
solution containing 0.05% Tween20 by vortexing. 

 

Figure 4.1 shows plate count recovery after different ways of resuspending the pellets. Initially 

we thought that vortexing the pellet caused too much splashing of the bacteria, and hence not 

the whole dissolved pellet was recovered from the tubes when bacterial pellets were simply 

resuspended in 4 ml saline solution. But recovering the bacteria on the tube walls by short 

centrifugation did not improve recovery. Then, we thought pouring off the supernatant possibly 

resulted in partial loss of the pellet, so we tried to leave part of the supernatant in the tubes, 

but also this did not result in improved recovery. We also compared pouring off the 

supernatant, with removal using a pipette; also this yielded no improved cell recovery. Neither 

did resuspending pellets in saline solution complemented with Tween20. We even tried 

different brands of tubes and different plastics (not shown), but nothing led to an acceptable 

level of cell recovery. However, cell recovery seemed to be quite predictable, independent of 
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the method or bacterial concentration used. When the plate count data of the different 

experiments were combined, and absolute CFU after centrifugation were plotted in function of 

CFU before centrifugation, a regression line with equation y= 0.22x and R2= 0.98 could be 

drawn (not shown), meaning the average cell recovery was 22%, irrespective of the method. 

Also supernatant was checked and did not contain more than 5% of the bacteria found in the 

pellet. We thus concluded that cell recovery was indeed low and not due to incomplete 

recovery of the bacterial pellet after centrifugation. 

4.3.1.2. SALINITY 

Although most experiments described in the previous chapters were performed in saline 

solution (8 g NaCl l-1) without any noticeable effect of the salt on the viability of P. cichorii, it is 

possible that bacteria are more sensitive to these rather high saline concentration when 

centrifuged. Therefore, lower salt levels were tested. Figure 4.2 shows that there is indeed an 

influence of salinity, although recovery was variable, especially in samples containing no salt. 

The influence of salt concentration on recovery of P. cichorii followed a logarithmic trend: as 

few as 0.1 g NaCl l-1 already induced a spectacular decrease of the survival according to FCM 

counts. The additional effect of salt concentrations above 0.1 g was only limited. Intermediate 

as well as dead stained bacteria could be observed both before and after centrifugation (not 

shown). Recovery of these dead or intermediate bacteria also showed a logarithmic trend, 

although less pronounced, which is reflected in the total FCM counts. In the sample without 

salt, average live FCM recovery was even slightly higher than total FCM recovery.  

This was very surprising, because we expected an increase of dead and intermediate bacteria as 

live counts dropped. But instead of dying, P. cichorii seemed to disappear. Plate counts of P. 

cichorii (Fig. 4.2) were very similar to live FCM counts except in samples without salt, where 

plate count recovery was much lower. This proved again that it was certainly not (only) a 

staining issue, but rather a stress-related phenomenon.  

 

We also included E. coli in our tests, to confirm that the disappearance of P. cichorii was not 

due to the methodology. Survival of E. coli was indeed much better, with recovery percentages 

of 80-90% when salt concentrations were below 4 g NaCl l-1. E. coli showed an optimal survival 

in milliQ containing 2 g NaCl l-1, although the effect was not significant. But viability was only 

affected when salt concentrations were 4 g and higher. FCM data of E. coli were not included, 
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because FCM counts were consistently much lower than plate counts when using the same 

settings as for P. cichorii measurement. Further research showed that this was due to a 

suboptimal staining pH for E. coli. 

 

To summarize: centrifuging P. cichorii in buffers containing as little as 0.1 g NaCl l-1 results in a 

clear decrease of recovery compared to pure milliQ water. Moreover, plate count recovery in 

milliQ was much lower than FCM recovery, indicating suboptimal growth conditions, probably 

due to a too low osmolality. Survival of E. coli was much better under the same circumstances. 

 

 

Figure 4.2. Effect of sodium chloride concentration on recovery after centrifugation. 
Bacterial suspensions were prepared in 10 ml milliQ with different salt concentrations; subsamples of 2 ml were 
taken and the remaining 8 ml was centrifuged (3 000 g, 10 min, 4°C); pellets and supernatant were again 
homogenized by vortexing for 1 min and again subsamples of 2 ml were taken. An aliquot of each subsample was 
spread-plated on PAF plates and the remaining volume was SYBR/PI stained and analysed with FCM. Data points 
represent the average of four independent replicates ± SD. Total FCM counts include live, dead and intermediate 
bacteria. 
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Figure 6.3. Effect of pH on FCM counts, and viability of P. cichorii (A) and E. coli (B) before (BC, plain bars) and after 
(AC, striped bars) centrifugation. 
Bacterial suspensions were prepared in 10 ml milliQ with different pH; subsamples of 2 ml were taken and the 
remaining 8 ml was centrifuged (3 000 g, 10 min, 4°C); pellets and supernatant were homogenized again by 
vortexing for 1 min and again subsamples of 2 ml were taken. An aliquot of each subsample was spread-plated on 
PAF plates and the remaining volume was SYBR/PI stained and analysed with FCM. Data points represent the 
average of three independent replicates ± SD. 
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4.3.1.3. PH 

Another possible factor influencing survival and/or growth could be the pH of the buffer. 

However, the effect of pH is difficult to measure with FCM as it can both influence the bacteria 

and the staining. Indeed we found an effect of pH both on the survival and recovery of the 

tested bacteria as on the FCM counts (Fig. 4.3). Plate counts of P. cichorii before centrifugation 

were stable over the tested pH range, but after centrifugation, obvious differences could be 

seen between the different pH values. Survival was best at pH 8.14, very low at pH 7.42 and 

moderate at pH 6.90. Live FCM counts already showed this trend before centrifugation: there 

was a good accordance with plate counts only at pH 8.14. FCM counts were lower at pH 6.90 

and much lower at pH 7.42 (Fig. 4.3). After centrifugation, FCM live counts correlated very well 

with plate counts for all pH values. Also total FCM counts were lower than plate counts before 

centrifugation, except at pH 8.14 but differences were smaller. This was due to a quite large 

number of intermediately stained bacteria at pH 6.90 and a large amount of dead bacteria at 

pH 7.42 (not shown). After centrifugation, total FCM counts corresponded well with live counts 

and plate counts at pH 6.90 and 8.14; but at pH 7.42 most bacteria counted by FCM were dead. 

This means staining as well as survival of P. cichorii is worst at pH 7.42 and best at pH 8.14.  

Additional experiments confirmed a moderate survival at pH 7 and 8.5, poor survival at pH 7.5 

and 9 and an optimal survival at pH values closely around 8 (not shown). But even at optimal 

pH, recovery was only 10-15%, which was probably due to the salt level of the solutions. 

 

E. coli again behaved different, with no notable influence of pH on plate counts as well before 

as after centrifugation and an excellent survival (Fig. 4.3). But FCM counts of E. coli increased 

spectacularly with increasing pH. At pH 8.14, no significant differences between plate counts, 

live FCM counts and total FCM counts could be observed. This means survival of E. coli is not 

affected at pH 7-8, but staining is. Additional experiments confirmed that pH values above 8 are 

necessary to correctly detect E. coli with the same instrument settings as P. cichorii, with an 

optimum around pH 8.5 (not shown). At pH 9, E. coli cells can still be detected with FCM, but 

membrane permeability is lost. 

In short, P. cichorii has an optimal staining pH of 8 and also survives best at this pH value. 

Survival of E. coli is excellent at all tested pH values below 9, but for optimal staining a pH of 8.5 

is required. 
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4.3.1.4. NUTRIENTS 

In the next experiment, we researched the hypothesis that cells could be sublethally stressed 

by centrifugation and therefore could not grow and might not be efficiently stained. Hence we 

compared the effect of different buffers and culture media. In preliminary tests, we tried giving 

the cells the ability to regrow by adding 10% LB broth after centrifugation and incubating the 

samples for a few hours on a rotary shaker (300 rpm) in the dark at 28°C before measurement. 

This had indeed a positive effect on plate counts and FCM counts, but the LB in the samples 

interfered too much with the staining to assure correct measurements (not shown). We 

therefore lowered the LB concentration to only 1%, which we added before the samples were 

centrifuged. Strikingly, addition of 1% LB before centrifugation spectacularly improved cell 

recovery. Other LB concentrations were not tested. 

 

 

Figure 4.4. Effect of medium on recovery of P. cichorii after centrifugation. 
Bacterial suspensions were prepared in 10 ml of the appropriate medium solution; subsamples of 2 ml were taken 
and the remaining 8 ml was centrifuged (3 000 g, 10 min, 4°C); pellets and supernatant were homogenised again 
by vortexing for 1 min and again subsamples of 2 ml were taken. An 100 µl aliquot of each subsample was spread-
plated on PAF plates and the remaining volume was SYBR/PI stained and analysed with FCM. Data points represent 
the average of three independent replicates ± SD. Samples were prepared in milliQ and contained 8 g NaCl l

-1
 (FO); 

1% LB broth (LB); 100% minimal medium (MM); only milliQ (MQ); 100% staining buffer (SB) and 1% terrific broth 
(TB). 
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Figure 4.4 shows the comparison between 1% LB, 1% TB, 100% minimal medium, saline 

solution, milliQ water and staining buffer. As expected, recovery was low both according to 

plate counts and FCM counts for cells in saline solution and milliQ. FCM counts in saline 

solution were slightly higher compared to milliQ, which is probably due to the more optimal 

staining pH of saline solution (pH 8) used in this experiment. Minimal medium, also used at pH 

8, gave similar results compared to saline solution or milliQ. This means that the presence of 

glucose, the buffering capacity, or the different salt constitution of this minimal medium did not 

seem to have any effect.  

 

The two rich media LB and TB, although 100 times diluted, resulted in a spectacular increase of 

recovery: more than 70% according to plate counts and more than 80% according to FCM 

counts. Of the bacteria counted with FCM, 70% was alive before centrifugation and 80% after 

centrifugation, giving rise to the very high live FCM recoveries. Staining buffer containing EDTA 

and Tween20 to permeabilize bacterial membranes, was included in this experiment to look at 

the recovery of dead cells. Although only 10 cells ml-1 were culturable before centrifugation, 

live FCM counts were still around 8 102 cells ml-1. After centrifugation, all cells lost culturability 

but still 3 102 cells ml-1 were counted as live, giving rise to the relatively high live cell recovery. 

But 85%-90% of all cells in staining buffer were measured as dead or intermediate before and 

after centrifugation and 65% of the dead cells was recovered, which is reflected in the quite 

high total cell recovery. Hence it seems that dead cells show less tendency to disappear after 

centrifugation. 

 

Thus it seems that nutrients play a -literally- vital role in the survival of P. cichorii during 

centrifugation. However, the question remained why LB and TB media were able to counteract 

the strange behaviour of P. cichorii. Therefore we also compared the effect of the separate 

components. We first compared 1% LB at pH 7 and 8 (not shown) and found no significant 

differences in recovery percentages or absolute P. cichorii counts as well for plates as for FCM. 

But, as variability was higher at pH 8, no alterations to pH were made. 

Plate counts before centrifugation (Fig. 4.5) were highest in glycerol, milliQ and beef extract, 

but the difference was not significant (Sheffé post hoc). Strange enough, absolute plate counts 

before centrifugation were higher in saline than in any buffer containing yeast extract or 

tryptone. But after centrifugation, plate counts in saline had dropped below 102 CFU ml-1; also 
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in milliQ and glycerol, plate counts were low after centrifugation. Total FCM counts were lower 

than plate counts in milliQ, saline and glycerol before centrifugation, and equal after 

centrifugation.  

 

 

Figure 4.5. Effect of medium components on survival of P. cichorii before (BC, plain bars) and after (AC, striped 
bars) centrifugation. 
Bacterial suspensions were prepared in 10 ml of the appropriate medium solution; subsamples of 2 ml were taken 
and the remaining 8 ml was centrifuged (3 000 g, 10 min, 4°C); pellets and supernatant were mixed again by 
vortexing for 1 min and again subsamples of 2 ml were taken. An aliquot of each subsample was spread plated on 
PAF plates and the remaining volume was SYBR/PI stained and analysed with FCM. Bars represent the average of 
four independent replicates ± SD. Samples were prepared in milliQ and contained only milliQ (MQ), glycerol (G), 
beef extract (B), sodium chloride (Z), tryptone (T), yeast extract (Y), sodium chloride and tryptone (ZT), sodium 
chloride and yeast extract (ZY), tryptone and yeast extract (TY) or sodium chloride, tryptone and yeast extract 
(ZTY). 

 

For all buffers containing nutrients, FCM counts were two to four times higher than plate 

counts before centrifugation and two to five times higher after centrifugation. Total and live 

cell recovery was highest in buffers containing yeast extract. Although yeast extract seemed to 

have the most beneficial effect on recovery, the three components of LB broth (ZTY) have an 

additional effect and omitting one of them negatively affects survival. Even saline, which has a 

negative effect on its own, has a beneficial effect when combined with nutrients. However, 
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these differences between combinations of Z, T and Y were more pronounced in some 

repetitions and less pronounced in others. The experiment that resulted in the most manifest 

effect of yeast extract compared to tryptone, was performed on P. cichorii cells grown at 4°C 

(not shown). 

 

Two components present in both tryptone and yeast extract that are known to improve 

(osmotic) stress resistance in bacteria are proline and glycine. We tested the effect of these two 

amino acids, both separate and together, in the concentrations they are assumed to be present 

in 1% and 100% LB (Sezonov et al., 2007). Flow cytometrically, there were no differences 

between any of the combinations or concentrations and milliQ, neither before nor after 

centrifugation. But plate counts before centrifugation were higher than milliQ or 1% LB in all 

samples containing proline and glycine, except for the combination containing 100 µM proline 

and 50 µM glycine. After centrifugation, there were again no differences between samples 

containing proline and/or glycine and milliQ (data not shown). 

4.3.1.5. EFFECT OF TIME AND AGITATION 

In the previous experiments, differences in plate counts or FCM counts between the different 

media were sometimes seen in the samples before centrifugation, which indicated that there is 

possibly an effect of time as well. Therefore the next experiment intended to investigate the 

effect of time and compare it with the effect of stress. For this purpose, P. cichorii cultures were 

prepared and immediately measured in milliQ, phosphate buffered saline and 1% LB before the 

cultures were split in two parts, whereby one part was placed on a rotary shaker at 300 rpm 

and the other part was left unstirred. Subsamples of all treatments were taken and immediate 

measured after 45, 90, 210 and 360 minutes (Fig. 4.6). 

 

In the cultures that were not disturbed, LB caused growth of bacteria, which was slower 

according to plate counts compared to FCM counts, but both showed a clear exponential 

growth and almost all bacteria were alive according to FCM. In milliQ, there was a clear 

difference between plate counts and FCM counts. Plate counts in milliQ were markedly higher 

than FCM counts; FCM counts at time zero were already much lower than expected. In PBS, 

there was also a large discrepancy between plate counts and FCM. Strangely, plate counts in 

PBS were almost identical to FCM counts in milliQ. 
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Although we observed some inexplicable differences between plate counts and FCM counts, we 

can conclude that there is no pronounced effect of time in milliQ and PBS; in 1% LB, bacteria 

multiply with a doubling time of about 100 min. 

 

 

Figure 4.6. Effect of time and shaking on survival of P. cichorii. 
Bacterial suspensions were prepared in 20 ml of the appropriate medium solution; subsamples of 2 ml were taken, 
immediately spread-plated on PAF plates and the remaining volume was SYBR/PI stained and analysed with FCM 
(time zero). Then, the suspensions were split in two, whereby one part was incubated on a rotary shaker (300 rpm, 
room temperature) (broken lines) and the other part was left undisturbed (solid lines). At different time points, 
subsamples of each culture were taken and immediately spread-plated and counted with FCM. 

 

Bacteria behaved differently over time in the samples that were shaken (Fig. 4.6). In 1% LB, 

FCM counts were identical to the undisturbed sample during the first 90 min, but then growth 

was slower in the shaken samples. Plate counts of shaken LB samples remained identical to the 

nonshaken samples for 3.5 hours before growth also slowed in the shaken samples. In milliQ, 

both plate counts and FCM counts dropped immediately. At first, plate counts were also in the 

shaken sample higher than FCM counts, but differences were smaller. Plate counts dropped 

faster and no growth was observed after six hours; also live FCM counts were so low at that 

time point that they could be considered zero. FCM counts in PBS decreased much faster in the 

shaken samples compared to the undisturbed samples. Plate counts in PBS were low from time 

zero, but also decreased faster in the shaken sample and would probably have dropped to zero 

after another hour. 
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In short, agitation has an effect on P. cichorii viability in milliQ and PBS, which is most 

pronounced in the evolution of plate counts; in 1% LB, bacteria are still able to multiply when 

shaken. 

It thus seems that shaking at 300 rpm for six hours is enough to make P. cichorii almost 

completely disappear in medium without nutrients. Bacteria in 1% LB are able to grow while 

shaken, although slower than the undisturbed culture. In all undisturbed cultures, there is an 

initial increase, and after a few hours cell counts stabilize in nutrient-poor media. This is in 

accordance with previous experiments, where we found that P. cichorii could survive in 

phosphate buffer incubated at 28 °C or 4°C for more than 130 days without losing viability or 

culturability (not shown). 

4.3.2. COMPARISON WITH OTHER BACTERIA 

The question arose whether other pseudomonads behaved similarly when they were 

centrifuged. Therefore we compared P. cichorii to five other pseudomonads, E. coli and R. 

solanacearum before and after centrifugation in milliQ and 1% LB (Fig. 4.7). P. aeruginosa and 

E. coli in 1% LB behaved very similar to P. cichorii in the same buffer. However, in milliQ the 

story was different: P. aeruginosa plate counts in milliQ were twice as high and average 

recovery according to plating was around 110%, indicating the bacteria had multiplied. Also E. 

coli survived better in milliQ, with an average plate count recovery of 80%. P. fluorescens 

survival after centrifugation was low both in milliQ as in LB, but recovery was also higher in 

milliQ. P. syringae and R. solanacearum behaved most similar to P. cichorii and survived better 

in 1% LB. What happened with P. tolaasii was comparable to the behaviour of P. aeruginosa: 

plate counts in LB were very similar and survival after centrifugation in this buffer was low. 

Survival of P. tolaasii in milliQ was much better. P. viridiflava survived centrifugation perfectly 

in LB according to plate counts, but survival in milliQ was worse. 

Interestingly, the P. syringae and P. viridiflava strain, which are most closely related to P. 

cichorii, also showed the most similar response to 1% LB as well as the waterborne R. 

solanacearum. The P. tolaasii-like strain, E. coli K12 and the P. aeruginosa strain also behave 

alike, although none of those strains are closely related. Both strains have an excellent plate 

count recovery in milliQ.  
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Nevertheless we can conclude that the response of P. cichorii to centrifugation and the effect of 

1% LB on this behaviour is not the same for all bacteria, but medium constitution during 

centrifugation has an important impact on cell recovery. 

 

 

Figure 4.7. Effect of Pseudomonas strain on recovery after centrifugation in 1% LB and milliQ. Bacterial 
suspensions were prepared in 10 ml of milliQ with or without 1% LB; subsamples of 2 ml were taken and the 
remaining 8 ml was centrifuged (3 000 g, 10 min, 4°C); pellets and supernatant were mixed again by vortexing for 1 
min and again subsamples of 2 ml were taken. An aliquot of each subsample was spread plated on PAF plates. FCM 
data were not included, as optimal staining conditions may differ between the bacterial strains. Bars represent the 
average of 3 independent replicates ± SD.  
 

4.3.3. ROLE OF HYDROGEN PEROXIDE 

Sequencing showed that P. cichorii has LodA genes that code for lysine Y oxidase, an enzyme 

that enables the cell to produce hydrogen peroxide out of endogenous lysine to induce an 

apoptotic reaction (Pauwelyn, personal communication). Further, P. cichorii can also 

decompose its own cell membrane by production of murein hydrolase and it is likely that those 

two processes are related. To test whether hydrogen peroxide was involved in the 

disappearance of P. cichorii, medium with and without catalase was compared. However, 
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catalase was highly fluorescent after SYBR/PI staining and interfered too much with the FCM 

measurements to guarantee correct cell counts. Therefore, FCM counts were not included in 

the results. Also a LysA mutant, unable to produce lysine, was included in the experiment (Fig. 

4.8). 

 

 

Figure 4.8. Effect of LysA mutation and presence of catalase on plate count and PCR recovery of P. cichorii in milliQ 
and 1% LB. 
Bacterial suspensions of the wild type and mutant strain were prepared in 10 ml of milliQ with or without 1% LB 
and/or catalase; subsamples of 3 ml were taken and the remaining 7 ml was centrifuged (3 000 g, 10 min, 4°C); 
pellets and supernatant were mixed again by vortexing for 1 min and again subsamples of 3 ml were taken. An 
aliquot of each subsample was spread-plated on PAF. Aliquots of 1 ml were spun down (10 000 g, 10 min, 4°C) and 
pellets were kept at -20°C until PCR was performed. Bars represent the average of three independent replicates ± 
SD. FCM data were not included, because catalase interfered with FCM measurements. For samples indicated with 
*, PCR data had a Ct value >35 and were therefore considered to be negative for P. cichorii. 

 

Addition of catalase to a wild type P. cichorii strain in milliQ did increase plate count recovery to 

50%. Similar recoveries were obtained with the LysA mutant in milliQ. In LB, recovery of the 

wild type was around 60%, but when catalase was added to LB, plate count recovery increased 

to over 70%. In LB, the LysA mutant had a plate count recovery of over 90%. PCR recovery of 

the LysA mutant in 1% LB was significantly higher compared to the wild type in 1% LB. But PCR 

recovery often showed high standard deviations, especially in the milliQ samples. For the 

W
T

 M
Q

W
T

 M
Q

+
c
a
ta

la
s
e

L
ys

A
 M

Q

W
T

 L
B

W
T

 L
B

+
c
a
ta

la
s
e

ly
s
A

 L
B

%
 r

e
c
o
v
e
ry

 a
ft

e
r 

c
e
n
tr

if
u
g
a
ti
o
n

0

20

40

60

80

100
plate count recovery 

PCR recovery 

* * 



Mechanical stress and medium composition influence cell death and autolysis in Pseudomonas cichorii 

151 

samples with milliQ and catalase and the samples containing the LysA mutant in milliQ, Ct 

values of the PCR reaction were higher than 35, which means that the number of P. cichorii 

genome copies equals zero. In all samples, PCR values were never significantly higher than FCM 

(not shown) or plate counts. This proves that P. cichorii has indeed completely lysed. The fact 

that PCR results were lower than expected may be explained by the extra centrifugation step 

necessary to concentrate and pellet the samples before PCR. 

In conclusion, both the 1% LB and the inhibition of H2O2 production seem to be necessary for 

complete survival of P. cichorii during the centrifugation process.  

4.4. DISCUSSION 

In the first chapter, we stressed the importance of single-cell analysis to look at bacteria as 

genotypically and phenotypically unique individuals and not as a clonal population. This 

uniqueness allows bacteria to transcend their existence as free-living single cells and organise 

themselves into a biofilm, of which the behaviour is comparable to that of a multi-cellular 

organism. This implicates that the fate of the individual cell becomes inferior to the fate of the 

community and subpopulations of the biofilm can be sacrificed for the benefit of the survivors. 

Therefore, when looking at single-cells, their behaviour may seem uncommon, but seen against 

the bigger picture of a community, it can make perfect sense. Multiple studies indicate that 

processes such as apoptosis and autolysis, although detrimental for the single organism, are 

essential for the forming, survival and spreading of the biofilm and show many parallels with 

apoptosis in eukaryotic organisms (Bayles, 2007; Ma et al., 2009; Mai-Prochnow et al., 2008). 

 

From our results, it is clear that centrifugation triggers a process in P. cichorii that rapidly leads 

to unexpected cell losses, without markedly increasing the number of membrane-compromised 

cells. This lack of PI-stained cells could theoretically have three different reasons: (i) cells were 

killed without loss of membrane integrity and are thus stained as viable; (ii) cells were killed 

with loss of membrane integrity, but nucleic acid is too damaged to allow bright enough 

staining for detection; (iii) cells were killed and completely lysed, leaving nothing large enough 

to be distinguished from the noise. Reasons (i) and (ii) are both described phenomena for 

apoptotic cells, while reason (iii) could be either a late stage of apoptosis, a combination of 
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apoptosis followed by lysis, or cell death and lysis by a mechanism different from apoptosis 

(Darzynkiewicz et al., 1992; Ning et al., 2002; Raju et al., 2006).  

The presence of catalase had a positive effect on cell recovery compared to cells in the same 

medium without catalase. Also the LysA mutant showed improved survival compared to the 

wild type, indicating apoptosis by H2O2 is involved. The LysA mutant strain in 1% LB resulted in 

the best recovery. This indicates that besides H2O2 another factor, influenced by nutrient 

conditions, is involved in the rapid killing and lysis of the cells. Furthermore, the PCR counts 

were never significantly higher than FCM counts, indicating that the DNA of the bacteria is 

either too damaged to be amplified in the PCR reaction or completely lysed. This confirms the 

complete disappearance observed with FCM. 

Oxidative stress, such as caused by reactive oxygen species, can alter DNA structure and 

prevent binding of fluorochromes to DNA, thus causing a decrease in both fluorescence 

intensity and fluorescence wavelength (Saby et al., 1997). Apoptosis and H2O2 can also cause 

extensive DNA damage, but this process normally takes at least six to twelve hours (Regev-

Yochay et al., 2007). The speed at which this extensive DNA damage occurs strongly indicates 

an active lysis process instead of only oxidative damage. Cell death by both lytic and non-lytic 

mechanisms was also found in Pneumococci after antibiotics treatment (Moreillon et al., 1990). 

 

Lysis in P. cichorii probably occurs under the influence of murein hydrolases, which are known 

to be triggered by factors such as decreased membrane potential, increased cellular pH or 

disruption of the membrane (Bayles, 2007). Also nutritional stress is known to trigger rapid cell 

death and lysis in Xanthomonas (Raju et al., 2006). But, as P. cichorii is able to survive and stay 

culturable for over 100 days under complete nutrient starvation, nutrient stress can be 

excluded as primary trigger for cell death and lysis.  

In the case of P. cichorii, agitation and centrifugation are clearly the trigger for the lysis process. 

Maybe, such a cell disturbance is unknown to the bacteria in their natural environment, or 

disturbance of the water is a trigger for biofilm release as released bacteria could then be 

spread by the water flow. 

 

Significant and inexplicable lower recovery with centrifugation speeds above 3 000 g was also 

reported by Dos Santos Furtado and Casper (2000) for communities of freshwater bacteria. Also 

Boulanger and Edelstein (1995) found low and variable recovery rates after centrifugation of 
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water samples spiked with Legionella pneumophila. However in their case, higher 

centrifugation speeds gave better but still low results. Hewitt et al (1998) showed that in a 

bioreactor agitated at 1 200 rpm, the outer polysaccharide layer of E. coli cells could be 

stripped away by the mechanical stress. However, this did not affect cell viability. These are the 

only reports we found describing effects of centrifugation on bacterial viability and none of 

these authors could explain the low recovery. As far as we know, immediate lysis of bacteria 

following agitation at 300 rpm or centrifugation at 3 000 g, have never been described before.  

Apparently, P. cichorii is an extremely mechanosensitive bacterium. Under agitated conditions 

(300 rpm), cells undergo rapid lysis in buffers without nutrients, but are still able to grow in 1% 

LB. After centrifugation, cell loss is partially but not completely reduced by 1% LB. It hence 

seems that nutrients, even in low concentrations, are somehow able to overcome ‘mild’ stress, 

such as shaking, but cannot completely counteract the ‘severe’ stress caused by centrifuging.  

 

We think that shaking and centrifuging cause sublethal injury to the cells, probably by cell 

membrane disruptions. This is reflected by the often higher live FCM counts compared to plate 

counts after stress, which indicate a population of bacteria that is alive but unable to grow. 

When injury is limited and nutrients are present, the damage can be repaired and the organism 

remains viable and can regain its culturability. When injury is too severe and/or nutrients are 

too limited, repair of the damaged cell is too costly for the community and hence the cell is 

lysed and its nutrients are used by the survivors. This hypothesis is supported by the findings of 

Jernaes and Steen (1994), who noticed a markedly different result of the effect of cold shock on 

E. coli cells in buffer compared to LB medium. Cells in LB were found to be able to immediately 

restore from the permeabilising effects of cold shock, something they were unable to do in 

buffer without nutrients.  

 

When comparing different Pseudomonas strains, it is striking that the closely related P. cichorii, 

P. syringae and P. viridiflava survive best in 1% LB. Also the waterborne R. solanacearum 

survived better in the presence of nutrients. The other tested bacteria give better results in 

milliQ. It hence seems that centrifugation does have an effect on all tested bacteria, but not as 

pronounced in all strains. The medium in which bacteria are centrifuged also seems to have an 

unexpectedly big impact on cell recovery.  
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When comparing the effect of different media, we noticed, besides the effect of 1% LB or 1% 

TB, two remarkable things. Firstly, minimal medium or glucose had no beneficial effect. This is 

not surprising, as excess glucose concentrations (≥10 g l-1) are known to induce autolysis in 

Mycobacterium tuberculosis, although this effect was only visible after several days (Bowman 

and Redmond, 1956). Interestingly, avirulent M. tuberculosis stains showed no or reduced 

autolysis, which again indicates the ability to lyse gives bacteria a certain advantage.  

Another noteworthy observation was that the P. cichorii cells killed by the staining buffer 

showed a rather high recovery, indicating that no or less lysis occurred in cells that were 

‘normally’ killed before centrifugation. 

 

The huge effect of 1% LB, which in fact consists of very small concentrations of yeast extract, 

tryptone and salt, is probably related to the water-borne nature of P. cichorii. Bussmann et al. 

(2001) found that culturability of lake water bacteria was optimal in organic substrate 

concentrations of 0.03%-0.06%, with significantly lower counts at both higher and lower 

substrate concentrations. The occurrence of sublethally injured cells and enormous differences 

in recovery depending on the growth medium constitution were also observed on heat-treated 

Salmonella by Nebe-von-Caron et al. (2000). The best recovery was obtained in a medium 

based on buffered peptone water, that protected cells from oxidative stress. A similar 

observation was made by Lebaron et al. (1998a) for starved SYTOX green-stained bacteria. 

Buffered peptone water is also known to significantly increase recovery of stressed E. coli cells 

(Drysdale et al., 2004). These findings, together with our findings that the effect of 1% LB could 

not be attributed to one of its components, nor to the known osmoprotectants proline and 

glycine, support the sublethal injury theory.  

Nutrients seem to play an important role in the survival of P. cichorii under stress and eliminate 

the extreme sensitivity to pH or salt, probably by allowing repair of the sublethally damaged 

cells. The concentration, proportion or source of nutrients does not seem to have much 

influence. Bartscht et al. (1999) compared different media for the culturing of lake water 

bacteria and found that both tested media containing YPG (yeast extract, peptone and glucose) 

were significantly better than the standard R2A medium and gave the best overall recovery for 

different water sampling periods. Moreover, the concentration of the components did not 

influence recovery. The same authors also observed a negative effect of phosphate in recovery 

media (Bartscht et al., 1999). In contrast, Mukamolova et al. (1998) found that the number of 
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starved Micrococcus luteus cells that could be resuscitated strongly depended on the 

concentration of yeast extract in het medium. Moreover, the optimal concentration depended 

on the age of the culture, and yeast extract concentrations higher than 0.05% increased cell 

membrane permeability. Strangely, in our observations, plate counts before centrifugation 

were often higher in media without nutrients. And also in the experiment where we monitored 

growth over time without disturbance, the growth rate in the first 90 min was high in nutrient-

poor media. 

 

Injured cells may be more sensitive to their environment than non injured cells, and may 

require very specific nutritional conditions. For example De Spiegeleer et al. (2004) 

demonstrated a difference in stress resistance of E. coli, depending on the brand of tryptone 

used for the preparation of LB medium. The deleterious effect of low salt concentrations or 

certain pH values on the survival of P. cichorii may be also attributed to increased culture 

medium sensitivity of sublethally injured bacteria. NaCl is known to induce autolysis, for 

example, Yabu and Kaneda (1995) showed that 0.3 M NaCl could induce autolysis in 

exponentially growing cultures of Staphylococcus aureus. However, we found an effect of 1.7 

mM NaCl when centrifuging P. cichorii , while the same salt concentration had a beneficial 

effect on P. cichorii survival when yeast extract and tryptone were also present. Böckmann et 

al. (2003) showed that NaCl is able to alter both structural and dynamical properties of a 

neutral lipid bilayer to a previously unexpected extent and found effects starting from 10 mM. 

Maybe sublethally damaged cells become extremely sensitive to the presence of salt or salt 

increases the damage and switches on autolysis enzymes. Murein hydrolases are also known to 

be switched on when intracellular pH alters or efflux mechanisms fail (Rice and Bayles, 2003). 

Still, it remains unclear why a pH of 7.5, which is a natural pH for P. cichorii, has an apparent 

negative effect on survival. pH stress can result in the formation of reactive oxygen species and 

interfere with membrane integrity, but this effect is only visible at extreme pH values (Baatout 

et al., 2007). The differences in stainability at different pH are easier to explain, with SYBR 

having an optimal staining pH of 8 and E. coli having a well-described efflux mechanism for 

ethidium bromide, which is believed to be driven by the electrochemical potential across the 

membrane and can be influenced by pH (Jernaes and Steen, 1994).  
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4.5. CONCLUSION 

P. cichorii is able to produce H2O2 out of endogenous lysine and possesses several murein 

hydrolase genes targeting its own cell wall. Both the ability to commit apoptosis and autolysis 

probably have an important role in biofilm formation and virulence of bacteria. Agitation or 

centrifugation cause stress in P. cichorii and can trigger both apoptosis and autolysis. In the 

presence of 1% LB, P. cichorii cells are better able to survive mechanical stress. However, both 

nutrients and catalase are necessary for complete survival of the centrifugation procedure. We 

think that centrifugation causes apoptosis as well as sublethal membrane damage. This 

sublethal damage will only be repaired in the presence of nutrients and if it is not too severe. In 

the other cases, autolysis will be induced and the cell will sacrifice itself for the well-being of 

the community. 

Such an extreme reaction to quite normal laboratory procedures has never been reported 

before, but may have been overlooked or attributed to other causes. In fact, research on P. 

cichorii has been going on for a few decades now, without anyone noticing the extreme 

sensitivity of the bacteria to mechanical stress. It was only by flow cytometry that we 

discovered the unusual absence of dead bacteria compared to the low numbers of living 

bacteria after centrifugation. The combination of plate counts, FCM and PCR gave further 

insight into the peculiar behaviour of P. cichorii and the factors influencing it. The speed at 

which apoptosis and autolysis seem to occur in P. cichorii is extraordinary, but Kiba et al. (2006) 

also found that P. cichorii is able to cause symptoms in lettuce very fast after its inoculation into 

the plant. When comparing other Pseudomonas strains, we saw that strains closely related to P. 

cichorii also showed improved resistance to centrifugation in 1% LB. Other pseudomonads, in 

contrast, survived better in pure milliQ water.  

Our results certainly generated some questions about the impact of ‘standard’ lab procedures 

on bacterial survival. Further research has to reveal the mechanisms involved, which will help 

to identify other bacteria that may behave in a similar way, as well as optimal conditions to 

work with such bacteria. Meanwhile, we think it is advisable to carefully monitor the impact of 

centrifugation and agitation steps for each individual bacterial strain before assuming that the 

concentration determined at the beginning of an experiment is still the same at the end. 
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5.1. INTRODUCTION 

In this thesis we focused on applications of FCM for bacterial detection and viability, taking P. 

cichorii as a model. However, as discussed in the first chapter, flow cytometry can be used for 

the detection and physiological status assessment of multiple other pathogens. The knowledge 

and experience obtained with P. cichorii lead to the development of some other applications on 

plant pathogens. In this chapter, we discuss some of those preliminary tests to show the 

potential of FCM.  

Another very interesting application of FCM is genome size determination of plant pathogenic 

fungi and oomycetes. We helped other researchers to develop and optimize FCM protocols for 

their specific application. We show some examples out of the work of Vercauteren et al. (2011), 

Bertier et al. (unpublished) and Debode et al. (unpublished), which illustrate the value of FCM 

in the characterisation of oomycetes and fungi.  

5.2. DETECTION AND VIABILITY 

5.2.1. MONITORING OF WATER TREATMENT 

As mentioned before in this thesis, FCM is increasingly used to monitor wastewater and 

drinking water treatment. But good water purity and/or effective disinfection is also important 

for plant health. Therefore, FCM can have valuable applications for the detection of microbial 

contamination in hydroculture-based systems or as a means to control the efficacy of irrigation 

or recirculation water disinfection. Figure 5.1 shows an example of changes in microbial water 

constitution throughout a purification process. In the untreated water sample (pond water), 

more than 80% of the organisms were alive (Fig. 5.1 A, FL1/FL3 dot plot). Furthermore, the 

untreated sample showed a wide variety of cell sizes, as can be seen on the FSC/SSC dot plot of 

Fig. 5.1 A. These populations with high scatter, also visible in gate R3 on the FL1/SSC dot plot, 

probably originated from bacterial clusters or eukaryotic cells, such as algae, fungi and 

oomycetes. When looking at Fig. 5.1 B, which is the same water after coagulation, flocculation 

and filtration steps (sand filter and active charcoal filter), half of the clusters in gate R3 had 

disappeared. This indicates that filtration was also quite effective in removing micrometer-sized 
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particles. However, the number of live bacteria in this sample (Fig. 5.1 B, FL1/FL3 dot plot) was 

almost twice as high as in the untreated sample, although the live/dead proportion had not 

changed. Spread-plating the water showed a very dominant population of fluorescent 

pseudomonads only in the filtered water, indicating that pseudomonads colonised one of the 

filters. FCM also showed that after chlorination, 2% of the bacteria was still alive (Fig. 5.1 C), 

indicating that chlorine concentration was too low for complete disinfection (0.4 mg active 

chlorine l-1, 30 min after application). 

 

 

Figure 5.1. FCM monitoring of a water purification system.  
Images show tenfold diluted SYBR/PI stained pond water before treatment (A), after coagulation, flocculation and 
filtration steps (B) and after chlorine treatment (C). Gates R1: live organisms; R2: dead organsims; R3 large 
organisms or clusters. 
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Figure 5.2. FCM monitoring of potting soil disinfection and colonization.  
A soil mixture was left untreated (A), heat treated (60°C, 72h) (B), or autoclaved and left in a closed bag at 4°C for 
10 days (C). For each treatment, 1 g of soil was dissolved in 10 ml milliQ water and vortexed vigorously; 1 ml of this 
mixture was treated according to the protocol described by Unge et al. (1999), using Percoll gradient 
centrifugation (10 000 g, 15 min, 4°C) to separate bacteria from soil extract. Outputs show hundredfold diluted 
SYBR/PI stained extracted organisms. Gates R1: live organisms; R2: dead organisms; R3: intermediate organisms 
are the same as used in Chapter 4. 
 

5.2.2. MONITORING OF SOIL DISINFECTION AND COLONIZATION 

In a broader view, the same principles could be applied to monitor soil, seed and plant 

disinfection and colonization. Figure 5.2 shows the effect of different treatments on the 

microbial constitution of potting soil. In the untreated sample (Fig 5.2 A), 27 106 living 

organisms per gram of soil were found, while after heat treatment (Fig 5.2 B), virtually no living 

microorganisms were present. Interestingly, in the autoclaved sample that was stored for 10 

days, 3 106 living organisms were present. The live bacteria gate (R1) of Fig. 5.2 C shows two 



Chapter 5 

162 

distinct clusters with a pattern that is typical for an eukaryotic organism. As the autoclaved soil 

was not handled under sterile conditions and put in a non-sterile but closed bag, it is likely that 

a yeast or fungus recolonized the sterile soil. 

5.2.3. VIRUS DETECTION 

One of the problems we encountered during development of the IMS-FCM method for P. 

cichorii was the detachment of the bead-bacteria complexes. We expected that this problem 

would not, or less, occur with bead-virus complexes as viruses are much smaller and shear 

forces will decrease when using smaller beads or smaller target organisms (Smith et al., 2011). 

Hence we wanted to test if our bead system could also be used for virus detection. The method 

we intended was based on the principle of a DAS-ELISA, whereby the beads would be coated 

with primary antibody against the virus, then incubated with the virus and, after washing, with 

a fluorescently labeled secondary antibody. Unfortunately, all commercially available secondary 

antibodies against plant viruses are intended for conventional ELISA and thus AP-conjugated. As 

we were unable to obtain fluorescently labeled antibody, we decided to try direct SYBR staining 

of the cucumber mosaic virus (CMV), although the expected fluorescence intensity was low. 

But, despite the suboptimal system, sensitive FCM detection was possible (Fig. 5.3). Single 

beads were identified on the SSC/FSC dot plot by the gate R1; only particles appearing in this 

gate are shown on the FL1 histogram and the FL1/FSC dot plot. On the FL1 histogram, two 

region gates were defined: a region RN1 with low fluorescence intensity, where we expected 

the unbound beads, and a region RN2 with higher fluorescence intensity, where we expected 

the bead-virus complexes. A logical gate G1= R1 AND RN2 was defined to enumerate single 

beads with high green fluorescence. Colour gating was applied to make unbound beads appear 

blue and virus-bound beads appear green on the dot plots. 

Figure 5.3 A shows outputs of beads incubated without any virus, but stained with SYBR. As can 

be seen on the FL1 histogram, they form a quite sharp peak within the RN1 gate and a well-

defined blue cluster on the FL1/FSC dot plot. Only 1.2 102 particles sample-1 were counted by 

G1. When looking at Fig. 5.3 B, where 0.7 µl of the positive control was added to the same 

amount of beads, it is clear that the peak on the FL1 histogram is broader and has shifted to the 

right. Also on the FL1/FSC dot plot (Fig. 5.3 B), a green population with higher fluorescence 

appeared on the right of the blue population and already 9 102 bead-virus complexes were 
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counted in this sample. In Fig. 5.3 C, where 7 µl positive control was added, the population in 

gate R1 was almost completely green and 16 102 bead-virus complexes were counted. Also on 

the FL1 histogram (Fig. 5.3 C), the green peak clearly appeared in region RN2. The FL1/FSC dot 

plot shows a broad green population, caused by different amounts of virus bound to the beads. 

 

 

Figure 5.3. Detection of cucumber mosaic virus with immunomagnetic Compel beads and SYBR staining. 
Compel beads were coated with coating antibody against CMV (BQ support, Lisse, the Netherlands) as described in 
Chapter 2, and 25 10

4
 beads were incubated with or without positive control (BQ support, Lisse, the Netherlands) 

in a total volume of 200 µl on a test tube rotator in the dark for two hours at 37 °C. Samples were washed once, 
stained with SYBR and incubated again for 2 h at 37 °C. After a final wash, 50 µl per sample was added to 950 µl of 
milliQ and measured with FCM. Measurements were performed with trigger on SSC; gates R1: single beads (blue), 
RN1: expected green fluorescence of unbound beads, RN2: expected green fluorescence of bound beads, G1= R1 
AND RN2: bead-virus complexes (green), indicated with arrows on the FL1/FSC dot plot. 
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The recommended concentration of positive control for ELISA testing is 20 µl (BQ support, 

product information). As we obtained a very clear positive signal with 7 µl and even a significant 

amount of bead-virus complexes with only 0.7 µl positive control, we can conclude that our 

method is very sensitive. Although, we cannot see and thus not enumerate the unbound virus 

particles, the apparent high sensitivity indeed indicates a strong bead-virus binding. 

 

Given that these were just preliminary tests, and even brighter fluorescence is expected with 

fluorescently labeled antibodies, there is a clear potential for IMS-FCM based (plant) virus 

detection. More examples about bead-based detection of plant pathogenic viruses are given in 

Chapter 1. 

5.3. GENOME SIZE 

Genome size determination of fungi and oomycetes can be performed in a very similar way as 

with plants. The most important conditions for reliable FCM on these organisms are given in 

Chapter 1. All measurements described below were performed using the ‘Cystain PI absolute P’ 

kit for nuclei extraction and DNA staining of nuclear DNA from plant tissues (Partec, Münster, 

Germany). Sample preparation was performed according to the kit protocol, with overnight 

incubation of the stained samples at 4°C, as this improved staining. Raphanus sativus (2C=1.11 

pg) leaf material was chosen as an internal standard (Doležel et al., 1992). The optimal amount 

of mycelium was determined to obtain similar peak sizes as those of the standard.  

5.3.1. PHYTOPHTHORA 

Since the description of Phytophthora infestans, the causal agent of the Irish potato famine in 

the 1850’s, the number of Phytophthora species has grown exponentially. Nowadays more than 

100 different Phytophthora species are known to exist, and nearly all of them are plant 

pathogens. An extensive phylogenetic study has divided the genus into 10 well-supported 

clades. Phytophthora species are known for their genomic instability: during sexual 

reproduction, irregularities frequently occur and progenies are often reported to be mitotically 

unstable. Also heterokaryotic mycelium frequently occurs (Catal et al., 2010; Vercauteren et al., 
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2011). These genetic irregularities are a means for the pathogen to adapt to changing 

conditions.  

Flow cytometry allows to rapidly screen for differences in ploidy levels, variations in genome 

size and the occurrence of heterokaryons (Catal et al., 2010). This can give valuable information 

about the evolution and adaptation process of Oomycota. Moreover, other techniques, such as 

genome analysis, PCR and sequencing do not always allow to see these differences. An 

alternative for FCM to see ploidy differences would be chromosome counting, but this is much 

slower and very difficult for fungi and oomycetes, as chromosomes are often too small for 

microscopy, but too large for gel electrophoresis.  

5.3.1.1. PHYTOPHTHORA RAMORUM 

Vercauteren et al. (2011) genetically characterized the single-oospore progeny of in vitro 

crosses between a European A1 and a North American or European A2 isolate of Phytophthora 

ramorum, the causal agent of Sudden Oak Death. Flow cytometric analysis revealed no 

significant differences in genome size between the three parental isolates (Vercauteren et al., 

2011). This uniformity of DNA content between genetically distinct and geographically 

separated isolates confirms the clonal reproduction of P. ramorum in nature. However, when 

sexual crosses were made in vitro, 35% of all characterized progenies had a genome size larger 

than that of the parents and none had a significantly smaller genome size (Vercauteren et al., 

2011).  

5.3.1.2. PHYTOPHTHORA PORRI 

Bertier et al. (in preparation) researched the occurrence, genetic diversity and host adaptation 

of Phytophthora clade 8b species. These are a group of slow growing, homothallic and cold-

tolerant species that are found on a range of winter-grown crops in temperate regions. They 

found by multilocus sequencing that, next to the three officially described species (P. porri, P. 

primulae and P. brassicae), clade 8b contains several other distinct genotypes that are still 

undescribed.  

FCM analysis of 24 P. porri isolates with identical AFLP profiles (Declercq et al., 2010) did not 

result in identical genome sizes: 16 isolates had a diplophasic (d) genome size of 2dC= 0.281 pg, 

5 isolates had a genome size of 2dC= 0.137 pg (Fig. 5.4) and three had an aberrant genome size, 

one of which was heterokaryotic (Bertier et al., in preparation). P. ramorum, a clade 8c species 
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highly related to clade 8b, has a genome size of 2C= 0.146 pg, which is in the same range as the 

‘small’ P. porri isolates (Vercauteren et al., 2011). The combination of these findings made 

Bertier et al. hypothesize that most P. porri isolates are autopolyploid. 

Furthermore, FCM showed that almost all Phytophthora species of clade 8b analyzed thus far 

have a genome size between 0.26 and 0.40 pg/2dC, indicating a polyploid nature of the whole 

clade. Moreover, the frequent occurrence of heterokaryosis in this clade and the clear 

correlation between genome size and the number of dimorphisms in the ITS (internal 

transcribed spacer) region indicates the formation of instable allopolyploid hybrids (Bertier et 

al., in preparation). As many hybrids were isolated from different hosts than the parental 

isolates, these data suggest that interspecific hybridization can be a means of creating 

adaptation to new hosts in Phytophthora and can give rise to the creation of new species. 

 

 

Figure 5.4. Genome size determination on the mycelium of two different Phytophthora porri isolates with 
Raphanus sativus ‘Saxa’ (2C=1.1 pg) as an internal standard.  
Logarithmic histogram with ‘diploid’ P. porri G1 peak (Pp1) at position 11.9 and R. sativus G1 peak (Rs1) at position 
96.5, resulting in a 2

d
C genome size of 0.137 pg (A); histogram with ‘tetraploid’ P. porri G1 peak (Pp1) at position 

24.5 and R. sativus G1 peak (Rs1) at position 96.5, resulting in a 2
d
C genome size of 0.282 pg (B); overlay of 

histograms (A) and (B), showing coinciding R. sativus peaks, but different genome sizes (C).  
 

5.3.2. COLLETOTRICHUM 

Debode et al. (2009) estimated the genome size of the fungal strawberry pathogen 

Colletotrichum acutatum using the linear regression curves from the real-time PCR analysis of 

genomic DNA and cloned plasmid DNA of β-tubulin sequences. They found a genome size of 

1C= 60.0 Mb, which is much larger than the 1C genome size of 29.4-37.5 Mb estimated by 

Garrido et al. (2009) by pulsed field gel electrophoresis (PFGE) and larger than the genome size 

estimate of 48-50 Mbp for C. graminicola using DNA reassociation kinetics (Randhir and Hanau, 



Other applications of flow cytometry in plant pathology 

167 

1997). However, flow cytometry of C. acutatum indicated a haplophasic (h) genome size of 1hC= 

0.077 ± 0.003 pg or 75 ± 3 Mbp (Fig. 5.5), which is 25% larger than the real-time PCR estimate 

(Debode et al., unpublished).  

The real-time PCR method (Wilhelm et al., 2003) has been used to estimate genome sizes of 

several eukaryotes thus far. However, comparisons with estimates using other methods often 

produced different genome size values. Reasons for the discrepancies remain unclear and the 

PCR technique has not yet been thoroughly compared with other methods to estimate genome 

sizes. In their review, Bennett and Leitch (2011) give an overview of genome size estimates on 

fungi, insects, mammals, fish and diatoms that were performed both by PCR and by other 

techniques. Especially FCM values are usually larger than those obtained by real time PCR and 

differences up to 305% have been found between both methods. So far, genome sizes obtained 

with PCR correlate best with sequencing data, and sequencing is known to underestimate true 

genome sizes by 25% (Bennett et al., 2003). 

 

 

Figure 5.5. Genome size determination on Colletotrichum acutatum mycelium with Raphanus sativus ‘Saxa’ 
(2C=1.1 pg) as an internal standard. Logarithmic histogram with C. acutatum G1 peak (Ca1) at position 3.9 and R. 
sativus G1 peak (Rs1) at position 60.0, resulting in a 1

h
C genome size of 0.074 pg.  

 

Furthermore, FCM data of C. acutatum did not show large genome size variations, but usually 

showed two or three Colletotrichum peaks with variable proportions (Debode et al., 

unpublished). The first, ‘haploid’ peak was seldom the largest one (Fig. 5.5), which again 

indicates the occurrence of heterokaryosis. Heterokaryon formation as well as the creation of 

heterozygous diploids by nuclear fusion in the heterokaryon has been described before in other 
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Colletotrichum species as a means to generate genetic variability and restore deficient genomes 

(Castro-Prado et al., 2007). However, further research is necessary to confirm the preliminary 

results shown here. 

5.4. CONCLUSION 

Flow cytometry is a knowledge-intensive technique that requires a high level of training and 

experience. But, once this level of expertise is reached for a few specific applications, it can be 

broadened to multiple other applications without much additional effort. 

In this chapter we showed that the experience obtained on viability staining and specific 

detection of P. cichorii is easily translated to promising applications for other matrices and 

pathogens. The bead system developed for P. cichorii detection can, with some minor 

modifications, be transformed into a sensitive method for virus detection. Sample 

pretreatment developed for irrigation water as well as staining conditions and instrument 

settings for viability determination on P. cichorii can be used to monitor efficiency of water or 

soil disinfection, or colonization of sterile soil. Combining the extensive experience on plant 

genome size analysis in our lab with the newly acquired knowledge on microbial flow cytometry 

allowed sensitive estimation of fungal and oomycotal genome sizes and helped other 

researchers to better understand fungal/oomycotal genetics. Multiple other matrices, 

organisms and applications await to be explored. 
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6.1. GENERAL CONCLUSIONS 

Despite its multiple and still increasing use in other sectors, FCM is an undervalued and scarcely 

used technique in plant pathology. We explored the possibilities of flow cytometry in plant 

pathology, taking the waterborne bacterial plant pathogen Pseudomonas cichorii as a model.  

Bacteria are small in cell as well as in genome size and therefore, it is not always easy to 

separate them from instrument noise. Fluorescent staining improves bacterial discrimination, 

but the choice of the right stain is important. Especially for environmental bacteria, bright 

stains with good water solubility, high quantum yield, high DNA specificity and low background 

fluorescence are important. Further, the optimal pH range of the dye should fit the application, 

as suboptimal pH can significantly influence fluorescence intensity. When combining stains, 

fluorescence intensities of the different dyes at the detection wavelengths used, should be 

compared not only in relative but also in absolute values. This enables the user to take 

advantage of fluorescent spill-over and use the shared wavelength as the triggering parameter. 

Triggering on fluorescence excludes much noise, improves discrimination between the different 

populations and results in higher and more reliable bacterial counts. In this way, low bacterial 

concentrations can be detected with FCM and a good accordance between live counts and 

plate counts can be obtained when membrane integrity is used as viability criterion. 

 

The combination of bead-based FCM detection and viability staining of the target cells has 

seldom been tried. The presence of live/dead stained bacteria, beads, and bead-bacteria 

complexes gives rise to five different populations on the outputs. Using fluorescent beads or a 

fluorescent antibody label in addition, complicates outputs too much for correct interpretation. 

Furthermore, common components of blocking buffers can cause artefacts after live/dead 

staining and should be avoided when sensitive detection is required. The influence of noise and 

staining artefacts can also be excluded by counting bead-bacteria complexes using logical gates 

and hence combining different parameters. 

Magnetic beads were chosen to combine specific detection with sample purification by IMS. 

Different magnetic bead systems were tested and the best results were obtained using Compel 

2.6 µm carboxylated non-fluorescent paramagnetic beads. FCM analysis of these relatively 

large magnetic beads could be performed without flow distortion. However, the magnetic 
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beads have the tendency to aggregate and form visible clusters that are also a cause of noise on 

the outputs. Furthermore, many bead-bacteria complexes detach during measurement, 

probably due to high shear forces. Besides bead size, bead coating, incubation and washing 

protocols also have an influence on binding percentage and detachment. Sensitivity testing of 

our IMS method showed that in 1 ml volumes, 7 102 cells could be detected. When starting 

from a 250 ml volume and applying IMS on the pellets, detection limits were lowered to 50 cells 

per ml in the original volume. These detection limits could be obtained with IMS-FCM and IMS-

plate counts; IMS-PCR gave more variable results and therefore higher detection limits. But 

despite the good sensitivity in these larger volumes, total cell recovery was only about 10%. 

Specificity of IMS was good, and addition of comparable amounts of non-target cells did not 

influence results. However, when very large backgrounds were present, nonspecific adsorption 

was significant. In fact, nonspecific adsorption for the short IMS protocol was linearly correlated 

with bacterial background concentration. 

 

Irrigation water proved to be a complex and very variable matrix and necessitated sample 

pretreatment. The resulting new protocol allowed sensitive detection of P. cichorii in one water 

type, but not in the other waters tested. The cause for this was a low recovery percentage 

combined with too high noise levels. A second, longer, IMS protocol was tried, including more 

wash steps to remove background and a short incubation step to compensate for additional cell 

loss. Still, recovery was even lower with this method. Detachment of bead-bacteria complexes 

is probably the most important cause of the low recovery. It is also possible that some of the 

bead-bacteria complexes were not detected because the bead completely blocked the 

excitation of the attacted bacterium. 

During irrigation water testing, we noticed improved recovery when retesting water samples 

some time after sampling date. When comparing data of the same water source over different 

samplings, we also found a striking effect of sampling date on recovery efficiency, which was 

not correlated with background. Apparently, the changes in water constitution over time 

influence IMS efficiency and/or P. cichorii survival, but further research is necessary to fully 

elucidate this mechanism. The combination of low recovery, bacterial detachment and an 

unknown factor causing variability, made that our IMS-FCM or IMS-PCR method is not (yet) 

suited as an alternative for the existing RT-PCR. Still, this does not mean that the principle of 

our method cannot be valuable for the detection of other organisms or in different matrices. It 
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must be noted that also PCR may be influenced by the sampling date and PCR results often 

showed higher standard deviations when compared to FCM on pure and mixed cultures. As 

FCM is not an established method, results obtained by FCM are often looked at more 

sceptically compared to results obtained by generally accepted methods, such as PCR and plate 

counts. 

 

During our experiments we noted that our model bacterium, P. cichorii, showed unexpected 

and extremely low recovery after centrifugation. Our research proved that this was not due to 

methodology, but caused by the bacterium itself. Moreover, live/dead staining of P. cichorii 

showed that live counts dropped markedly, but dead counts did not increase. This indicated 

that P. cichorii did not only loose its culturability and viability, but was lysed beyond FCM 

detection. This complete lysis was also confirmed by the inability of PCR to detect the missing 

cells, which indicated that extensive DNA digestion had occurred. Furthermore, bacteria 

seemed to be extremely sensitive to salt during centrifugation and also pH affected survival. 

We discovered that the presence of 1% LB medium significantly improved recovery after 

centrifugation and completely inhibited cell death by agitation. Also sensitivity to pH and salt 

was revoked by the presence of the diluted culture medium. This remarkable effect could not 

be attributed to a single component of the LB medium, but seemed to be the additional effect 

of the different nutrients. Although the presence of nutrients relieves mechanical stress, the 

mere absence of nutrients is not a trigger for cell death in P. cichorii. On the contrary, this 

bacterium can survive in media without nutrients and even with salt without loss of 

culturability for over 100 days both at 4°C and 28°C, as long it is not vigorously shaken or 

centrifuged.  

Genome sequencing (Pauwelyn et al., unpublished) revealed that P. cichorii is capable of both 

apoptosis and autolysis. The bacterium is able to produce H2O2 out of endogenous lysine and 

may in this way be able to initiate programmed cell death. Addition of catalase to neutralize the 

hydrogen peroxide indeed reduced cell death and disappearance during centrifugation and also 

a LysA mutant, incapable of lysine synthesis, showed increased survival compared to the wild 

type. However, to obtain survival ratios of over 90%, both the absence of H2O2 and the 

presence of 1% LB are required. This, together with the very fast disappearance of the cells, 

indicates that besides programmed cell death, active autodigestion is involved.  
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Our hypothesis is that the presence of nutrients can help the cell to restore sublethal 

membrane damage caused by mechanical stress and prevent the activation of the autolysis 

process. However, further research is needed to confirm this and to identify the genes and 

pathways involved in these processes. Still, we proved that mechanical stress, such as agitation 

and centrifugation, results in rapid lysis and cell death of P. cichorii. Such an extreme and fast 

reaction to moderate agitation and centrifugation speeds has never been described before in 

bacteria. Comparison with other bacteria showed that recovery after centrifugation is in most 

strains dependent on the medium used, but some strains clearly survived better without 

addition of LB. It seems that centrifugation and/or agitation of bacteria could, depending on the 

medium used, have a much more far-reaching effect on bacterial viability than previously 

thought.  

 

The focus of this thesis was the viability of P. cichorii and the specific detection of this pathogen 

in irrigation water. However, in preliminary tests, we showed that the experience obtained 

during the development of FCM applications on P. cichorii can easily be translated into a wide 

range of other applications relevant to plant pathology. 

6.2. ECONOMIC COMPARISON BETWEEN IMS, PCR AND FCM 

Detection of P. cichorii in irrigation water is challenging due to the low concentration of the 

pathogen and the high background of the samples. Immunomagnetic separation (IMS) is 

frequently used to isolate rare cells out of complex matrices and thus concentrate and purify 

those cells before downstream analysis (Chapter 2). We developed two sample pre-treatment 

protocols with immunomagnetic separation, followed by live/dead staining and flow cytometry 

(Chapter 3). The first, short method had minimal wash steps to avoid cell losses; the second, 

long method comprised multiple wash steps to remove more background and an incubation 

step to increase recovery. However, both methods had shortcomings for reliable detection of 

low concentrations of P. cichorii in irrigation water. The short method had a too low specificity 

in most waters, due to still too high background levels in the final samples. During the long 

protocol, despite the incubation step, too many P. cichorii cells were lost and consequently 

sensitivity was too low. Hence, the PCR-based detection method developed by Cottyn et al. 

(2011) is currently still the only reliable method to detect P. cichorii concentrations below the 
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infection threshold (100 CFU ml-1) in irrigation water. However, in practice this PCR method has 

never been used by the lettuce growers, due to its very high costs. The amount asked for the 

analysis of one to ten water samples of 1 l is €400. This high price is mainly due to labour costs 

for the lengthy sample pretreatment. Because the analysis of an additional sample only results 

in a minor increase of labour time, the price asked for one or ten samples is the same. Most 

farmers have no more than two different water sources, so the price per sample would then be 

€200, which is still very high. Costs per sample could be lowered if different farmers jointly 

offered their samples for analysis, but this seems difficult in practice. 

Flow cytometry is often considered as a fast but expensive technique. To verify this assumption, 

we made a comparison of time and costs between our FCM and short IMS method and the 

existing PCR protocol.  

6.2.1. TIME COMPARISON 

As mentioned before, the most important component of the analysis price is the labour cost. 

Therefore, we compared the time needed for sample pretreatment, preparation and analysis 

using the conventional RT-PCR-based method, IMS-PCR and IMS-FCM. Figure 6.1 compares the 

duration of the three procedures, based on the simultaneous analysis of 8 samples, as this is in 

practice the optimal number to work with. 

 

 

Figure 6.1. Time comparison between conventional RT-PCR (Cottyn et al., 2011), IMS-PCR and IMS-FCM for the 
preparation and analysis of 8 samples. 

 

Conventional sample pretreatment comprises different filtration steps, DNA extraction and 

DNA precipitation and subsequent resuspension of the pellets, which takes 9 h in total. These 9 

h comprise different incubation and centrifugation steps, but none of these is long enough for 

the lab technician to perform other test in the meantime. We therefore assume that this time is 
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used for preparation and cleaning-up tasks inherent to the analysis, such as washing and 

autoclaving of reusable material, and consider all this time to be hands-on time. PCR 

preparation, analysis and interpretation of results takes 2.5 h in total. In this case, only one 

hour hands-on time for preparation and interpretation of the results will be included in the cost 

analysis, as the 1.5 h run time does not require labour input. Thus, the conventional RT-PCR 

procedure takes in total 11.5 h, of which 10 h are hands-on time. This would mean that in 

practice, the conventional RT-PCR procedure yields results after 1.5 working days. 

IMS-based sample preparation uses smaller volumes and vacuum filtration in all sample 

preparation steps. Furthermore, IMS on whole cells is much faster compared to DNA extraction 

and precipitation. Therefore, the IMS-based sample preparation combined with PCR yields 

results after only 6 h. For the calculation of labour costs of IMS, again all centrifugation and 

incubation times are considered to be hands-on time. 

When IMS is combined with FCM, only 4 h are needed before results are available, as FCM for 8 

samples only takes half an hour. However, it must be noted that all this time is hands-on time. 

Furthermore, when sample numbers would be larger, preparation time per sample for PCR 

would increase slower than analysis time for FCM. Starting from 30 samples, PCR would be the 

fastest technique, unless automated FCM analysis in multiwell plates would be used. 

6.2.2. COST COMPARISON 

For the cost analysis, prices were calculated per sample; this can be done exactly for material 

costs, as a fixed amount of material is needed per sample and none of the required products 

has a short shelf life. However, labour costs cannot be exactly calculated per sample, as 

marginal labour costs decrease for each additional sample with a maximum of 10 samples. We 

therefore based labour costs calculations on the time estimation for 8 samples, as given in Fig. 

6.1, by simply dividing the required time by 8. This is of course an artificial calculation, as labour 

time does not increase linearly with sample number and we do not have sufficient date to 

reliably approximate marginal costs. The hourly wage of a specialised lab technician was 

calculated based on wage scale B111 of the Flemish Government.  

 

The costs of convention sample preparation before PCR (Table 6.1) comprises three large parts: 

a pretreatment material cost, a DNA extraction material cost and a labour cost for the 
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execution of both protocol steps. When looking at the costs in Table 6.1, it is apparent that 

labour costs comprise more than 60% of the total sample preparation cost. A second important 

cost is that of the DNA extraction kit. Combining all costs, we come to a total cost of €80 per 

sample only for the sample preparation. 

 

Table 6.1. Cost analysis of sample preparation before PCR analysis, using 1 l water samples. 

Treatment/product Price (€/unit) Quantity/sample Price/sample (€) 

Pre-treatment with PVPP 202/kg 20 g 4.04 
Filtration with Whatman 520 A 1/2 79/100 pcs 1 pc 0.79 
Filtration with Whatman 598 1/2 100.31/50 pcs 1 pc 2.01 
Filtration with 5 µm SCWP04700 Millipore 
membrane 

128.26/100 pcs 1 pc 1.28 

Total pre-treatment cost   8.12 
DNA extraction with MoBio UltraClean Water DNA 
kit 

504.82/25 
reactions 

1 reaction 20.17 

Total DNA extraction cost   20.17 
Labour time of 9 h for 8 samples 45.53/h  68 minutes 49.30 
Total labour cost (specialised lab technician)   51.22 

Total cost sample preparation   79.51 

 

Table 6.2. Cost analysis of IMS-based sample preparation, using 200 ml water samples. 
Buffer components, chemicals and disposals for which the price per sample was below €0.01 were not included. 

Treatment/product Price (€/unit) Quantity/sample Price/sample (€) 

Pre-treatment with PVPP 202/kg 5 g 1.01 
Filtration with SPI pore 20 µm polycarbonate 
membrane 

145.9/100 pcs 1 pc 1.46 

Filtration with Whatman 3 µm polycarbonate 
membrane 

79.61/100 pcs 1 pc 0.80 

5-ml sterile polypropylene tube 150.4/2000 pcs 1 pc 0.08 
Total pre-treatment cost   3.35 
Compel 2.6 µm carboxylated paramagnetic beads 315/500 mg 0.2 µl 0.01 
Prime Diagnostics polyclonal antiserum 270/ml 0.1 µl 0.03 
Labour cost for bead coating 45.53/h 0.18 min 0.14 
Total IMS cost   0.17 
Labour time of 3.5 h for 8 samples 45.53/h 26 minutes 16.43 
Total labour cost (specialised lab technician)   19.92 

Total cost sample preparation   23.43 

 

The costs for the IMS-based sample preparation can be divided into the same three groups 

(Table 6.2). In this table, all costs are clearly lower than those for conventional pre-PCR sample 

preparation and the total preparation procedure is more than three times cheaper. Although 

the pre-treatment is quite similar, the use of smaller volumes lowers the total pretreatment 

costs. If pre-treatment in Table 6.2 would be calculated for 1 l volumes, this cost would be very 

similar for both methods. The bead procedure, working with whole cells, is much cheaper 

compared to the DNA extraction. Further, the whole procedure is faster, which significantly 

lowers labour costs. Reagents and buffer components necessary for bead coating were 
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negligible when calculated per sample and were therefore not included. Labour time required 

for bead coating was calculated by dividing hands-on time required for the coating of a bead 

batch (Chapter 2) by the number of analyses possible with one batch. Material costs for 

washing and autoclaving of reusable material were also not taken into account in both PCR and 

IMS preparation cost analyses, but are assumed to be similar for both methods. 

 

When looking at the costs of the sample analysis, FCM costs are again lower than those 

required for PCR (Table 6.3). Costs for both methods again comprise three parts. Firstly, the 

operation cost per sample, which is a small cost for reagents an disposables needed per 

sample, such as master mix or fluorescent dyes, tubes, sheath fluid, etc. Then there is a fixed 

cost per run, independent of the number of samples. This cost includes reagents and 

disposables for the standards and negative controls for PCR and that of calibration beads and 

cleaning and disinfections solutions for FCM. The third part again is the labour cost, including 

hands-on time for sample preparation, analysis and interpretation of results.  

 

Table 6.3. Costs of PCR and FCM analysis 

 

When looking at equipment costs, a real-time PCR machine costs on average €30 000 (Biorad 

pricing information); a flow cytometer with 488 nm laser, two scatter parameters and 3 

fluorescence parameters costs €40 000 (Partec pricing information). Average maintenance and 

reparation costs per year are €2 500 for PCR and €1 000 for FCM. The average life span is 15 

years for a qPCR machine and 7 years for a flow cytometer. This means that cost per year would 

be on average €4 500 for the RT-PCR machine and €6 700 for the flow cytometer. Calculated 

per day, this would make equipment costs for FCM about €6/day more expensive than for PCR. 

If we would include this in the operation costs, the total price for PCR and FCM analysis is more 

or less equal.  

However, it must be noted that equipment life time can be very variable. For example, all 

analyses in this thesis were performed on an 11 year old flow cytometer. Furthermore, both 

PCR and FCM machines are often replaced by newer equipment before they are broke, because 

PCR Price (€/sample) FCM Price (€/sample) 

Operation costs per sample 0.38 Operation costs per sample 0.20 
Standards and controls 3.00 Calibration and cleaning 0.60 
Hands-on time of 1h for 8 samples 5.69 Hands-on time of 30 min for 8 samples 2.85 

Total analysis cost 9.07 Total analysis cost 3.65 



General conclusions, economic comparison and future perspectives 

179 

there are smaller, faster or more accurate machines available. For these reasons, and because 

the true value of equipment cannot be seen in the light of just one application, equipment cost 

was not included in our comparison. 

6.2.3. DISCUSSION 

Calculated per sample, detection of P. cichorii in a 1 l-sample using the conventional RT-PCR 

preparation and analysis methods costs €89. If bead-based sample preparation would be 

combined with PCR analysis, costs per sample would be lowered to only €33. In case of P. 

cichorii detection with IMS-FCM, costs per sample would be further lowered to €27. The costs 

for 8 samples, for which we have a realistic view on required labour time, would be €688 for 

conventional RT-PCR, €239 for IMS-PCR and €212 for IMS-FCM. The price asked for P. cichorii 

detection, although high, is not exaggerated. In fact, starting from five samples, analysis costs 

will be higher than €400. 

We are aware that both IMS and FCM are not fully optimized to be used in practice and that 

alterations to both methods may have an influence on costs. Also technological evolutions will 

result in cheaper and faster sample preparation and analysis with reduced labour costs. For 

example, there currently exist RT-PCR methods than can analyse a 96-well plate in 35 min and 

flow cytometers that need 3 min to analyse a 96-well plate. Further, pipetting robots can 

reduce hands-on time in sample preparation for both PCR and FCM-based methods. 

But looking at the huge difference in price between IMS-PCR or IMS-FCM and conventional RT-

PCR, we can conclude that both IMS and FCM are certainly economically valid alternatives for 

conventional methods. We also think sensitivity of both methods could be brought to a level 

comparable with PCR, but PCR will probably remain the method with highest specificity.  

We think this analysis proves the need for and value of rapid diagnostic techniques. Moreover, 

given that labour cost is still the major component, even in the fast IMS-based methods, there 

is a tremendous potential for multiplex detection methods and automated high-throughput 

FCM in multiwell plates.  
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6.3. FUTURE PERSPECTIVES 

Flow cytometry in plant pathology is still in its early stages, which means that the list of future 

perspectives is virtually unlimited. Based on our own work on P. cichorii, two major aspects 

require further research: the identification and optimization of all factors involved in the IMS-

FCM process and the study of apoptosis and lysis in P. cichorii.  

Optimizing the IMS method is not only necessary to develop an affordable alternative for P. 

cichorii detection in irrigation water, but could also result in valuable information for the 

development of specific detection methods for multiple other organisms. In this study, only one 

bacterium and one antiserum were tested for P. cichorii and hence we can only speculate about 

the impact of both factors on the overall recovery of our method.  

The extreme reaction to mechanical stress of P. cichorii can possibly have enormous 

consequences on the way we look at bacteria and mechanisms involved should be elucidated. 

FCM will be crucial here to look at viability in different ways. Besides, the study of different 

processes is possible, e.g., dyes such as dihydroethidium bromide allow to study H2O2 

production, which can be of value to look at the role of H2O2 production in biofilm formation. 

Furthermore, the study of apoptosis and autolysis in bacteria, the external factors influencing 

those processes and their meaning for the bacterial community can greatly improve our 

understanding of microbial ecology and give rise to better strategies for the inhibition or 

stimulation of bacterial growth. 

 

Today, FCM analysis is an acceped and essential medical practice in the clinical routine 

evaluation of cancers. The technique can provide valuable diagnostic support and prognositc 

information, even in difficult cases, when other detection technologies fail (Braylan, 2004).  

But it took about twenty years and the joint effort of multiple clinical labs and research groups 

before FCM got established as a routine procedure in clinical oncology (Vindelov and 

Christensen, 1990). This phase will probably take longer for plant pathological applications, as 

FCM in this field is still in its infancy and the number of research groups is much smaller. 

 

When looking at future perspectives of FCM in plant pathology in general, the first wide-spread 

application of FCM in plant pathology will probably be research-related, such as the genome 

size analysis of fungi and oomycetes. As discussed in Chapter 1, there are few applications so 
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far and many of them lack decent standardisation. In contrast, the examples illustrated in 

Chapter 5 clearly show that with relatively few effort and simple, fast and cheap methodology, 

invaluable information about fungal/oomycotal genetics and reproduction can be obtained. We 

therefore expect that, within a few years from now, FCM will be a standard method in 

mycological research. 

Hopefully, in this way FCM will finally make its entry into plant pathology and new applications 

will be developed. From a commercial point of view, multiplexed bead-based assays have the 

potential to completely replace routine ELISA testing for the screening of plant material. But 

also for the detection and monitoring of presence, number and viability of micro-organisms in 

soils, rhizospheres, plants, seeds, pollen, water, etc. there are countless possibilities for FCM.  

The flexibility of the technique, combined with the speed at which quantitative data can be 

obtained, makes FCM an ideal tool for quality control and monitoring of plant-related industrial 

processes as well as for routine detection of plant pathogens. The ability of FCM to perform 

culture-independent multiparameter analysis on a diverse range of organisms could mean an 

important added value to virtually all phytopathology research currently performed.  

However, many researchers and companies hesitate to use FCM because they are not familiar 

with the technique, because FCM is not generally accepted in their field of study, or because 

they don’t have trained operators. Also, FCM is often regarded as more complicated, more 

difficult and more variable compared to other methods. This is mostly because they compare a 

FCM application that is still in its development phase with a method for which this phase was 

completed years ago.  

 

In short, both for research as for routine detection and quality control, there is an enormous 

but yet unexplored potential here. Still, much more research and development will be needed 

before flow cytometry in plant pathology will be able to grown fully up to its potential. But, if 

enough people start realizing the possibilities of the technique and want to invest time and 

money in the development of new applications, this may go quite fast, because many minds 

make (the) light work. 
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 SUMMARY 

 

Flow cytometry (FCM) is a powerful and very versatile technique to measure cells in 

suspension. It is an indispensible method for routine diagnostics in the medical sector, but also 

for research purposes in very diverse fields of study. Despite its multiple and still increasing use 

in other sectors, FCM is scarcely used in plant pathology. 

In this thesis, we explored the possibilities of flow cytometry in plant pathology, focussing on 

viability and specific detection of the waterborne lettuce pathogen Pseudomonas cichorii.  

In a first phase we tested different fluorescent dyes and optimal instrument settings to stain, 

detect and count bacteria with FCM and determine their viability. In a next step, we wanted to 

develop a specific detection method for P. cichorii in irrigation water. As this pathogen can 

cause midrib rot on greenhouse-grown lettuce after a single overhead irrigation with water 

containing only 100 CFU ml-1, very sensitive detection was necessary. Moreover, P. cichorii is 

most found in rainwater, and this water often contains high bacterial backgrounds, as well as 

other organic and inorganic pollutants. Therefore we chose to develop a detection system 

based on immunomagnetic beads, which would allow specific capture and concentration of the 

target cells out of the water. We wanted to combine specific detection with viability 

assessment, in order to have a method that is also useful to research in vivo survival of P. 

cichorii and gain more insight into the epidemiology of the bacteria. 

 

The combination of immunomagnetic separation (IMS) and live/dead staining is not easy and 

has seldom been tried. We tested different bead systems and defined the most important 

factors influencing IMS and nonspecific staining. We obtained best results with the relatively 

large (2.6 µm) non-fluorescent Compel beads. After optimizing this bead system, we came to a 

method in which beads were identified based on scatter properties and bacteria based on 

fluorescence properties. Bead-bacteria complexes had both the large scatter of the beads and 

the high fluorescence of the live/dead stained bacteria. Combining those two conditions in a 

logical combination of gates allowed the exclusion of most noise and resulted in the sensitive 

enumeration of bead-bacteria complexes. This method was further evaluated on mixed 
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cultures and larger volumes and finally tested on different irrigation waters from commercial 

lettuce greenhouses.  

 

Irrigation water proved to be a difficult and very variable matrix. Despite the extra sample 

pretreatment steps, we could not reliably detect P. cichorii cells below the infection threshold 

of 100 cells ml-1, except in one water type. The major problems we encountered were a too low 

recovery of P. cichorii, combined with a too high background remaining in the final samples. 

Besides the IMS method itself, of which the binding percentage and binding strength should be 

improved, both the bacteria and their matrix complicated detection. Their was a significant 

difference between some of the tested sampling dates and the analysis date had a significant 

effect on P. cichorii recovery: higher recovery was obtained in the same waters sampled in 

March, compared to the February samplings. Furthermore, recovery improved when a water 

sample was spiked and analysed after storage for at least a week. Also PCR recovery may be 

influenced by sampling date, but here recovery tended to be lower in spring samplings. The 

combination of low recovery and an unknown influence of water constitution on recovery, 

made that our IMS method is not (yet) suited as an alternative for the existing PCR detection of 

P. cichorii. However, when comparing the conventional real-time PCR detection of P. cichorii 

with our IMS-FCM method, or with IMS pretreatment followed by PCR analysis, conventional 

RT-PCR is by far the most expensive method. Not the PCR analysis itself, but the sample 

pretreatment and DNA extraction before PCR is laborious and has, besides very high labour 

cost, also high material costs. Although PCR will remain the most specific method, IMS and/or 

FCM could be brought to a comparable sensitivity and have the potential to become a more 

cost-effective alternative for sample pretreatment and/or PCR analysis. 

 

The fact that P. cichorii is a difficult bacterium to detect is not only due to the IMS/FCM 

methodology, its low infection threshold, or to the complexity of its natural environment. Also 

the extremely high sensitivity of these bacteria to mechanical stress complicated detection. 

Mechanical stress seems to induce rapid apoptosis and autolysis, making P. cichorii cells 

disappear for both FCM or PCR detection. Medium constitution, especially salt concentration 

and the presence of nutrients, has a big influence on survival. In the absence of H2O2 and 

presence of 1% LB, recovery percentages of more than 90% could be obtained, while in saline 

solution, less than 10% was recovered after centrifugation. Although the enigmatic behaviour 
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of P. cichorii complicated our research, such a far-reaching effect of common lab practices on 

bacterial viability has never been reported before and may be of considerable importance for 

microbiological practices. 
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 SAMENVATTING 

 

Flowcytometrie (FCM) is een krachtige en heel flexibele techniek om cellen in suspensie te 

meten. De methode is onmisbaar voor routinematige diagnoses in de medische sector, maar 

ook voor onderzoek in zeer uiteenlopende gebieden. Ondanks het vele en nog steeds stijgende 

aantal toepassingen in andere sectoren wordt FCM nog maar zelden gebruikt in fytopathologie.  

In deze thesis hebben we de mogelijkheden van flowcytometrie in fytopathologie verkend, 

waarbij we de nadruk hebben gelegd op levend/dood kleuring en specifieke detectie van de 

watergebonden slapathogeen Pseudomonas cichorii. 

In een eerste fase werden verschillende fluorescente kleurstoffen getest voor bacteriële 

kleuring, evenals de optimale FCM instellingen voor detectie, tellen en levend/dood kleuring 

van bacteriën. In een volgende fase wilden we een specifieke detectiemethode voor P. cichorii 

in irrigatiewater ontwikkelen. Aangezien deze pathogeen nerfrot bij serresla kan veroorzaken 

na één enkele besproeiing met water dat slechts 100 cellen ml-1 bevat, was een zeer gevoelige 

detectie nodig. Daarbij komt nog dat P. cichorii vooral wordt teruggevonden in regenwater, dat 

vaak hoge concentraties andere bacteriën bevat, samen met nog andere storende organische 

en anorganische componenten. Daarom kozen we voor de ontwikkeling van een 

detectiesysteem gebaseerd op immunomagnetische beads, waardoor we in staat zouden zijn 

om onze doelcellen specifiek uit het water te vangen en te concentreren. De bedoeling was om 

deze specifieke detectie te combineren met levend/dood kleuring, zodat de methode ook kan 

gebruikt worden voor onderzoek naar de overleving van P. cichorii onder praktijk-

omstandigheden, om zo meer inzicht te verwerver in de epidemiologie van de bacterie. 

 

De combinatie van immunomagnetische scheiding (IMS) en levend/dood kleuring is niet 

eenvoudig en werd nog zelden geprobeerd. Wij hebben verschillende beadsystemen uitgetest 

en de belangrijkste factoren bepaald die de IMS methode en de niet-specifieke binding 

beïnvloeden. De beste resultaten werden verkregen met de relatief grote niet-fluorescente 

Compel beads. Nadat dit beadsysteem werd geoptimaliseerd, kwamen we tot een methode 

waarbij de beads konden worden geïdentificeerd op basis van lichtverstrooiing en bacteriën op 
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basis van fluorescentie. Bead-bacteriecomplexen hadden zowel de hoge lichtverstrooiing van 

de beads als de intense fluorescentie van de levend/dood gekleurde bacteriën. Deze methode 

werd verder geëvalueerd op mengculturen en op grotere volumes en werd uiteindelijk getest 

op verschillende soorten irrigatiewater van commerciële slaserres.  

 

Irrigatiewater bleek een moeilijke en heel variabele matrix te zijn. Ondanks de extra 

voorbehandelingen bleek het niet mogelijk om de aanwezigheid van P. cichorii concentraties 

onder de infectiegrens van 100 cellen ml-1 met zekerheid te detecteren, behalve in één type 

water. De voornaamste problemen waren een te lage recuperatie van P. cichorii cellen en een 

te hoge achtergrond in de eindstalen. Naast de IMS methode zelf, waarvan het 

bindingspercentage en de sterkte van de binding moet verbeterd worden, zorgden zowel de 

bacteriën als hun matrix voor problemen. Er bleek een significant verschil te zijn tussen een 

aantal van de geteste staalnamedata en ook de analysedatum bleek een significant effect te 

hebben op het aantal P. cichorii cellen dat werd teruggevonden: in dezelfde waters werden in 

maart meer P. cichorii cellen gerecupereerd dan in januari of februari. Verder steeg het aantal 

teruggevonden P. cichorii cellen ook in water dat pas na een week bewaring in de koelkast werd 

besmet en geanalyseerd. Ook het aantal cellen dat gedetecteerd kon worden met PCR leek te 

worden beïnvloed door de staalnamedatum, maar hier waren de resultaten slechter in de lente 

en beter in de winter. De combinatie van een laag rendement en een onbekende invloed van 

het water op het rendement zorgde ervoor dat onze IMS methode (nog) niet geschikt is als 

alternatief voor de bestaande PCR detectiemethode voor P. cichorii. Nochtans bleek uit een 

vergelijking van de klassieke real-time PCR methode met de IMS-FCM methode, of met IMS 

voorbehandeling in combinatie met PCR, dat de klassieke PCR duidelijk de duurste methode is. 

Niet de PCR analyse zelf, maar de staalvoorbehandeling en DNA extractie voorafgaand aan de 

PCR is arbeidsintensief en heeft, naast een zeer hoge loonkost, ook een hoge materiaalkost. 

Hoewel PCR altijd de meest specifieke methode zal blijven, kunnen IMS en/of FCM methodes 

wel tot een vergelijkbare gevoeligheid worden gebracht; daarom hebben ze het potentieel om 

een kosteneffectief alternatief te worden voor de klassieke staalvoorbehandeling en/of PCR. 

 

De moeilijke detectie van P. cichorii is niet enkel te wijten aan de lage infectiedrempel of de 

complexiteit van zijn natuurlijke omgeving. De extreem hoge gevoeligheid van deze bacterie 

aan mechanische stress maakte detectie veel moeilijker. Mechanische stress lijkt apoptose en 



Samenvatting 

201 

autolyse te induceren, waardoor P. cichorii cellen niet meer kunnen gedetecteerd worden met 

FCM of PCR. De samenstelling van het medium, vooral de zoutconcentratie en aanwezigheid 

van nutriënten, heeft een enorme impact op de overleving. Als er geen H2O2 aanwezig is en 

tegelijkertijd 1% LB aanwezig is, kan meer dan 90% van de bacteriën worden teruggevonden na 

centrifugatie, in vergelijking met slechts 10% wanneer wordt gecentrifugeerd in fysiologische 

oplossing. Hoewel het raadselachtige gedrag van P. cichorii ons onderzoek heeft bemoeilijkt, 

werd een zo extreme impact van normale laboprocedures op de levensvatbaarheid van een 

bacterie nog nooit beschreven; daarom kunnen onze bevindingen in de toekomst grote 

gevolgen hebben op microbiologische procedures. 
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