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Overview 103
5.1 Introduction 103
5.2 Practical Considerations 104
5.2.1 Relative DNA Content, Ploidy and Flow Cytometry 104
5.2.2 General Guidelines for Ploidy-level Studies 105
5.2.3 Use of Alternative Tissues 108
5.2.3.1 Preserved or Dormant Tissue 108
5.2.3.2 Pollen 111
5.2.4 Other Considerations/Pitfalls 113
5.2.4.1 Holokinetic Chromosomes (Agmatoploidy) 113
5.2.4.2 DNA Content Variation within Individuals 113

Contents VII



5.3 Applications in Plant Systematics 114
5.3.1 Systematics of Heteroploid Taxa 114
5.3.1.1 Detecting Rare Cytotypes 117
5.3.1.2 Phylogenetic Inference 117
5.3.2 Systematics of Homoploid Taxa 118
5.4 Applications in Plant Ecology and Evolutionary Biology 119
5.4.1 Spatial Patterns of Ploidy Variation 119
5.4.1.1 Invasion Biology 119
5.4.2 Evolutionary Dynamics of Populations with Ploidy Variation 120
5.4.3 Ploidy Level Frequencies at Different Life Stages (Temporal

Variation) 121
5.4.4 Reproductive Pathways 122
5.4.4.1 Unreduced Gametes and Polyploidy 122
5.4.4.2 Asexual Seed Production 124
5.4.4.3 Hybridization 124
5.4.5 Trophic Level Interactions and Polyploidy 125
5.5 Future Directions 126

References 128

6 Reproduction Mode Screening 131
Fritz Matzk

Overview 131
6.1 Introduction 131
6.2 Analyses of the Mode of Reproduction 134
6.2.1 Traditional Techniques 134
6.2.2 Ploidy Analyses of Progenies Originating from Selfing

or Crossing 139
6.2.2.1 Identification of BIII, BIV and MI Individuals after Selfing

or Intraploidy Pollinations 139
6.2.2.2 Crossing of Parents with Different Ploidy or with Dominant

Markers 140
6.2.3 Flow Cytometric Analyses of the Relative DNA Content of Microspores

or Male Gametes 141
6.2.4 The Ploidy Variation of Embryo and Endosperm Depending on the

Reproductive Mode 142
6.3 A Recent Innovative Method: the Flow Cytometric Seed Screen 142
6.3.1 Advantages and Limitations of the FCSS 143
6.3.2 Applications of the FCSS 146
6.3.2.1 Botanical Studies 146
6.3.2.2 Evolutionary Studies 147
6.3.2.3 Genetical Analyses of Apomixis 147
6.3.3 Methodological Implications 147
6.4 Flow Cytometry with Mature Seeds for other Purposes 149
6.5 Conclusions 150

References 151

VIII Contents



7 Genome Size and its Uses: the Impact of Flow Cytometry 153
Ilia J. Leitch and Michael D. Bennett

Overview 153
7.1 Introduction 153
7.2 Why is Genome Size Important? 154
7.3 What is Known about Genome Size in Plants? 155
7.3.1 Angiosperms 156
7.3.2 Gymnosperms 157
7.3.3 Pteridophytes 158
7.3.4 Bryophytes 158
7.3.5 Algae 158
7.4 The Extent of Genome Size Variation across Plant Taxa 159
7.5 Understanding the Consequences of Genome Size Variation:

Ecological and Evolutionary Implications 160
7.5.1 Influence of Genome Size on Developmental Lifestyle and Life

Strategy 161
7.5.2 Ecological Implications of Genome Size Variation 163
7.5.3 Implications of Genome Size Variation on Plants’ Responses to

Environmental Change 166
7.5.3.1 Genome Size and Plant Response to Pollution 166
7.5.3.2 Genome Size and Threat of Extinction 166
7.5.4 Consequences of Genome Size Variation for Survival in a Changing

World 167
7.6 Methods of Estimating Genome Size in Plants and the Impact

of Flow Cytometry 168
7.6.1 The Development of Flow Cytometry for Genome Size Estimation

in Angiosperms 169
7.6.1.1 Choice of Fluorochromes 169
7.6.1.2 Internal Standardization 169
7.6.1.3 The Need for Cytological Data 170
7.6.1.4 Awareness of the Possible Interference of DNA Staining 170
7.6.2 Potential for the Application of Flow Cytometry to Other Plant

Groups 171
7.6.2.1 Gymnosperms 171
7.6.2.2 Pteridophytes 172
7.6.2.3 Bryophytes 172
7.7 Recent Developments and the Future of Flow Cytometry in Genome

Size Research 172
References 174

8 DNA Base Composition of Plant Genomes 177
Armin Meister and Martin Barow

Overview 177
8.1 Introduction 177
8.2 Analysis of Base Composition by Flow Cytometry 178

Contents IX



8.2.1 Fluorescence of Base-Specific Dyes: Theoretical Considerations 180
8.2.2 Base Composition of Plant Species Determined by Flow Cytometry

and its Relation to Genome Size and Taxonomy 185
8.2.3 Comparison of Flow Cytometric Results with Base Composition

Determined by other Physico-Chemical Methods 204
8.2.4 Possible Sources of Error in Determination of Base Composition

by Flow Cytometry 205
8.3 Conclusions 211

References 213

9 Detection and Viability Assessment of Plant Pathogenic Microorganisms

using Flow Cytometry 217
Jan H. W. Bergervoet, Jan M. van der Wolf, and Jeroen Peters

Overview 217
9.1 Introduction 217
9.2 Viability Assessment 218
9.2.1 Viability Tests for Spores and Bacteria 219
9.3 Immunodetection 222
9.3.1 Microsphere Immuno Assay 224
9.3.1.1 Detection of Plant Pathogenic Bacteria and Viruses 225
9.3.1.2 Paramagnetic Microsphere Immuno Assay 226
9.4 Conclusions and Future Prospects 227

References 229

10 Protoplast Analysis using Flow Cytometry and Sorting 231
David W. Galbraith

Overview 231
10.1 Introduction 231
10.1.1 Protoplast Preparation 231
10.1.2 Adaptation of Flow Cytometric Instrumentation for Analysis of

Protoplasts 233
10.1.3 Parametric Analyses Available for Protoplasts using Flow

Cytometry 234
10.2 Results of Protoplast Analyses using Flow Cytometry and Sorting 237
10.2.1 Protoplast Size 237
10.2.2 Protoplast Light Scattering Properties 238
10.2.3 Protoplast Protein Content 239
10.2.4 Protoplast Viability and Physiology 239
10.2.5 Protoplast Cell Biology 243
10.2.6 Construction of Somatic Hybrids 244
10.2.7 The Cell Cycle 244
10.3 Walled Plant Cells: Special Cases for Flow Analysis and Sorting 246
10.4 Prospects 247

References 248

X Contents



11 Flow Cytometry of Chloroplasts 251
Erhard Pfündel and Armin Meister

Overview 251
11.1 Introduction 251
11.1.1 The Chloroplast 252
11.2 Chloroplast Signals in Flow Cytometry 255
11.2.1 Autofluorescence 255
11.2.2 Light Scattering 259
11.3 Progress of Research 259
11.3.1 Chloroplasts from C3 Plants 260
11.3.2 Chloroplasts from C4 Plants 261
11.4 Conclusion 263

References 264

12 DNA Flow Cytometry in Non-vascular Plants 267
Hermann Voglmayr

Overview 267
12.1 Introduction 267
12.2 Nuclear DNA Content and Genome Size Analysis 271
12.2.1 General Methodological Considerations 272
12.2.1.1 Isolation and Fixation of Nuclei 272
12.2.1.2 Standardization 274
12.2.1.3 Fluorochromes for Estimation of Nuclear DNA Content 275
12.2.1.4 Secondary Metabolites as DNA Staining Inhibitors 276
12.2.2 DNA Content and Genome Size Studies 276
12.2.2.1 Algae 277
12.2.2.2 Bryophytes 280
12.3 Future Perspectives 283
12.4 Conclusion 284

References 285

13 Phytoplankton and their Analysis by Flow Cytometry 287
George B. J. Dubelaar, Raffaella Casotti, Glen A. Tarran, and Isabelle C. Biegala

Overview 287
13.1 Introduction 288
13.2 Plankton and their Importance 288
13.2.1 Particles in Surface Water 288
13.2.2 Phytoplankton 289
13.2.3 Distributions in the Aquatic Environment 289
13.3 Considerations for using Flow Cytometry 291
13.3.1 Analytical Approach 291
13.3.2 Limitations and Pitfalls of using Biomedical Instruments 292
13.3.3 Instrument Modification and Specialized Cytometers 293

Contents XI



13.3.4 Sizing and Discrimination of Cells 295
13.3.5 More Information per Particle: From Single Properties to (Silico-)

Imaging 297
13.4 Sampling: How, Where and When 301
13.4.1 Sample Preparation 301
13.4.2 Critical Scales and Sampling Frequency 302
13.4.3 Platforms for Aquatic Flow Cytometry 303
13.5 Monitoring Applications 305
13.5.1 Species Screening: Cultures 305
13.5.2 Phytoplankton Species Biodiversity 307
13.5.3 Harmful Algal Blooms 308
13.6 Ecological Applications 308
13.6.1 Population-related Processes 308
13.6.2 Cell-related Processes and Functioning 311
13.6.3 Plankton Abundance Patterns in the Sea: Indicators of Change 314
13.7 Marine Optics and Flow Cytometry 314
13.8 Future Perspectives 315

References 319

14 Cell Cycle Analysis in Plants 323
Martin Pfosser, Zoltan Magyar, and Laszlo Bögre
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Preface

This book is being published more than three decades after the publication of the

first formal report on flow cytometric analysis of plant material by F. O. Heller in

1973. This pioneering work did not find immediate favor with researchers and it

was only after a considerable period of time that the usefulness of the technique

was recognized with numerous applications of flow cytometry being developed

and applied in plant science and industry. The reason for the growing popularity

of flow cytometry is not hard to guess, as the method provides a unique means

with which to analyze and manipulate plant cells and subcellular particles. Sev-

eral optical parameters of particles can be analyzed simultaneously, quantitatively

and at high speed. Statistically relevant data are quickly provided and the detec-

tion of subpopulations is possible. The ability to purify specific subpopulations of

particles by flow sorting then provides a tool for their manipulation and analysis

using other methods. As a result, current flow cytometry is now able to provide

answers to the once utopian suite of challenging questions on plant growth, de-

velopment, function and evolution at subcellular, cellular, organismal, and popu-

lation levels.

Despite significant progress in the development of instrumentation, and the

growing number of reported applications, researchers continue to be frustrated

when searching for first-hand information on plant flow cytometry. Such infor-

mation is currently scattered in a number of books and various journals. Due to

some fundamental differences between plant, human and animal cells and tis-

sues, and the fact that the scientific targets of those working with these different

cell and tissue types only partially overlap, the plethora of biomedical publications

cannot provide a substitute. One of the gurus of flow cytometry, Howard Shapiro,

pertinently characterized the state of affairs in his fourth edition of Practical Flow
Cytometry (2003, p. 512): ‘‘There are now enough references to justify a book on

applications of flow cytometry to plants, but, as far as I know, nobody has written

one.’’

Sharing the same opinion, and stimulated by our long-term experience with

plant flow cytometry, we arrived at the conclusion in late 2003 that the time was

ripe for the publication of such a treatise. Our intention was to prepare a compre-

hensive, instructive and stimulating title which would cover virtually all fields of

current plant flow cytometric research and offer an easily accessible source of

XVII



information. We trust that we have succeeded and look forward to the comments

from the readers.

So what is on the menu? We start by describing the origin and evolution of flow

cytometry and explaining the principles of flow cytometry and sorting (Chapters 1

and 2). Chapter 3 provides a general overview of plant flow cytometry, setting the

stage for the more specialized topics discussed in Chapters 4–17. The first three

of which cover the analysis of nuclear DNA content and its applications in the

determination of genome size (Chapter 4), ploidy level (Chapter 5) and mode

of reproduction (Chapter 6). Chapter 7 then explains the importance of research

on nuclear genome size and Chapter 8 discusses the use of flow cytometry to

estimate base composition in plant genomes. Focusing on microorganisms,

Chapter 9 describes the use of flow cytometry in plant pathology, while

Chapter 10 brings us back to plants and explains the analysis and sorting of

naked plant cells, or protoplasts. We then move on to Chapter 11, the analysis of

chloroplasts. Entering more exotic worlds, non-vascular plants and their DNA

content is considered in Chapter 12 and the characterization of phytoplankton

provides the subject of Chapter 13. Chapter 14 deals with the analysis of the cell

cycle and is logically followed by a discussion on endopolyploidy (Chapter 15).

Moving on to genome analysis, Chapter 16 describes the analysis and sorting of

mitotic chromosomes and Chapter 17 introduces flow cytometry as a powerful

tool for analyzing gene expression. The book closes with Chapter 18, which

presents the FLOWer, a plant DNA flow cytometry database, and offers interest-

ing quantitative data retrieved from publications in this area of flow cytometry.

Although the book was written by leading authorities and includes the most

recent information, every effort has been made to avoid jargon and to explain all

specific terms. Thus the book should be appreciated by users at every level of

experience. Indeed, we are very happy with the final outcome and we hope that

we have not only filled the gap in the current literature but created a reference

volume for plant flow cytometry.

This book would never have materialized without the hard work, encourage-

ment and support of many people. We are particularly indebted to the authors of

the individual chapters who joined us on our formidable journey and provided ex-

cellent contributions. It is their hard work which makes this book a valuable ref-

erence text. We extend our gratitude to them all.

We greatly appreciate the highly professional, efficient, and conscientious work

of the team at Wiley-VCH, who made publication of this book possible and who

guided us carefully through the whole process. All three of us are excited by the

graphical design of the book and the attractive front cover featuring the flower of

lotos (Nelumbo nucifera). We felt it appropriate to include the nuclear genome size

of the cover plant, and our original estimates are 1010 Mbp/1C (Prague) and

1017 Mbp/1C (Vienna).

We thank our colleagues for their assistance with editing the manuscripts

and their preparation for submission. In particular we appreciate the assistance

of Eva M. Temsch and Hermann Voglmayr with the revision of some of the

figures.
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We hope that the investment of our time, which was to a significant extent

at the expense of our private lives, was justified and that it will promote the use

of flow cytometry in plant science and production. We sincerely hope that the

readers will enjoy exploring the fascinating world of plant flow cytometry as

much as we enjoyed writing and editing this book.

January 2007 Jaroslav Doležel, Olomouc (Czech Republic)
Johann Greilhuber, Vienna (Austria)
Jan Suda, Prague (Czech Republic)
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Institute of Experimental Botany

Laboratory of Molecular Cytogenetics

and Cytometry

Sokolovská 6
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128 01 Prague

Czech Republic

and

Institute of Botany

Academy of Sciences of the

Czech Republic
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1

Cytometry and Cytometers: Development

and Growth

Howard M. Shapiro

Overview

It took almost 200 years of microscopy, from the mid-1600s until the mid-1800s,

before objective data could be derived from specimens under the microscope by

photography. The subsequent development of both image and flow cytometry for

use by biologists followed the development of photometry, spectrometry, and flu-

orometry by physicists and chemists. Early cytometers measured cellular charac-

teristics, such as nucleic acid content at the whole cell level; since few reagents

were available that could specifically identify different types of cells, higher reso-

lution imaging systems were developed for this task, but were too slow to be prac-

tical for many applications. The development of flow cytometry and cell sorting

facilitated the development of more specific reagents, such as monoclonal anti-

bodies and nucleic acid probes, which now allow cells to be precisely identified

and characterized using simpler, low-resolution imaging systems. Although the

most complex cytometers remain expensive, these newer instruments may bring

the benefits of cytometry to a much wider community of users, including bota-

nists in the field.

1.1

Origins

If the microscopic structures in cork to which Robert Hooke gave the name

‘‘cells’’ in the mid-17th century may be compared to the surviving stone walls of

an ancient city, to what are we to compare the vistas available to 21st-century

microscopists, who can follow the movements of individual molecules through

living cells?

Between the time Hooke named them and the time that Schleiden, Schwann,

and Virchow established cells as fundamental entities in plant and animal struc-

ture, function, and pathology, almost two centuries had elapsed. During most of

that period, the only record of what could be seen under the microscope was an
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observer’s drawing, and, even with the aid of a camera lucida, it was difficult if

not impossible to eliminate subjective influences on the research product. The

development of photography in the 1830s was quickly followed by the marriage

of the Daguerrotype camera and the microscope, but it was only in the 1880s

that photomicrography became accepted as the definitive objective method in

microscopy, due in large measure to Robert Koch’s advocacy (Breidbach 2002).

Even by that time, what we would today properly call cytometry, that is, the

measurement of cells, was restricted to the quantification of morphologic charac-

teristics, such as the sizes and numbers of cells and their organelles. The visual-

ization of organelles themselves was greatly facilitated by differential staining

methods, the development of which accelerated in the late 1800s with the avail-

ability of newly synthesized aniline dyes (Baker 1958; Clark and Kasten 1983);

Paul Ehrlich’s initial researches in this area were to lead directly to the transfor-

mation of pharmacology from alchemy to science, and his appreciation of the

specificity of antigen–antibody reactions provided an early milestone on the path

toward modern immunochemical reagents.

Spectroscopy, a tool of physics adapted to chemistry and astronomy in the 19th

century, became a mainstay of cytometry shortly thereafter. Microspectrophoto-

metric measurement, either of intrinsic optical characteristics of cellular constitu-

ents or of optical properties of dyes or reagents added to cells, provided objective,

quantitative information about cells’ chemistry that could be correlated with their

functional states.

The subsequent development of both cytometry and cytometers has been char-

acterized by the use of such information, wherever possible in place of the inher-

ently subjective and less quantitative results obtained by human observers.

In the remainder of this chapter, I will consider the history of cytometry from

the 20th century onwards. Although much of the material has been covered,

sometimes in greater detail, in several of my earlier publications (Shapiro 2003,

2004a, 2004b), this version of the story will pay special attention to one of the

principal uses of cytometry in botany, namely, the determination of the genome

sizes of plants by measurement of nuclear DNA content (Bennett and Leitch

2005; Doležel and Bartoš 2005; Greilhuber et al. 2005).

1.2

From Absorption to Fluorescence, from Imaging to Flow

It is easy, and probably easier for younger than for older readers, to forget that

both Feulgen’s staining procedure (Feulgen and Rossenbeck 1924) and Caspers-

son’s ultraviolet (UV) absorption microspectrophotometric method for quantifica-

tion of nuclear DNA content (Caspersson and Schultz 1938) were developed years

before it was established that DNA was the genetic material. The evolution of cy-

tometers from microscopes began in earnest in the 1930s in Torbjörn Caspers-

son’s laboratory at the Karolinska Institute in Stockholm. He developed a series

of progressively more sophisticated microspectrophotometers, and confirmed
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that, as had been suggested by conventional histologic staining techniques of light

microscopy, tumor cells were likely to have abnormalities in DNA and RNA con-

tent (Caspersson 1950). In a memoir, which in itself provides useful insights on

the development of cytometry, Leonard Ornstein (1987) documents the influence

of Caspersson’s work in establishing the genetic role of DNA. The first report that

DNA contents of haploid, diploid, and tetraploid plant cells were in the ratio of

1:2:4 was published in 1950 by Swift, who made measurements using the Feul-

gen technique; his paper also introduced the terms C, 2C, and 4C to describe

the respective DNA contents for cells of a particular species.

1.2.1

Early Microspectrophotometry and Image Cytometry

Microspectrophotometers were first made by putting a small ‘‘pinhole’’ aperture,

more properly called a field stop, in the image plane of a microscope, restricting

the field of view to the area of a single cell, and placing a photodetector behind

the field stop. Using progressively smaller field stops permits measurement of

light transmission through correspondingly smaller areas of the specimen, and,

by moving the stage in precise incremental steps in the plane of the slide, and

recording the information, it becomes possible to measure the integrated absorp-

tion of a cell, and/or to make an image of the cell with each pixel corresponding

in intensity to the transmission or absorption value. This was the first, and, until

the 1950s, the only approach to scanning cytometry, and, even when measure-

ments were made at the whole cell level, the process was extremely time-

consuming, especially since there was no practical way to store data other than

by writing down measured values as one went along. Publications were unlikely

to contain data from more than a few hundred cells. By the 1960s, Zeiss had com-

mercialized a current version of Caspersson’s apparatus, and others had begun to

build high-resolution scanning microscopes incorporating a variety of technolo-

gies. During the 1950s, what we now call ‘‘cytometry’’ was known as ‘‘analytical

cytology’’. The first and second editions of a book with the latter title appeared in

1955 and 1959 (Mellors 1959). The book included chapters on histochemistry, on

absorption measurement, on phase, interference, and polarizing microscopy, and

on Coons’s fluorescent antibody method (Coons et al. 1941).

1.2.2

Fluorescence Microscopy and the Fluorescent Antibody Technique

Fluorescence microscopy was developed around the turn of the 20th century. The

earliest instruments used UV light for excitation; later systems could employ ex-

citation at blue and longer wavelengths, but the requirement for relatively high

power at relatively short wavelengths made it necessary to use arc lamps, rather

than filament lamps, as light sources. Fluorescence microscopy, in principle, al-

lows visualization of bright objects against a dark background. Earlier systems,

however, were likely to fall short of achieving this goal because they were essen-
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tially transmitted-light microscopes with colored glass filters in both the excita-

tion path, that is, between the light source and the condenser, and the emission

path, that is, between the objective and the eyepiece. The combination of stray

light transmission through both excitation and emission filters and fluorescence

excited in the emission filter often resulted in the background being too bright to

permit observation of weakly fluorescent material.

An extremely important application of fluorescence microscopy developed dur-

ing the 1940s was the fluorescent antibody technique introduced by Coons et al.

(1941). Other workers had demonstrated that azo dye-conjugated antisera to bac-

teria retained their reactivity with the organisms and would agglutinate them to

form faintly colored precipitates; however, the absorption of the dye-conjugated

sera was not strong enough to permit visual detection of bacterial antigens in tis-

sue preparations.

Albert Coons surmised that it might be easier to detect small concentrations of

antibody labeled with fluorescent material against a dark background using fluo-

rescence microscopy. He and his coworkers labelled anti-pneumococcal anti-

bodies with anthracene and could detect both isolated organisms and, more im-

portantly, antibody bound to antigen in tissue specimens, by the UV-excited blue

fluorescence of this label, as long as tissue autofluorescence and background

were not excessive.

In 1950, Coons and Kaplan reported that fluorescein gave better results as an

antibody label than did anthracene, because the blue-excited yellow–green fluo-

rescence of fluorescein was easier to discriminate from autofluorescence. There-

after, fluorescein became and has remained the most widely used immunofluo-

rescent label.

A significant advance in fluorescence microscopy, epiillumination, was made in

1967 by Ploem (1967), who substituted dichroic mirrors for the half-silvered

mirror normally used in an incident light microscope, and added excitation and

emission filters to the optical path. Even when color glass filters were still used

for excitation and emission wavelength selection, this configuration greatly re-

duced both stray light transmission and filter fluorescence, yielding much lower

backgrounds. Within a short time, it had been reported that, when an epiillumi-

nated apparatus was employed, measurements of nuclei stained by a fluorescent

Feulgen procedure using acriflavine yielded results equivalent to those obtained

by the standard absorption method (Böhm and Sprenger 1968).

1.2.3

Computers Meet Cytometers: The Birth of Analytical Flow Cytometry

By the mid-1950s, it had become clear that malignant cells often contained more

nucleic acid than normal cells, and Mellors and Silver (1951) proposed construc-

tion of an automatic scanning instrument for screening cervical cytology (Papani-

colaou or ‘‘Pap’’ smears). Their prototype measured fluorescence rather than ab-

sorption, and anticipated Ploem (1967) in introducing UV epillumination. Tolles

(1955) described the ‘‘Cytoanalyzer’’ built for cervical cytology. A disc containing a
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