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resumo  
 

 

Hoje em dia, a aplicação da citometria de fluxo (CMF) no estudo do genoma 
vegetal consiste maioritariamente em análises do nível de ploidia e em 
estimativas do conteúdo em ADN nuclear. Esta Tese de Doutoramento tem 
como objectivo aplicar a CMF e outras técnicas citológicas, como a 
microscopia de fluorescência e a hibridização in situ, no estudo do genoma 
vegetal.  
O primeiro Capítulo introduz a CMF, nomeadamente o seu funcionamento, 
aspectos metodológicos da análise do conteúdo em ADN nuclear em plantas, 
e aplicações da CMF na biologia vegetal.  
No Capítulo II são apresentados dois estudos sobre a estabilidade do nível de 
ploidia durante o processo de cultura in vitro de sobreiro (Capítulo II.1) e 
zimbro (Capítulo II.2), duas espécies lenhosas de elevada importância 
económica e ecológica. 
No Capítulo III são apresentados os resultados das análises de conteúdo em 
ADN nuclear efectuadas em três grupos de espécies vegetais. No Capítulo III.1 
a CMF foi utilizada para estimar pela primeira vez o tamanho do genoma 
nuclear de cultivares de oliveira e zambujeiro; a variação intraspecífica como 
tópico de elevado interesse é aqui discutida tendo em consideração as boas 
práticas. No Capítulo III.2 foi analisado o conteúdo em ADN nuclear de três 
espécies de Ulmaceae da Península Ibérica que contêm compostos 
mucilaginosos, conhecidos por interferirem com as análises por CMF; é 
também apresentado um protocolo eficiente que previne o efeito negativo 
deste compostos e permite uma correcta análise do tamanho do genoma de 
espécies com problemas similares. No Capítulo III.3 é apresentado um estudo 
extensivo de CMF e citogenética molecular realizado em espécies de festuca 
da Península Ibérica.  
Considerando os resultados obtidos nos Capítulos II e III, no Capítulo IV foram 
efectuados estudos inovadores de índole metodológica. No Capítulo IV.1 é 
apresentada a primeira comparação sistemática de tampões de isolamento 
nuclear, enquanto no Capítulo IV.2 é estudado o efeito negativo do ácido 
tânico, um composto fenólico conhecido por interferir com os núcleos vegetais 
e com as estimativas de conteúdo em ADN. De acordo com os resultados 
obtidos nestes estudos, no Capítulo IV.3 foram testados dois novos tampões 
de lise nuclear em 37 espécies vegetais.  
No Cap²tulo V ® introduzida a base de dados ñPlant DNA Flow Cytometry 
(FLOWER)ò. Esta base de dados contém informações retiradas de mais de 700 
publicações na área da CMF vegetal, disponibilizando-as de uma forma 
atraente e permitindo a realização de análises quantitativas respeitantes a 
muitos tópicos importantes. 
Finalmente, no Capítulo VI são apresentadas as conclusões da presente Tese 
de Doutoramento, com especial incidência nas boas práticas necessárias para 
estimar o conteúdo em ADN nuclear em plantas e nas direcções futuras da 
CMF no estudo do genoma vegetal. 
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abstract  

 

Nowadays, the application of flow cytometry (FCM) to study plant genomes is 
mostly focused on DNA ploidy level analyses and nuclear DNA content 
estimations. The objective of this PhD Thesis is to applly FCM and related 
techniques, as fluorescence microscopy and in situ hybridization, to study plant 
genomes. 
The first chapter introduces FCM, namely the functioning of this technique, the 
methodological aspects of the analysis of nuclear DNA content in plants, and 
the applications of FCM in plant sciences.  
In Chapter II, studies of ploidy stability of the in vitro culture process of two 
economically important woody plant species, Quercus suber (Chapter II.1) and 
Juniperus phoenicea (Chapter II.2), are presented.  
In Chapter III, three studies regarding nuclear DNA content analyses in plant 
species are given. In Chapter III.1 the genome size of olive cultivars and wild 
olive was estimated for the first time using FCM; the hot topic of intraspecific 
variation is discussed here with respect to best practices. In Chapter III.2, the 
nuclear DNA content of three Ulmaceae species, containing mucilaginous 
compounds that interfere with FCM analysis, is analysed; an efficient protocol 
that circumvented this problem and enabled reliable genome size estimations 
in these species is presented. A through flow cytometric and molecular 
cytogenetic study on fescue species of the Iberian Peninsula is performed in 
Chapter III.3.  
In light with the results obtained in Chapters II and III, innovative 
methodological studies were performed in Chapter IV. In Chapter IV.1 the first 
systematic comparison of lysis buffers is presented, while in Chapter IV.2 the 
negative effect of tannic acid, a common phenolic compound known to interfere 
with plant nuclei and DNA content estimations, is analysed. According with the 
results obtained in these studies, in Chapter IV.3 two new lysis buffers were 
tested with a set of 37 plant species.  
In chapter V the Plant DNA Flow Cytometry Database (FLOWER) is introduced. 
The FLOWER database collects information from more than 700 publications in 
this area of FCM, and makes it accessible in one user-friendly design that 
enables quantitative analysis of many important topics.  
Finally in Chapter VI the conclusions of the present PhD Thesis are presented 
with special focus on a compilation of best practices for nuclear DNA estimation 
using FCM and the future directions on the use of this technique to study plant 
genomes. 
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"A scientist is happy, not in resting 

on his attainments but in the steady 

acquisition of fresh knowledge." - 

Max Planck 

 

 

ñIn my head nothing is lost, 

everything is transformed.ò - João 

Loureiro adapted from the Law of 

Conservation of Mass, Antoine 

Lavoisier.  

http://en.wikiquote.org/wiki/Max_Planck
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Loureiro J, Santos C (2004) Aplicação da citometria de fluxo ao estudo do genoma 
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Flow cytometry ï definition and brief history 

Cytometry is a process in which physical and/or chemical characteristics (light scatter, 

fluorescence) of single particles (biological or non biological) are measured. In flow 

cytometry (FCM), the measurements are made as particles pass one by one through the 

interrogation point, in a narrow liquid stream (Shapiro 2004). The measurement in flow 

enables high speed analyses (102 ï 103 particles/s) and random selection of particles from 

the whole population without any bias (Doleģel 1997).  

It is believed that the first description of a FCM device dates back to 1934, when 

Moldavan suggested counting cells in a fluid stream (Bennett and Leitch 2005a). 

However, it seems that Moldavan failed to develop a functional apparatus, and only 

thirteen years later, after demands of the US Army (in the World War II period) for the 

development of an equipment that could rapidly detect bacteria in aerosols, Gucker and 

co-workers (Gucker et al. 1947) developed what is generally recognized as the first flow 

cytometer used for observation of biological cells. In this instrument a sheath of filtered air 

was flowing through a dark-field illuminated chamber (Shapiro 2004). The attempt of 

several industrial organizations to build up similar apparatus resulted, in early 1950s, in an 

alternative flow-based method for cell counting. In 1953, Crosland-Taylor adapted the 

sheath-flow principle for counting of red blood cells in saline solutions, and in 1956, 

Wallace Coulter developed the first instrument that proved effective in the counting and 

sizing of blood cells (Shapiro 2007). This electrical engineer reasoned that, due to the 

poor conductivity of cells when compared with saline solutions, cells suspended in such a 

solution and passing one by one through a small orifice (< 100 µm), would be detectable 

by a change in electrical impedance of the orifice, proportional to the cell volume, and that 

resulted in a voltage pulse (Shapiro 2004). The Coulter counter (Coulter Electronics, now 

Beckman Coulter®, Hialeah, FL, USA) was soon widely adopted in clinical laboratories 

and current instruments are still based in this principle. 

In the following decade with the need to extract cells with known measured 

characteristics, the first flow sorters were developed. A flow sorter is a flow cytometer that 

uses electrical and/or mechanical means to divert and collect particles with measured 

characteristics that fall within a user-selected range of values (Shapiro 2004). The most 

popular system was that of Mack Fulwyler (Robinson 2005) who, working at the Los 

Alamos National Laboratory, adapted the then recently developed ink jet printer 

technology, i.e., after the passage through the cytometer measuring system, the saline 

stream was broken into droplets, and those that contained the particles of interest were 



Plant flow cytometry ï a general introduction 
 

 4 

electrically charged at the droplet break-off point; the charged droplets were then 

deflected into a collection tube by an electric field, while the uncharged ones were 

directed to a waste compartment (Shapiro 2007).   

The late 1960s saw the introduction of fluorescence measurement (i.e., emission of 

longer wavelengths when electrons return from the excited state to the ground state) to 

FCM, which broadened the range of applications of this technique and enabled the spread 

of multiparameter analyses. The first commercial fluorescence flow cytometer, the 

Cytofluorograph (Bio/Physics Systems, Mahopac, NY, USA), appeared in 1970 and since 

that time more and more powerful apparatus have been developed, mainly by two 

manufacturers, Becton-Dickinson (now BD Biosciences®, San Jose, CA, USA) and 

Coulter Electronics (now Beckman Coulter®). Particularly important was the development 

in 1974 of the first commercial cell sorter, coined Fluorescence Activated Cell Sorter 

(FACS), an acronym still in use nowadays, although it is sometimes erroneously applied 

to instruments without sorting capabilities. 

In the last decades, advances in technology led to the development of smaller 

apparatus, i.e., bench-top analysers with basic components fit for a routine use in 

laboratories, and more complex instruments capable of measuring many properties from 

particles at increasingly higher rates and sensitivity, available in a relatively small 

community of academic, government and industrial laboratories (Suda 2004). 

In recent years this area also experienced the development of a continuously 

expanding array of reagents, fluorescent labels and highly sophisticated data analysis 

procedures, which make FCM an exceptionally effective, accurate, and precise technique 

to obtain unbiased and quantitative information from single cells. Its principal 

disadvantages being the complexity and cost of the apparatus (Shapiro 2007). All the 

potentialities of FCM spread its application to various fields of biological sciences, being 

routinely used in clinical diagnostics, biotechnology, and basic and applied research. 

 

Instrumentation and functioning 

A typical flow cytometer consists of fluidic, optical, electronic, computational and 

mechanical features (Sklar 2005).  

The fluidic system, by means of hydrodynamic focusing, generates a stable fluid 

stream in which particles are confined into a narrow central core and delivered one at a 

time along the same path to the focal point of the light source. The flow chamber (= flow 

cell) represents the central part of the instrument and is considered the most important 

fluidic component (Fig. I.1). The flow cell type considered here as an example, i.e., the 
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ñenclosed streamò, contains a rectangular channel with a sensing area at its centre. A 

pressurized stream of sheath fluid (either water or saline solution) enters the channel at 

the lower end and flows upwards. While the sheath stream is flowing through the channel, 

a stream of sample is injected into the middle of the sheath stream. The sheath stream 

surrounds, but does not mix with the sample stream and, due to a greater pressure of the 

sheath stream, the sample stream is focused, so that the particles flow through the laser 

beam in a single file, i.e., one at a time (Anonymous 2002). Typical stream velocities are 

between 1 and 10 m/s, resulting in analyses of 100 to 1,000 cells/s (Doleģel 1991). 

 

Fig. I.1 Diagram of an ñenclosed streamò flow chamber (adapted from Anonymous 2002). 

 

The ñenclosed streamò configuration described above is used in most bench-top flow 

cytometers and operates with velocities lower than those of the ñjet-in-airò design, which 

may result in higher detection sensitivity. The ñjet-in-airò configuration is common in most 

cell sorters. In this system, the sample stream exits from the flow chamber into open air by 

orifices of narrow diameter (thus the high speed), where it is intersected by the light beam. 

In the ñjet-on-open surfaceò design, particles are measured in a liquid stream while it is 
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Figure I.3. ï Laser beam shaping. 

flowing on a glass surface (Suda 2004). This configuration is mostly found in some arc 

lamp based instruments. 

The main functions of the optical system are to allow particles to be illuminated by 

one or more light sources and to resolve and direct the subsequent scattered light and 

multiple fluorescence signals to individual detectors (Sklar 2005). Therefore the optical 

system can be divided in two main operational units: light source and detector system 

(Fig. I.2). 

 

Fig. I.2 Optical system of the FC500 flow cytometer from Beckman Coulter
®
 with two light sources, two 

light scatter sensors (FS and SS) and five fluorescence light (FL) sensors (adapted from Anonymous 2002). 

 

Two types of illumination are found in most commercial flow cytometers: lasers and/or 

arc lamps.  

Arc lamps, especially the high pressure mercury arc lamps, are a common, relatively 

inexpensive source of fluorescence excitation light that delivers a continuous, broad 

spectrum with several intense lines. With the appropriate selection of filters, light with a 

wide range of wavelengths can be selected to excite a variety of fluorescent stains (Peters 

1979). Despite having a shorter lifetime (up to 400 h) than lasers (up to 5,000 h), the low 

cost and easy maintenance of arc lamps are among their principal advantages (Suda 

2004). However, if for strongly fluorescent objects, arc lamp illuminators can yield 

fluorescence intensity histograms of equal resolution to laser-illuminated systems, for 

weakly fluorescent particles, high resolution can only be achieved using high power lasers 

(Peters 1979). In plant sciences arc lamps are mainly used for dyes excited in the UV 

region and are well suited for less demanding ploidy level estimations. 
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Lasers (acronym for ñlight amplification by stimulated emission of radiationò) produce a 

stable, bright, narrow beam of monochromatic light at specific wavelengths (Carter and 

Ormerod 2000). The emission produced by lasers is confined to a very small solid angle, 

making it possible to focus almost all the energy of the beam to a circular or elliptical spot 

(higher sensitivity) (Shapiro 2004). However, they only emit distinct spectral lines over a 

narrow range and will not optimally excite some of the commonly used stains (Peters 

1979). Most of the bench-top flow cytometers are equipped with an air-cooled argon ion 

laser tuned at 488 nm (it is the case of the flow cytometer available at the Department of 

Biology of University of Aveiro, Portugal). Helium-neon (the most common emits red light 

at 633 nm) and helium-cadmium (emitting either in the blue, 442 nm, or in the UV, 325 

nm) lasers are often available in more complex systems, which are usually equipped by 

more than one laser (e.g., Fig. I.2). The more recent, red diode (emitting at 635 nm) and 

solid state lasers (emitting at violet, blue or green light) are more compact and are 

characterized by lower optical noise levels than argon ion and helium-neon lasers. 

Therefore in some recent apparatus these lasers are frequently used (e.g., CyAnÊ ADP 

Analyser from DakoCytomation®, Fort Collins, CO, USA; CyFlow®SL instruments from 

Partec®, Münster, Germany). With direct benefits in plant sciences, namely for genome 

size measurements using propidium iodide (PI), Partec® provides in some of their 

cytometers, the novel solid green state crystal laser (Nd:YAG). The advantage of this 

laser is that it generates light at 532 nm, which is close to the optimal excitation 

wavelength for PI (in contrast with most lasers which emit at 488 nm, see below the 

fluorescence spectrum of PI), resulting in a more sensitive analysis with lower coefficient 

of variation (CV) values. The main disadvantages of lasers are their wavelength specificity 

(if other wavelengths are needed, other lasers must be used) and high cost (Suda 2004).    

To measure fluorescence light pulses, the optical detector system is focused at the 

intersection of the excitation light beam with the sample stream. The optical part of a flow 

cytometer has the following purposes: focusing of the excitation light, selection of required 

wavelengths, and collection of the output light with respective delivery to photodetectors 

(= photo sensors). 

To achieve identical illumination of particles that may not follow the exact same path 

within the liquid stream, the laser beam must be focused with cross-cylindrical lenses 

before it reaches the sample stream (Fig. I.3). The first lens controls the width of the 

beam; the second, the height. The resulting elliptical beam is perpendicular to the sample 

stream and focused on the sensing area of the flow cell (Anonymous 2002). Some ñjet-in-

airò systems use spherical beams instead of elliptical ones. 
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Fig. I.3 Laser beam shaping (adapted from Anonymous 2002). 

 

As particles of the sample stream are illuminated by the elliptical laser beam, they 

scatter the laser light and emit fluorescent light from fluorescent dyes attached to them (if 

provided or in the case of autofluorescent particles). The light scattered at narrow angles 

to the axis of the laser beam is called forward scatter (FS), and the light scattered at about 

a 90º angle to the axis of the laser beam is denominated side scatter (SS). While FS gives 

an indication of the size of the particle, SS provides information about the internal 

granularity and surface roughness. Besides FS and SS, particles may emit fluorescent 

light (FL) at all angles to the axis of the laser beam (Fig. I.2). As this light may consist of 

various colours, it must be separated into specific wavelengths before it reaches the 

sensors (Suda 2004). Different types of optical filters are used for that purpose (Fig. I.4): 

long-pass (LP), transmit light above a specific wavelength; short-pass (SP), transmit light 

below a specific wavelength; band-pass (BP), transmit light within a certain range of 

wavelengths; and dichroic mirrors (D), selectively pass light of a small range of 

wavelengths while reflecting others (Anonymous 2002). The position of the dichroic filters 

(at a 45º angle) is usually designed to reduce the number of optical surfaces that 
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fluorescence light must pass to reach the sensors. In more sophisticated apparatus the 

optical filters can be interchanged without the need to realign the optical system. 

Fig. I.4 Standard filter configuration of the FC500 flow cytometer from Beckman Coulter
®
 (adapted from 

Anonymous 2002). 

 

The output light from illuminated particles is then collected by photo sensors, either 

photodiodes (FS) or photomultiplier tubes (SS and FL). As each particle passes through 

the laser beam, these sensors generate electric current pulses proportional to the intensity 

of the incoming light pulses. The electronic system of the cytometer amplifies, 

conditions, integrates, and analyzes these pulses (Anonymous 2002). An increasing 

amount of the electronics has become computer based, with the latest cytometers 

presenting large-scale integrated circuits, microprocessors, microcontrollers, and digital 

signal-processing chips. Some voltage pulses must be amplified so that the 

characteristics of the particles can be measured. Most systems enable an increase of the 

gain to linearly amplify the signals, and to logarithmically transform the linear data 

(Anonymous 2002). Most of the nuclear DNA content measurements should be made 

using the linear amplification. Before storage, the held voltages from the analogue circuitry 

are digitized. The analogue-to-digital converter (ADC) translates the continuous voltage 

analogue range into a discrete scale which can be represented by a binary number. In 

most systems ADCs providing 10-bit resolution are found. These will divide the scale into 

1024 channels, with voltages being represented by a binary number between 0 and 1023 

(Carter and Ormerod 2000). Recent advances in ADC technology led to large increases in 

the performance, and decreases in the price, with BD Bioscience® offering high-speed 
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digitization systems, and DakoCytomation® and Partec® enabling high-resolution digital 

data analysis (Shapiro 2007).  

The computational system is directed at post-acquisition data display and analysis, 

including the latest possibility of software compensation. Data can be stored in the form of 

a histogram (one- or two- parameters) or in a ñlist modeò, where the measurements of 

each individual particle are recorded (Doleģel 1991). After storage, several approaches 

can be used to reanalyze the data: region creation and assignment; gating, i.e., 

specification that only certain particles are to be analysed; and histogram overlay, for a 

better visual comparison of the data. Also, most software enables basic statistics that are 

useful for results interpretation, and include mean, mode and peak channel position, and 

full and half peak CV. 

Mechanical components are now being integrated with flow cytometers. These 

include automated sample loaders (= carousel) and coordinated cloning trays for precise 

collection of droplets in flow sorters. 

 

Flow cytometry and plant sciences 

Plants differ from animals in a few general ways, one of which is the presence of a 

cellulosic cell wall. As plants comprise complex three-dimensional tissue architectures of 

interlinked cells, it seemed that FCM, which requires samples in the form of single-particle 

suspensions, was not applicable to higher plants (Galbraith 2004). However, the first 

report that used this technique was already published in 1973 (Heller 1973). The author 

used an Impulsecytophotometer from Partec® to analyse fluorescence signals from Vicia 

faba (Fabaceae) nuclei prepared from fixed tissues after enzymatic treatments with 

pectinase and pepsin. The methodology employed was laborious and time consuming, 

and the fact that the paper was written in German may have hampered an higher impact 

in plant community (Doleģel and Bartoġ 2005).     

It was only approximately ten years later that FCM started to be applied more 

frequently in plant sciences. After discarding the possibility of using intact cells for 

estimating DNA content (the rigid cell wall is autofluorescent and confers an irregular 

shape to cells that disturbs the fluid stream), researchers focused on protoplasts (the cell 

wall being removed using hydrolytic enzymes) that are spherical and behave regularly 

within the flow stream (Puite and Tenbroeke 1983). However, the low permeability of the 

plasma membrane, the autofluorescence of cytoplasm (and in particular of chlorophyll), 

and the ñoff-centreò position of the nucleus, compromised the resolution of histograms of 

relative DNA content (Galbraith 1990). If the first two reasons could be circumvented by 
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fixation of protoplasts with ethanol-acetic acid, the non-identical localization of the nucleus 

remained a problem. Therefore, efforts were done to isolate intact nuclei for FCM 

analyses.   

In 1983, two different methods to isolate intact nuclei were proposed: Puite and 

Tenbroeke (1983) obtained intact nuclei after protoplast lysis in the presence of non-ionic 

detergents, while Galbraith et al. (1983) prepared a suspension of nuclei by chopping a 

small amount of fresh tissue in a hypotonic buffer supplemented with a non-ionic 

detergent. Despite leading to very good histograms of DNA content, the first approach 

was laborious, time consuming and inapplicable to some species and certain types of 

tissues (Doleģel and Bartoġ 2005). Therefore few researchers have followed this method 

thereafter (Bergounioux et al. 1988, 1992; Hülgenhof et al. 1988; Ulrich et al. 1988; Ulrich 

and Ulrich 1991). On the other hand, the ingenious method of David Galbraith and co-

workers was simple, convenient, rapid and capable of providing histograms of high quality 

for many plant species. This method largely stimulated the application of FCM in plant 

sciences and it remains the main (523 citations as of March 2007) and most reliable 

procedure for nuclear isolation from plant tissues (Doleģel and Bartoġ 2005).  

The interest to study pollen grains (= microgametophytes), especially for the analysis 

of the frequency of 2n pollen formation (important in microevolution studies of several 

vascular plant groups), has led to development of several strategies to isolate and stain 

nuclei from microgametophytes for FCM analysis (Suda 2004). The most popular 

methodology is an adaptation of the chopping procedure of Galbraith et al. (1983) and 

consists of staining nuclei with a fluorochrome capable to pass trough the wall of both dry 

and fresh mature pollen grains [e.g., 4ô,6-diamidino-2-phenylindole (DAPI)] with 

subsequent chopping for nuclear release (Bino et al. 1990). This methodology produced 

interpretable histograms and proved to be feasible for ploidy level estimation, including 

identification of unreduced pollen grains, in some plant species (e.g., Misset and Gourret 

1996; Sugiura et al. 1998; Mishiba and Mii 2000; Pichot and El Maâtaoui  2000). Recently, 

Pan et al. (2004) developed a simple method for isolating pollen nuclei from Brassica 

napus (Brassicaceae) and Triticum aestivum (Poaceae) using ultrasonic treatment. 

However, the success of both methods may depend on the resistance (thickness and 

number of apertures) of the outer membrane of the mature pollen grain, the exine, and on 

a possibility to avoid the autofluorescence of pollen wall constituents (e.g., sporopolenins). 

For example, in pollen grain analysis in Oxalis pes-caprae (Oxalidaceae) no nuclei could 

be isolated using any of the procedures, and exaggerated noise signals were only 

observed (J. Loureiro 2006, pers. obs.).  
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Few studies so far analysed cellular organelles other than nuclei. Chloroplasts, the 

only organelles naturally autofluorescent in higher plants, were studied by Schroder and 

Petit (1992) who characterized the integrity of chloroplasts isolated from Spinacia 

oleracea (Amaranthaceae) and distinguished intact chloroplasts from thylakoid 

membranes and from various chloroplasts membrane subfractions (Galbraith 2004). The 

characteristics of chlorophyll fluorescence of mesophyll and bundle-sheath thylakoids 

were investigated in Zea mays (Poaceae; Pfündel et al. 1996), with further sorting of 

thylakoids from each tissue (Pfündel and Meister 1996). Flow cytometry analysis of 

mitochondria can be resumed to the detection of glycosil resides at the mitochondrial 

surface by using lectins (Petit et al. 1986), and to the use of rhodamine 123 to monitor the 

mitochondrial membrane potential (Petit 1992). Also, recent studies of the apoptosis 

process in plants using FCM were focused on the role of this organelle (Weir et al. 2003).  

In the past twenty years a good deal of progress has been made in the development of 

methodologies for flow analysis and sorting of plant chromosomes (Galbraith 2004). 

Although they may be applicable to species with a low number of chromosomes and of 

different sizes, many studies so far used FCM with success. After the initial selection of 

species with small chromosome numbers (de Laat and Blaas 1984), the latest studies 

focused on the isolation and flow sorting of many pairs of chromosomes (as many as 

possible) from important crop species that include T. aestivum, Pisum sativum 

(Fabaceae), Z. mays, Hordeum vulgare (Poaceae), Cicer arietinum (Fabaceae) (for a 

review see Doleģel et al. 2007a). Flow-sorted chromosomes have particular importance in 

physical mapping studies, for the localization of specific DNA sequences and for 

preparation of large-insert DNA libraries.   

Contrarily to what occurred in human and animal FCM, where novel markers were 

developed almost since the primordial times of this technique, only recently this started to 

occur in plant FCM. Iona Weir has pioneered the development of FCM protocols for 

analyzing apoptosis and programmed cell death in plants by using and adapting the 

procedures already in vogue in animals (for a review see Weir 2001). Also, David 

Galbraith and co-workers have put considerable effort into the development of molecular 

markers that are able to identify any plant cell type of interest (Galbraith 2004). From all 

the studied markers, the green fluorescent protein (GFP) appeared particularly suited for 

the analysis of plant gene expression in individual cells and/or organelles using FCM 

and flow sorting (Galbraith 2007).  
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Analyses of nuclear DNA content 

Estimation of DNA content in cell nuclei is one of the most important applications of FCM 

in plant sciences. As stated above, preparation of suspensions of intact nuclei for 

analyses of nuclear DNA content has been almost universally performed following the 

method of Galbraith et al. (1983) (Fig. I.5). In this procedure, the nuclei are released into a 

nuclear isolation buffer by mechanical homogenization (chopping) with a sharp razor 

blade (or scalpel) of a small amount of fresh plant tissue (Doleģel and Bartoġ 2005). The 

nuclear suspension is then sieved using a nylon mesh to remove large debris and nuclei 

stained with DNA specific fluorochrome. As FCM analyses relative fluorescence intensity, 

absolute estimations of nuclear DNA content require the use of a reference standard of 

known genome size. 

 

Fig. I.5 Diagram of the sample preparation procedure for FCM DNA measurements developed by 

Galbraith et al. (1983). Figure adapted from the website http://www.ueb.cas.cz/Olomouc1/LMCC/lmcc.html.  
 

Few studies so far used a homogenisation procedure other than chopping to release 

nuclei from plant tissues for DNA FCM analyses: Engelen-Eigles et al. (2000) macerated 

endosperm of Z. mays with a flattened probe, while Wan et al. (1991) and Cuadrado et al. 

(2004) released the nuclei by grounding the tissue with a homogeniser. Recently, Bueno 

et al. (2003), when analysing the ploidy stability of Quercus suber embryos, assayed three 

different homogenisation methods ï using a Potter S homogenizer (three pulses of 15 s 

each), manual homogenisation with a Teflon® pistil, and chopping with a razor blade ï and 

verified that satisfa   ctory results were only obtained when samples were prepared by 

chopping.  
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In the following section, issues related with sample preparation for FCM DNA 

measurements will be introduced, with attention given to plant material, including sample 

storage, nuclear isolation buffers, fluorochromes, calibration and standardization, data 

output and interpretation, and associated methodological problems. 

 

Plant material 

Theoretically, any tissue containing intact nuclei is suitable for measurement of nuclear 

DNA content with FCM (Greilhuber et al. 2007). However, as it will be discussed below, 

there are several problems associated with the isolation of nuclei suitable for analysis. 

Generally, it is recommended the use of fresh almost fully expanded leaves. However, 

if results are unsatisfactory, the utilization of other tissues (especially colourless ones) 

should be considered. Any tissue should be intact, parasite- and disease- free and, if 

possible, the plants that are compared should be cultivated under the same conditions 

(especially the light regime) to eliminate the potential negative effect of different levels of 

cytosolic compounds.  

The quantity of plant material needed depends on the tissue and should be determined 

empirically. Typically, 20 to 100 mg of leaf material per sample is enough in most species 

to obtain a sample flow rate of 50 to 100 particles/s. Generally, while in fleshy tissues the 

amount of material required to release a sufficient number of nuclei needs to be increased 

(Chapter IV.1), in seeds and compact in vitro cultured callus, the opposite occurs (J. 

Loureiro 2005, pers. obs.). Also, in some species that contain cytosolic compounds, large 

quantities of material may not be the best strategy (J. Doleģel 2006, pers. comm.), despite 

that a compromise with the chopping intensity is usually the key to prepare a sample with 

the appropriate number of nuclei and the lowest possible quantity of interfering 

compounds. 

Fresh leaf material may be transported or sent by post wrapped in moistened paper 

tissue and enclosed in a plastic bag (Doleģel and Bartoġ 2005). Low temperatures should 

be maintained during transportation. For example, more than 320 samples of Dioscorea 

spp. were brought in these conditions from Nigeria and arrived in a good state of 

conservation (J. Loureiro 2006, pers. obs.). Alternatively, if the material starts to 

deteriorate quickly, and the laboratory has no capacity to perform the analysis in the 

required period of time, nuclei can be fixed after isolation with ethanol, ethanol : acetic 

acid fixatives (Hülgenhof et al. 1988; Ozias-Akins and Jarret 1994; Jarret et al. 1995) or 

glycerol (Chiatante et al. 1990; Hopping 1993). Fixed nuclei may be maintained for a 

prolonged period of time before analysis. However, long term storage of nuclei in glycerol 

(up to 9 months in a freezer) decreased PI fluorescence intensity of nuclei of Actinidia 
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deliciosa (Actinidiaceae) by 5-7% when compared with fresh material, indicating some 

changes in chromatin structure (Hopping 1993). Therefore, fixed nuclei may only be 

suitable for DNA FCM applications where dyes with lower susceptibility to the state of 

chromatin (e.g., DAPI) can be used. Moreover, even after shorter periods of storage, 

substantial loss (Hopping 1993) and clumping of nuclei was often observed (Doleģel 

1991). 

As an alternative to fresh tissues, nuclei could be released from fixed cells or tissues. 

Unfortunately, fixed material has long been considered inappropriate for absolute DNA 

measurements using FCM. In modern cytogenetics two main types of fixatives can be 

found: non-additive (by ethanol-acetic acid) and additive (by formaldehyde). Few authors 

have used non-additive fixatives (Pfosser 1989; Pfosser et al. 1990; Setter and Flannigan 

2001), the main reason being the protocol that involves enzymatic digestion of cell walls, 

hence it is laborious and time consuming. Also, the use of pectinases and cellulases for 

digestion may result in a decreased fluorescence intensity of the nuclei (Doleģel 1991). 

Finally, it seems highly probable that DNA staining by intercalating dyes, as ethidium 

bromide (EB) and PI, can be disturbed by this type of fixation, either by a direct 

modification of the chromatin structure by the fixative or by the release of tannins from 

vacuoles that strongly bind to chromatin and interfere with quantitative DNA staining, as 

shown for the Feulgen reaction (Greilhuber 1988). This last argument is the main reason 

why formaldehyde fixation cannot be used for absolute nuclear DNA estimations (Overton 

and McCoy 1994). Even though the same authors were able to completely reverse the 

effect of formalin by re-suspending formalin-fixed human cells in PBS and heating them at 

75ºC for at least 1 h prior to staining with PI, in P. sativum and Glycine max (Fabaceae) 

leaf tissue fixed in 4% formaldehyde and stored for 24 h, it was verified that phosphate 

buffered saline (PBS) and heating did not restore completely the fluorescence of nuclei 

(Rodriguez et al. 2005). Although not recommended, Cuadrado et al. (2004) used roots 

fixed in 1% formaldehyde prepared in tris-(hydroxymethyl)-aminomethane (TRIS) buffer 

as plant material for PI genome size estimation in Saccharum officinarum x S. 

spontaneum (Poaceae) cultivars. For relative DNA measurements, mostly using DAPI, 

Sgorbati et al. (1986) demonstrated that a short fixation (up to one week) in formaldehyde 

yielded a large number of nuclei (in 3-12 times higher quantity than in fresh material) 

suitable for FCM. This procedure was further used by Sgorbati and co-workers in several 

other ploidy level studies (Bracale et al. 1997; Citterio et al. 2002; Sgorbati et al. 2004). As 

there certainly are many fixed cytological samples stored in botany laboratories all over 
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the world, the development of routine methodologies for this kind of material is of high 

importance in plant FCM.  

Frozen material has also been used in several works either for absolute (Grattapaglia 

and Bradshaw 1994; Cros et al. 1995; Nagl and Treviranus 1995) or relative nuclear DNA 

content estimations (Nsabimana and van Staden 2006; Suda and Tr§vn²ļek 2006). For 

the latter purpose, and using herbarium material, Suda and Tr§vn²ļek (2006) found that 

the longevity of samples was significantly prolonged by their storage in deep freezer at -

78ºC with clear differences in DNA peak quality between vouchers kept at room 

temperature and in deep freezer. However, as the suitability of this storage strategy for 

genome size estimations remains unstudied, its use should be considered with caution. 

During the last decade, several investigations used dry seed material for determination 

of nuclear DNA content by FCM with considerable success (e.g., Bino et al. 1993; Matzk 

et al. 2000, 2001; śliwiŒska et al. 2005). If it may seem surprising that chromatin from 

dormant tissue can be easily stained with fluorochromes, it may also be possible that dry 

cells release less nucleases into the nuclear homogenate than turgid cells from soft tissue 

and that certain dry organs contain less cytosolic compounds (Greilhuber et al. 2007). 

However, for optimal results it is important that the dry tissue is first crushed and then 

immediately stained in the buffer (Matzk 2007). 

Recent work by Suda and Tr§vn²ļek (2006) showed the feasibility of performing DNA 

ploidy estimations on up to 3-years-old (at least) herbarium material (prepared by pressing 

and drying) of certain plant groups. Most of the analyzed plants yielded distinct peaks 

after several months of storage at room temperature with fluorescence intensity of nuclei 

isolated from desiccated tissues and stained with DAPI being highly comparable with that 

of fresh material. Also for relative DNA measurements, Suda and co-workers already use 

routinely and with substantial success silica gel-dried material (J. Suda 2006, pers. 

comm.). As desiccation is a routine way of sample preservation in field botany, the 

possibility of using dehydrated tissues opens new and promising prospects for plant DNA 

FCM. 

 

Nuclear isolation buffers 

As mentioned above, in the method of Galbraith et al. (1983) the nuclei are released into a 

nuclear isolation buffer by mechanical homogenization of a small amount of fresh tissue. 

The composition of the buffer is crucial for the release of intact nuclei free of adhering 

cytoplasm in sufficient quantities, maintenance of nuclear stability and prevention of 

nuclear aggregation. It also has an important function in DNA protection against 

degradation by endonucleases, in stoichiometric staining and in nuclear protection against 
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the negative effect of cytosolic compounds (Doleģel and Bartoġ 2005). Since the very 

beginning of plant DNA FCM, several laboratories developed their own buffer formulas. 

The current version of the FLOWER database (http://flower.web.ua.pt/), described in 

Chapter V, lists 27 lysis buffers with different chemical composition.  

Most buffers work at a near neutral pH (from 7.0 to 8.0) and are based on organic 

buffer substances such as 4-morpholinepropane sulfonate (MOPS; Galbraith et al. 1983; 

Bino et al. 1993), TRIS (Doleģel et al. 1989; Rayburn et al. 1989; Pfosser et al. 1995) and 

4-(hydroxymethyl)piperazine-1-ethanesulfonic acid (HEPES; de Laat and Blaas 1984; 

Arumuganathan and Earle 1991). Chromatin stabilizers, as Mg2+ or spermine, and 

chelators, such as ethylenediaminetetraacetic acid (EDTA; metal chelator) and citrate 

(mild chelating agent), are usually added. Given the counteracting effects of both 

components, one must only be thoughtful to not use metal chelators and Mg salts in the 

same buffer (Galbraith 2007). The composition of the ten most popular nuclear isolation 

buffers in plant DNA FCM is given in Table V.1. 

The usefulness of some of the buffers is sometimes difficult to evaluate as their 

performance was not analysed thoroughly, nor compared with other buffers. In Chapter 

IV.1 the first systematic comparison of lysis buffers is presented. Here the performance of 

four of most common buffers differing in chemical composition ï Galbraithôs (Galbraith et 

al. 1983), LB01 (Doleģel et al. 1989), Ottoôs (Otto 1992; Doleģel and Göhde 1995) and 

Tris.MgCl2 (Pfosser et al. 1995) ï was compared using seven plant species, whose 

tissues differ in structure and chemical composition. The same group of buffers was also 

studied in the FCM and microscopic analysis of the effect of tannic acid, a common 

phenolic compound, on plant nuclei and estimation of DNA content (Chapter IV.2).  

Given the diversity of plant tissues, including the immense variety of intrinsic chemical 

compounds, it is no surprise that a universal buffer has not been developed so far 

(Doleģel and Bartoġ 2005). However, considering the results of Chapters IV.1 and IV.2 we 

elected to develop two nuclear isolation buffers that could be suitable for a broad range of 

plant tissues. The nuclear isolation buffer (NIB) and woody plant buffer (WPB) are 

presented and evaluated in Chapter IV.3.    

 

Filtration 

The almost universal method for filtration of the nuclear homogenate consists on the use 

of a nylon mesh with a pore size ranging from 20 to 80 µm. This will remove cell 

fragments and large debris. Recently, Lee and Lin (2005) suggested an alternative 

approach that could supposedly be used on recalcitrant tissues, particularly those that 

contain calcium oxalate crystals. These authors designed a cotton column that after 

http://flower.web.ua.pt/
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wetting in the lysis buffer was rolled and inserted in the middle of a 5 mL pipette tip. This 

method apparently reduced the percentage of contaminants and, by this way, purified the 

nuclear suspension. However a 50% decrease in the yield of nuclei was also observed. 

 

Fluorochromes 

After sample homogenization, nuclei must be stained with a fluorochrome, which should 

bind specifically and stoichiometrically to DNA. Fluorescent stains can be divided 

according to the binding mode to DNA as follows: (i) dyes that quantitatively intercalate 

into double-stranded nucleic acids, and (ii) base specific minor grove-binding dyes with A-

T or G-C preference. The fluorochromes used so far in plant DNA FCM according to the 

FLOWER database (Chapter V) are listed in Table I.1. An analysis of the usage frequency 

of fluorochromes, along with an explanation for the obtained results, is presented in 

Chapter V. 
 

Table I.1 Fluorochromes used in plant DNA flow cytometry. Information on the binding mode and 

excitation and emission wavelengths of each stain is also given. 

Fluorochrome Primary biding mode 
Wavelength (nm) 

Excitation Emission 

Propidium iodide (PI) Intercalation 530 (blue-green) 605 (red) 

Ethidium bromide (EB) Intercalation 540 (blue-green) 615 (red) 

Acridine orange Intercalation 502 (blue) 525 (green) 

DAPI A-T specific 365 (UV) 450 (blue) 

Hoechst 33258 A-T specific 365 (UV) 465 (blue) 

Hoechst 33342 A-T specific 360 (UV) 460 (blue) 

Chromomycin A3 G-C specific 445 (violet-blue) 570 (green) 

Mithramycin G-C specific 445 (violet-blue) 575 (green) 

Olivomycin G-C specific 440 (violet-blue) 560 (green) 

Fig. I.6 Absorption (dashed lines) and fluorescence emission (solid lines) spectra of DAPI (green) and PI 

(blue) bound to DNA (adapted from the Invitrogen
®
 spectral viewer, 

http://probes.invitrogen.com/resources/spectraviewer/).   
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For absolute DNA measurements it is important to use intercalating dyes (PI and EB), 

as these fluorochromes are not affected by DNA base composition (Doleģel et al. 1992). 

PI and EB are usually excited by a 488 nm argon laser, which is not the optimal excitation 

wavelength for both dyes (Table I.1 and Fig. I.6), thus affecting the accuracy and 

resolution of the analyses (Suda 2004). To overcome this weakness, some recent 

instruments of Partec are equipped with the Nd:YAG laser that emits at 532 nm, which is 

almost optimal for excitation of PI and EB. Furthermore, for maximal fluorescence and 

highest resolution, EB and PI should be added at near neutral pH (between 7.2 and 7.4) in 

a buffer that provides ionic strength (Le Pecq and Paoletti 1967), and at saturating 

concentrations (Doleģel and Bartoġ 2005). Even though both dyes stain DNA above pH 4, 

higher resolution is usually obtained at higher pH (pH below 7 enhances the activity of 

endonucleases). Although Barre et al. (1996) suggested that the optimal dye 

concentration should be determined for each given pair of species, concentrations 

between 50 and 150 µg mL-1 are usually found appropriate (Greilhuber et al. 2007; 

Chapter IV.2). An incubation period of 5-10 min is usually adequate for saturating the DNA 

sites, and longer staining times (e.g., 60 min) often lead to a decrease of fluorescence 

(see Chapter IV.2) and/or to increased levels of background debris (Barre et al. 1996). As 

PI and EB bind to double-stranded RNA, a pre-treatment with RNase is necessary for 

meaningful DNA measurements. If in leaf tissues the addition of RNase may not be so 

critical, for tissues undergoing high levels of protein synthesis, such as meristems and 

seeds, the treatment with RNase is essential (Doleģel and Bartoġ 2005). Unfortunately, 

EB and PI are sensitive to the chromatin structure, which implies that changes in 

chromatin condensation (due to growth state, tissue type and/or cytosolic compounds) 

might affect DNA content estimations. As discussed above, this susceptibility is the main 

reason why tissue fixation is not recommended for absolute DNA content estimations. For 

reasons that remain unclear, PI has been considered superior to EB (Crissman et al. 

1976), which together with a lower toxicity, makes this fluorochrome the preferred 

intercalating dye for staining plant nuclear DNA (for quantitative data see Chapter V). 

Despite excited in the UV range with mercury arc lamps (Table I.1 and Figure I.6), 

fluorochromes with A-T specificity (DAPI and Hoechst dyes) are highly popular for relative 

DNA measurements, with DAPI clearly being the preferred dye (Chapter V). This is 

probably because a comparison study between both dyes revealed that DAPI provided 

histograms with higher fluorescence intensity and resolution (Suda 2004). Contrarily to 

what occurs with intercalating dyes, the binding of DAPI to DNA is not influenced by the 

state of chromatin condensation, which can result in histograms with higher resolution. 
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DAPI (at non saturating concentrations ranging from 1 to 10 µg mL-1) and Hoechst 

staining of DNA are usually carried at pH 7.0.  

Mithramycin, together with other fluorescent antibiotics (chromomycin A3, olivomycin) 

constitute the set of fluorochromes that bind to the G-C rich regions of DNA. These dyes 

are optimally excited at about 440 nm (Table I.1), and due to lower resolution of 

histograms as compared to A-T specific dyes (Ulrich et al. 1988), their use in plant DNA 

FCM is almost restricted to studies of genomic base composition. Mithramycin, the most 

used G-C specific stain, is typically used in concentrations ranging from 50 to 100 µg mL-1 

(Ulrich et al. 1988) and its optimal staining is achieved in the pH range 5-9 (Doleģel 1991). 

Also, the presence of magnesium ions is fundamental for formation of complexes between 

G-C dyes and DNA, with the concentration of MgCl2 being important for a higher 

fluorescence intensity and histogram resolution (Doleģel 1991). As all base specific dyes 

only bind to double-stranded DNA the addition of RNase is not necessary. 

The stain can either be already present in the nuclei isolation buffer or be added after 

nuclear homogenization and filtration. While some time can be saved in the first approach, 

it also increases the probability of skin and laboratory contamination of the sample and the 

number of disposables that would need to be treated as toxic waste (Greilhuber et al. 

2007). Therefore the second strategy is highly preferable in most situations. 

Stained samples can be maintained at room temperature in buffers containing metal 

chelators (more suitable temperature for the activity of RNase). On the other hand, 

samples prepared in buffers without these components and containing divalent cations 

should be incubated at ice-cold temperature in order to decrease nuclease activity 

(Doleģel 1991). 

 

Calibration and standardization 

In addition to a careful employment of sampleôs preparation and staining methods, the 

instrument must also be perfectly adjusted for obtaining of high resolution analyses. The 

instruments precision can be either monitored by fluorescently labelled microspheres or 

by stained nuclei from animal cells (trout red blood cells (RBC), chicken RBC or human 

leukocytes) (Doleģel 1991). In our laboratory, when none of these calibration standards is 

available, we use freshly prepared nuclei of the ñplant goldò reference standard 

(Greilhuber et al. 2007), P. sativum, isolated in the nuclear isolation buffer that is going to 

be used in that working day. In all cases, only when CV values below 2-2.5% are 

achieved the FCM analysis is started. 
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As FCM analyses relative fluorescence intensity, absolute DNA measurements always 

require the use of a reference standard, whose genome size is known. The genome size 

or ploidy level of an unknown sample is determined by comparing its peak position with 

that of the standard (Suda 2004). Standardization can be accomplished by several ways. 

In the external standardization approach nuclei from both sample and standard are 

prepared and measured separately. Relative peak position of the reference standard is 

checked before or after each sample run (Suda 2004). In this procedure, nonetheless the 

instrument settings are kept constant throughout the analysis, measurements may be 

affected by random instrument drift and by a non-identical sample preparation and 

staining (Doleģel and Bartoġ 2005). External standardization is only acceptable when the 

demands of precision are not high, as in DNA ploidy screening (Greilhuber et al. 2007). 

Disadvantages of this approach are easily overcome by internal standardization, in which 

nuclei of the sample and standard are isolated, stained and analysed simultaneously 

(Doleģel 1991). By this way, identical conditions for the sample and the standard are as 

far as possible guaranteed. Some authors have used a compromise between these two 

approaches, named ñpseudo-internalò standardization, in which the isolation of sample 

and standard nuclei is made independently before mixing and analysing (Price and 

Johnston 1996; Price et al. 1998; Johnston et al. 1999). In this procedure, only the errors 

associated with the instrument are eliminated, because the analyses are still subject to 

bias by the variation in nuclei isolation and staining (Doleģel and Bartoġ 2005). Data on 

standardisation and standard use can be easily excerpted from the FLOWER database 

(Chapter V). 

Usually, one internal reference standard is used per sample. However, when the 

occurrence of aneuploidy is expected, a second reference point (e.g., plant of the same 

species with known chromosome number, usually diploid) may be used to improve the 

sensibility of the assay (Suda 2004). This strategy was successfully employed in the study 

of DNA ploidy stability of the embryogenic process of Cyphomandra betacea 

(Tamaricaceae), in which several aneuploidy events were easily detected (L. Currais et al. 

2005, unpublished data). Here, besides sample and reference standard material (P. 

sativum), leaf tissue from a diploid individual of C. betacea (tamarillo) was added (Fig. I.7).  
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Fig. I.7 Ploidy stability analyses of the embryogenic process of Cyphomandra betacea (tamarillo). 

Histograms of PI fluorescence (relative units) of nuclei isolated from an unknown sample of tamarillo, from 

Pisum sativum cv. Ctirad (reference standard) and tamarillo diploid plant (secondary reference point): a) 

hyperdiploid (2n > 2x) individual; b) hypotetraploid (2n < 4x) individual (L. Currais et al. 2005, unpublished 

data).  

 

According with Greilhuber et al. (2007), the selection of the most appropriate standard 

species should be guided by several criteria: biological similarity, genome size, nature of 

the standard, availability, cytological homogeneity, accessibility and reliability of C-values. 

An ideal DNA reference standard should be biologically similar (i.e., the use of animal 

standards, as chicken RBC and human leucocytes is not advisable as the concept of 

internal standardization is violated) and have a different genome size from the unknown 

sample, but not too different to avoid the risk of nonlinearity and offset errors (Doleģel and 

Bartoġ 2005). Also, it should be free of cytosolic compounds and its preparation should be 

easy and result in narrow DNA peaks. The chromatin status of the standard and the 

sample should be similar; this may be assured by using the same type of tissue (e.g., 

leaves) at a similar growth state. Finally, the standard should be genetically stable with 

constant and reliable genome size estimation, permanently accessible to other 

researchers in sufficient quantities, seed-propagated, easy to multiply and cytologically 

homogeneous (Greilhuber et al. 2007). All these requirements are difficult to satisfy and, 

consequently, many different standards have been employed so far (for a list of the most 

used reference standards see Table V.2). The definition of a unified set of cross-calibrated 

reference standards distributed at appropriate genome size intervals is a current topic in 

plant DNA FCM, and although two lists of reference species (in each study calibrated with 



Plant flow cytometry ï a general introduction  

 23 

a primary reference standard) have already been presented (Doleģel et al. 1998; Johnston 

et al. 1999), a full consensus is yet to be reached. In our laboratory the set of reference 

species proposed by Doleģel et al. (1998) was chosen (Table I.2). A thorough discussion 

of all the problems associated with reference standards is given in Chapter V, taking in 

consideration the quantitative data given by the FLOWER database there presented. 

 

Table I.2 DNA reference standards available from the Laboratory of Molecular Cytology and Cytometry, 

Olomouc, Czech Republic as used in our laboratory. 

Species Cultivar 2C DNA content (pg)
1
 Reference 

Vicia faba (Fabaceae) óInovecô 26.90 Doleģel et al. 1992 

Secale cereale (Poaceae) óDankovskéô 16.19 Doleģel et al. 1998 

Pisum sativum (Fabaceae) óCtiradô 9.09 Doleģel et al. 1998 

Zea mays (Poaceae) óCE-777ô 5.43 Lysák and Doleģel 1998 

Glycine max (Fabaceae) óPolankaô 2.50 Doleģel et al. 1994 

Lycopersicon esculentum 
(Solanaceae) 

óStupickéô 1.96 Doleģel et al. 1992 

Raphanus sativus 
(Brassicaceae) 

óSaxaô 1.11 Doleģel et al. 1992 

 

1
 Nuclear DNA content was established using human male leukocytes (2C = 7.0 pg DNA; Tiersch et al. 1989) as a 

primary reference standard. 

 

Quality control and data presentation 

The required number of nuclei for each analysis is typically set at 5,000 or 10,000 counts. 

However, as the analysis also includes the debris background, higher count values may 

be needed in some situations. Greilhuber et al. (2007) has shown that relevant peaks 

should represent at least 1300 nuclei, even though higher counts resulted in more stable 

and defined peak positions.  

Cytometric data can be either presented in the form of 2-D histograms (one parameter 

analysis) or 3-D cytograms (two parameter analyses, also presented in 2-D). The 

histogram is usually used to present FL data (Fig. I.8a), with the horizontal axis presenting 

the intensity of the FL signal and the vertical axis the number of particles with a given 

range of intensity (Suda 2004). Cytograms are scarcely used in plant sciences; however 

in our laboratory we routinely analyse the following cytograms: FS vs. SS both in 

logarithmic (log) scale (the usefulness of this cytogram is debated in Chapter IV.1; Fig. 

I.8b), FL vs. time (to monitor the fluorescence stability of nuclei over time; Fig. I.8c), SS in 

log scale vs. FL (to monitor the possible effect of cytosolic compounds, for details see 

Chapter IV.2; Fig. I.8d), and FL pulse integral vs. FL pulse height (to evaluate and 



Plant flow cytometry ï a general introduction 
 

 24 

eliminate partial nuclei and other debris, nuclei with associated cytoplasm and doublets; 

Fig. I.8e).  

Usually a discriminator (= threshold) is set at a FL value of 50 to eliminate particles with 

autofluorescence and/or with low fluorescence values, and the mean position of the first 

G0/G1 peak (representing the species with lowest genome size), either from the sample or 

the reference standard, should be located on (almost) the same fluorescence channel 

(i.e., voltage and gain should be kept constant throughout an experiment), usually not 

below channel 200 in a 1,024 channels scale. Also, peaks of both the internal standard 

and the sample should be symmetrical and of approximately the same height (Suda 

2004). 

The creation of regions, besides enabling the gating of particles of interest, is in some 

software (e.g., SYSTEM II from Beckman-Coulter®) fundamental to excerpt statistical data 

from the graphics. The following regions are routinely defined in our laboratory: in the FL 

histogram, linear regions are defined for each peak (Fig. I.8a); in the FS vs. SS cytogram 

(Fig. I.8b), a region is defined around the population of nuclei; in the FL pulse integral vs. 

FL pulse height cytogram (Fig. I.8e), a region is defined around individual nuclei. The 

region created in the last cytogram is used to eliminate doublets of 2C that can be 

erroneously assessed as 4C. In some cases, a region around pure nuclear fractions can 

be defined in the SS vs. FL cytogram (Fig. I.8d), and thus avoid physical purification 

procedures before the analysis. 

A typical DNA FL histogram comprises a prominent peak corresponding to nuclei in the 

G0/G1 phase of the cell cycle (with a 2C DNA content), a small peak that correspond to 

nuclei in the G2 phase (with a 4C DNA content) and some signals in between that 

correspond to nuclei in the S phase (nuclei synthesising new DNA) (Fig. I.5). As there are 

many sources of variation in the FCM analyses (the most important of them were 

discussed above), wider peaks and background debris are usually observed (Suda 2004), 

thus the quality of a nuclear suspension is best evaluated by analysing the histogram of 

relative nuclear DNA content, which unfortunately is not always included in plant DNA 

FCM publications (Chapter V). Histograms of good quality should contain a low 

background debris and symmetrical G0/G1 and G2 peaks with low variation (Doleģel and 

Bartoġ 2005).  
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Fig. I.8 Histogram of PI fluorescence (a, in relative units) and cytograms of FS (FS LOG) vs. SS (SS LOG) 

(b, in relative units), PI fluorescence vs. time (in seconds; c), SS LOG vs. PI fluorescence (d) and PI 

fluorescence pulse integral vs. PI fluorescence pulse height (e) of nuclei of Quercus suber (Fagaceae; peaks: 

A - G0/G1 nuclei, coloured in green, and C - G2 nuclei coloured in blue) and Glycine max cv. Polanka (as 

internal reference standard with peaks: B - G0/G1 nuclei, coloured in red, and D - G2 nuclei, coloured in purple) 

simultaneously isolated in WPB buffer and stained with PI. Mean FL channel, DNA index (mean channel of Q. 

suber / mean channel of G. max) and CV values of each peak are given in the histogram a) and mean channel 

of FS and SS and CV of each parameter are given in cytogram b) (adapted from Santos et al. 2007). 


