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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
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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.



Preface

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 Dolezel, Olomouc (Czech Republic)
Johann Greilhuber, Vienna (Austria)
Jan Suda, Prague (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; Dolezel and Barto$ 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 Torbjorn 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 (Béhm 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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series of apertures rotated in the image plane of a transmitted light microscope,
producing a raster scan of a specimen with approximately 5-um resolution. A
hardwired analyzer extracted nuclear size and density information; cells were
then classified as normal or malignant using these parameters. The Cytoanalyzer
proved unsuitable for clinical use, but its performance was encouraging enough
for the American Cancer Society and the US National Cancer Institute to continue
funding research on cytology automation in the United States.

Recording and storing cell images was a nontrivial task in the 1960s, when
mainframe computers occupied entire rooms, required kilowatts of power for
both the computer and the mandatory air-conditioning, and cost millions of dol-
lars, for which the buyer received a computer with speed and storage capacity ex-
ceeded a thousand-fold by a 2005 model laptop costing under US$1000. Nonethe-
less, when minicomputers became available in the middle of the decade, there
were at least a few groups of analytical cytologists ready to use them. The TICAS
system, assembled at the University of Chicago in the late 1960s, interfaced
Zeiss's (Oberkochen, Germany) commercial version of the Caspersson microspec-
trophotometer to a minicomputer, with the aim of automating interpretation of
Pap smears (Wied and Bahr 1970).

The use of stage motion for scanning made operation extremely slow; it could
take many minutes to produce a high-resolution scanned image of a single cell,
even when there were computers available to capture the data. Somewhat higher
speed could be achieved by using discs or galvanometer-driven moving mirrors
for image scanning, and limiting the tasks of the motorized stage to bringing a
new field of the specimen into view and into focus; this required some electronic
storage capability, and made measurements susceptible to errors due to uneven
illumination across the field, although this could be compensated for. My col-
leagues and I at the US National Institutes of Health (NIH; Bethesda, MD,
USA) built “Spectre II” (Stein et al. 1969), which incorporated a galvanometer
mirror scanning system (Ingram and Preston 1970) and a Digital Equipment Cor-
poration LINC-8 minicomputer. While this system had sufficient computer power
to capture high-resolution cell images (0.2 pm pixels), data had to be recorded on
9-track tape and transported to a mainframe elsewhere on the NIH campus for
analysis (Shapiro et al. 1971).

Although imaging cytometers of the 1960s were not based on video cameras,
for a number of reasons, not least of which was the variable light sensitivity of
different regions of a camera tube, which made quantitative measurements diffi-
cult, it was recognized that the raster scan mechanism of a cathode ray tube could
be used on the illumination side of an image analysis system, with the “flying
spot” illuminating only a small segment of the specimen plane at any given
time (Young 1951). The CYDAC system, a flying spot scanner built at Airborne
Instruments Laboratory (Long Island, NY, USA), was used in studies of the auto-
mation of differential leukocyte counting (Prewitt and Mendelsohn 1966) and
chromosome analysis (Mendelsohn 1976).

During World War II, the US Army became interested in developing devices for
rapid detection of bacterial biowarfare agents in aerosols; this would require pro-
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cessing a relatively large volume of sample in substantially less time than would
have been possible using even a low-resolution scanning system. The apparatus
built by Gucker et al. (1947) in support of this project achieved the necessary
rapid specimen transport by injecting the air stream containing the sample into
the center of a larger sheath stream of flowing air that passed through the focal
point of a dark-field microscope. Particles passing through the system scattered
light into a collection lens, eventually producing electrical signals from a photo-
detector. The instrument could detect objects in the order of 0.5 pm in diameter,
and is generally recognized as having been the first flow cytometer used for obser-
vation of biological cells. Although Moldavan had suggested counting cells in a
fluid stream a decade earlier (Moldavan 1934), his account suggests that he failed
to build a working apparatus.

By the late 1940s and early 1950s, the principles of the Gucker apparatus, in-
cluding the use of sheath flow, were applied to the detection and counting of red
blood cells in saline solutions (Crosland-Taylor 1953), providing effective automa-
tion for a diagnostic test notorious for its imprecision when performed by a
human observer using a hemocytometer and a microscope. Neither the bacterial
counter nor the early red cell counters had any significant capacity either for dis-
criminating different types of cells or for making quantitative measurements.
Both types of instrument were measuring what users of flow cytometers now
call side-scatter signals; although larger particles, in general, produced larger sig-
nals than smaller ones, correlations between particle sizes and signal amplitudes
were not particularly strong.

An alternative flow-based method for cell counting was developed in the 1950s
by Wallace Coulter (Coulter 1956). Recognizing that cells, which are surrounded
by a lipid membrane, are relatively poor conductors of electricity as compared to
saline, he devised an apparatus in which cells passed one by one through a small
(<100 pm) orifice between two chambers filled with saline. When a cell passed
through, the electrical impedance of the orifice increased in proportion to the
volume of the cell, producing a voltage pulse. The Coulter counter (Coulter Elec-
tronics, now Beckman Coulter, Hialeah, FL, USA) was widely adopted in clinical
laboratories for blood cell counting; it was soon established that it could provide
more accurate measurements of cell size than had previously been available
(Brecher et al. 1956; Mattern et al. 1957).

In the early 1960s, investigators working with Leitz (Wetzlar, Germany) con-
ceived a hematology counter that added a fluorescence measurement to the light
scattering measurement used in red cell counting (Hallermann et al. 1964). If a
fluorescent dye such as acridine orange was added to the blood sample, white
cells would be stained much more brightly than red cells; the white cell count
could then be derived from the fluorescence signal, and the red cell count from
the scatter signal. It was also noted that acridine orange fluorescence could be
used to discriminate mononuclear cells from granulocytes. It is not clear whether
the device, which would have represented a new level of sophistication in flow cy-
tometry, was actually built.
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Around the same time, the promising results obtained with the Cytoanalyzer in
attempts to automate reading of Pap smears (Tolles 1955) encouraged executives
at the International Business Machines Corporation (IBM, Armonk, NY, USA) to
look into producing an improved instrument. Assuming this would be some kind
of image analyzer, IBM gave technical responsibility for the program to Louis Ka-
mentsky, who had developed a successful optical character reader. He did some
calculations of what would be required in the way of light sources, scanning rates,
and computer storage and processing speeds to solve the problem using image
analysis, and concluded that a different approach would be required.

Having learned from pathologists in New York that cell size and nucleic acid
content could provide a good indicator of whether cervical cells were normal or
abnormal, Kamentsky traveled to Caspersson’s laboratory in Stockholm and
learned microspectrophotometry. He then built a microscope-based flow cytome-
ter that used a transmission measurement at visible wavelengths to estimate cell
size and a 260-nm UV absorption measurement to estimate nucleic acid content
(Kamentsky 1973; Kamentsky et al. 1965). Subsequent versions of this instru-
ment, which incorporated a dedicated computer system, could measure as many
as four cellular parameters (Kamentsky and Melamed 1969). A brief trial on cer-
vical cytology specimens indicated that the system had some ability to discrimi-
nate normal from abnormal cells (Koenig et al. 1968); it could also produce dis-
tinguishable signals from different types of cells in blood samples stained with a
combination of acidic and basic dyes.

The first commercial flow cytometric differential leukocyte counter, introduced
in the early 1970s, was the Hemalog D (Technicon Corporation, now Bayer, Tarry-
town, NY, USA); Ornstein was a prime mover in its development, having inter-
acted with Kamentsky’s group along the way (Ornstein 1987). The Hemalog D
analyzed three separate aliquots of sample, making light scattering and absorp-
tion measurements at different wavelengths in three different flow cytometers to
classify leukocytes based on the relatively specific cytochemical staining proce-
dures used by hematologists for such purposes as determination of lineage of leu-
kemic cells. Although the apparatus performed well, it was initially regarded with
a great deal of suspicion, at least in part due to the novelty of flow cytometry. The
developers and manufacturers of then-contemporary image analyzing differential
counters, which certainly did not perform much better than did the Hemalog D,
did what they could to keep potential users suspicious of flow cytometry for as
long as possible; the technology would eventually be legitimized by its dramatic
impact on immunology, which was facilitated by the introduction of cell sorting
and immunofluorescence measurements.

1.2.4
The Development of Cell Sorting

Although impedance (Coulter) counters and optical flow cytometers could analyze
hundreds of cells/second, providing a high enough data acquisition rate to be
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useful for clinical use, microscope-based static cytometers offered a significant ad-
vantage. A system with computer-controlled stage motion could be programmed
to reposition a cell on a slide within the field of view of the objective (Stein et al.
1969), allowing the cell to be identified or otherwise characterized by visual obser-
vation; it was, initially, not possible to extract cells with known measured charac-
teristics from a flow cytometer. Until this could be done, it would be difficult to
verify any cell classification arrived at using a flow cytometer, especially where
the diagnosis of cervical cancer or leukemia might be involved.

This problem was solved in the mid-1960s, when both Mack Fulwyler (Fulwyler
1965), working at the Los Alamos National Laboratory (Los Alamos, NM, USA),
and Kamentsky, at IBM (Kamentsky and Melamed 1967), demonstrated cell
sorters built as adjuncts to their flow cytometers. Kamentsky’s system used a sy-
ringe pump to extract selected cells from its relatively slow-flowing sample
stream. Fulwyler’s was based on ink jet printer technology then recently devel-
oped by Richard Sweet (Sweet 1965) at Stanford University (Stanford, CA, USA);
following passage through the cytometer’s measurement system (originally a
Coulter orifice), the saline sample stream was broken into droplets, and those
droplets that contained cells with selected measurement values were electrically
charged at the droplet break-off point. The selected charged droplets were then
deflected into a collection vessel by an electric field; uncharged droplets went, as
it were, down the drain.

13
The Growth of Multiparameter Flow Cytometry

In the early 1970s, the group at Los Alamos led the way in implementation of
practical multiparameter flow cytometers; their larger instruments, with droplet
sorting capability, combined two-color fluorescence measurements with measure-
ments of Coulter volume and (thanks to the contributions of Paul Mullaney, Gary
Salzman, and others) light scattering at several angles (Mullaney et al. 1969; Salz-
man et al. 1975a, 1975b; Steinkamp et al. 1973). The cytometers were interfaced
to Digital Equipment Corporation (Maynard, MA, USA) minicomputers. Several
instruments made at Los Alamos were delivered to the National Institutes of
Health; other institutions copied most or all of the Los Alamos design in their
own laboratory-built apparatus.

Fluorescence measurement had been introduced to flow cytometry in the late
1960s to improve both quantitative and qualitative analyses. By that time, Van
Dilla et al. (1969) at Los Alamos and Dittrich and Géhde (1969) in Germany had
built fluorescence flow cytometers to measure cellular DNA content; the Los Ala-
mos investigators used a fluorescent Feulgen staining procedure, whereas Dit-
trich and Goéhde’s publication introduced the use of ethidium bromide as a rapid
DNA stain, facilitating analysis of abnormalities in tumor cells and of cell cycle
kinetics in both neoplastic and normal cells. The Los Alamos instrument incorpo-
rated the orthogonal “body plan” now standard in laser-source instruments, with
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Fig. 1.1 Three historic flow cytometers and a  size of a typical bench-top instrument (BD

post-historic image cytometer. (a) Phywe Biosciences). (c) A 1974 NIH photograph of
Impulscytophotometer ICP 22, which was Leonard Herzenberg with the B-D FACS-1,
licensed to Phywe by Partec, was one of the the first commercial cell sorter. (d) The

first compact bench-top flow cytometers author with a simple imaging cytometer,

(1975). (b) The BD Biosciences FACSAria, a minus the laptop computer used for data
modern high-speed cell sorter reduced to the  collection and analysis.

the optical axes of illumination and light collection at right angles to each other
and to the direction of sample flow. Kamentsky, who had left IBM to found Bio/
Physics Systems (Mahopac, NY, USA), produced the Cytofluorograf, an orthogonal
geometry fluorescence flow cytometer that was the first commercial product to
incorporate an argon ion laser; Wolfgang Gohde’s Partec (Miinster, Germany)
Impulscytophotometer (ICP) instrument built around a fluorescence microscope
with arc lamp illumination, was distributed commercially by Phywe (Géttingen,
Germany). Using this instrument, Heller (1973) was the first to describe flow
cytometric measurements of DNA content in plant cell nuclei (see Chapter 3).
Partec instruments (Fig. 1.1a), which are relatively compact and, in their simpler
configurations, can be run on batteries, remain popular for use in botanical
applications.



10

1 Cytometry and Cytometers: Development and Growth

Leonard Herzenberg and his colleagues (Herzenberg et al. 1976) at Stanford,
realizing that fluorescence flow cytometry and subsequent cell sorting could pro-
vide a useful and novel method for purifying living cells for further study, devel-
oped a series of instruments after exposure to a Kamentsky prototype lent by IBM
(Saunders and Hulett 1969). Although their original apparatus (Hulett et al.
1969), with arc lamp illumination, was not sufficiently sensitive to permit them
to achieve their objective of sorting cells from the immune system, based on the
presence and intensity of staining by fluorescently labelled antibodies, the second
version (Bonner et al. 1972), which used a water-cooled argon laser, was more
than adequate. This was commercialized as the Fluorescence-Activated Cell
Sorter (FACS) in 1974 by Becton-Dickinson (B-D, now BD Biosciences, San Jose,
CA, USA) (Fig. 1.1b).

Coulter Electronics (now Beckman Coulter), which by 1970 had become a very
large and successful manufacturer of laboratory hematology counters, pursued
the development of fluorescence flow cytometers through a subsidiary, Particle
Technology, under Mack Fulwyler’s direction in Los Alamos. The TPS-1 (Two Pa-
rameter Sorter), Coulter’s first product in this area, reached the market in 1975. It
used an air-cooled 35-mW argon ion laser source and could measure forward scat-
ter and fluorescence.

Multiple wavelength fluorescence excitation was introduced to flow cytometry
in apparatus built at Block Engineering (Cambridge, MA, USA) during an abor-
tive attempt to develop a hematology instrument. The first instrument (Curbelo
et al. 1976) derived five illuminating beams from a single arc lamp; the second
(Shapiro et al. 1977) used three laser beams; both could analyze over 30000 cells
per second and, using hardwired pre-processors and integral minicomputers,
identify cells comprising less than 1/100 000 of the total sample. The laser source
system incorporated forward and side scatter measurements, which permitted
lymphocyte gating (Shapiro 1977), influenced by work carried out at Los Alamos
(Salzman et al. 1975a, 1975b). Block also built a slow flow system intended for
detection of hepatitis B virus and antigen in serum; it could discriminate scatter
singles from large viruses (Hercher et al. 1979) and could theoretically detect a
few dozen fluorescein molecules above background. The Block cytometers were
never sold commercially, but influenced the optical, electronic, and systems de-
sign of later instruments.

By the time the Society for Analytical Cytology (now ISAC) came into being in
1978, B-D, Coulter, and Ortho (a division of Johnson & Johnson that bought Bio/
Physics Systems and was ultimately acquired by B-D) were producing flow cyto-
meters that could measure small- (forward scatter) and large- (side scatter) angle
light scattering and fluorescence in at least two wavelength regions, analyzing
several thousand cells per second, and with droplet deflection cell sorting capabil-
ity. Ortho was also distributing the ICP, which, by virtue of its optical design,
could make higher precision measurements of DNA content than could laser-
based flow cytometers. DNA content analysis was receiving considerable attention
as a means of characterizing the aggressiveness of breast cancer and other malig-
nancies, and, at least in part due to the results of a Herzenberg sabbatical in
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Cesar Milstein’s laboratory in Cambridge (UK), monoclonal antibodies had begun
to emerge as practical reagents for dissecting the stages of development of cells of
the blood and immune system. Loken, Parks, and Herzenberg had successfully
performed a two-color immunofluorescence experiment, introducing fluores-
cence compensation in the process (Loken et al. 1977), although it was clear that
a great deal needed to be done in the area of fluorescent-label development to re-
alize the potential of monoclonal antibodies.

Although the instruments Kamentsky built at IBM were computer controlled,
computers were expensive options for most flow cytometers until the early 1980s,
by which time microprocessor-based systems could do the work of an earlier
generation of minicomputers. Without computers, instruments might be able to
measure four or more parameters per cell, but did not have the processing power
to implement true multiparameter methodology for gating, that is, selection of
subsets of cells from a heterogeneous population using combinations of several
measurement values, or for sort control. Once dedicated microcomputers became
“standard equipment” on commercial flow cytometers, multiparameter measure-
ment techniques became practical for many more researchers than had previ-
ously been able to use them.

1.4
Bench-tops and Behemoths: Convergent Evolution

From the early 1970s on, commercial production of instruments has allowed re-
searchers who cannot develop and build their own apparatus to pursue increas-
ingly sophisticated applications of fluorescence flow cytometry and sorting. Ad-
vances in the technology itself have continued to occur primarily in a relatively
small community of academic, government, and industrial laboratories.

Los Alamos provided the inoculum for the subsequent growth of another major
center for flow cytometer development at Lawrence Livermore Laboratory (Liver-
more, CA, USA), where high-speed flow sorting was perfected as a means for
separating human chromosomes stained with a combination of A-T selective
(Hoechst 33342) and G-C selective (chromomycin A;) DNA dyes (Gray et al.
1987; Peters et al. 1985). The MoFlo high-speed sorter developed by Ger van den
Engh and others at Livermore was subsequently refined by Cytomation (now
DakoCytomation, Fort Collins, CO, USA), and has been produced commercially
by them since 1994.

Chromosome sorting (also of major interest to botanists (Dolezel et al. 2001;
Chapter 16)) and high-speed sorting in general initially required high-powered,
water-cooled ion lasers, in part because the first generation of high-speed instru-
ments from B-D and Cytomation made measurements of cells in a jet in air, ne-
cessitating the use of relatively inefficient light collection optics. Systems built
around fluorescence microscopes, such as the original Partec Impulscytophotom-
eter and the system originally described by Tore Lindmo and Harald Steen in 1979
(Steen 1980; Steen and Lindmo 1979), can make optimal use of the relatively low

11



12

1 Cytometry and Cytometers: Development and Growth

excitation power available from mercury or xenon arc lamps by using high nu-
merical aperture microscope lenses or their equivalent for both illumination and
light collection. The Lindmo—Steen apparatus, sensitive enough to make precise
DNA content measurements of bacteria (Steen et al. 1982), was originally com-
mercialized by Leitz; later versions were sold by Skatron (Lier, Norway) and Bio-
Rad (Milano, Italy), and the latest, now being produced by Apogee (Hemel Hemp-
stead, Herts, UK) can use a low-power laser source to measure scatter signals
from viruses (Steen 2004). Another bench-top arc source flow cytometer, the
Quanta, developed by NPE Systems (Miami, FL, USA), makes both fluorescence
and impedance measurements, and is now being sold by Beckman Coulter.

In the mid and late 1970s, Kamentsky’s Bio/Physics Systems and its successor,
Ortho Diagnostics Systems, introduced laser source flow cytometers and sorters
in which measurements were made in flat-sided quartz flow cuvettes, and in
which “high-dry” microscope objectives were used to increase light collection.
This made it possible to use air-cooled rather than water-cooled lasers for immu-
nofluorescence measurements, decreasing the size, cost, and power consumption
of instruments. In the early 1980s, B-D introduced its FACS analyzer, a small but
sensitive bench-top system employing an arc lamp source; within a few years, it
was supplanted by the FACScan, a three-color bench-top analyzer using a rectan-
gular cuvette with a gel-coupled lens for highly efficient light collection, allowing
more sensitive immunofluorescence measurements to be made using a 15-mW
air-cooled argon laser source than were possible using 10 times more laser power
in jet-in-air sorters. The FACScan was followed by the FACSort, which included a
relatively slow fluidic sorter; both were succeeded by the FACSCalibur, which of-
fers both a fluidic sorting option and a fourth fluorescence channel with excita-
tion from a red (635-640 nm) diode laser.

The emphasis in the Herzenbergs’ laboratory at Stanford has remained on sort-
ing cells on the basis of immunofluorescence signals with the aim of isolating
morphologically indistinguishable viable lymphocytes with differences in func-
tional characteristics. This required development of a large armamentarium of
monoclonal antibodies, of labels with diverse spectral characteristics, and of the
hardware and software necessary to achieve multiparameter fluorescence com-
pensation (Bagwell and Adams 1993) and gating rapidly enough to implement
complex sorting strategies. Until the algal photosynthetic pigment phycoerythrin
was introduced as an antibody label in 1982 (Oi et al. 1982), two large lasers were
required for two-colour immunofluorescence measurements; the combination of
fluorescein- and phycoerythrin-labeled antibodies could be excited effectively at
488 nm, while providing sufficient separation of emission maxima to discrimi-
nate the fluorescence of the two labels. It is now possible, using a combination
of organic dye labels, phycobiliproteins, tandem conjugates of both, and semicon-
ductor nanocrystals (“quantum dots”) as labels, to carry out 17-color immuno-
fluorescence experiments on flow cytometers with three laser beams (Perfetto
et al. 2004). Large lasers are no longer required.

From the mid-1990s on, there has been a proliferation of diode and solid-state
lasers, and these small, energy-efficient, and (usually) relatively inexpensive
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sources have increasingly been incorporated into flow cytometers. The use of vio-
let (395-415 nm) diode lasers in cytometry was first described at a meeting in
2000 (Shapiro and Perlmutter 2001); by 2002, several manufacturers had incorpo-
rated such sources into their instruments. They can be used to excite DNA dyes
such as DAPI and Hoechst 33342, which are normally used with UV excitation.
Frequency-doubled diode-pumped YAG lasers, emitting green light at 532 nm,
have also come into use, and are available in bench-top analyzers from BD Bio-
sciences, Guava Technologies (Hayward, CA, USA), and Luminex (Austin, TX);
all but the last of these companies also offer doubled semiconductor lasers emit-
ting at 488—-492 nm in lieu of argon lasers.

An increasing amount of the internal electronics of flow cytometers has
become computer-based, with the latest systems incorporating special-purpose
large-scale integrated circuits, microprocessors, microcontrollers, and digital
signal-processing chips.

The development of digital audio, telephony, and video has resulted in large in-
creases in the performance, and decreases in the price, of analog-to-digital con-
verters (ADCs), which are critical elements in data acquisition systems for any
type of instrumentation, flow cytometers included. The ADCs originally used
with flow cytometers had only 8- or 10-bit resolution, making it necessary to use
logarithmic amplifiers to process signals with a large dynamic range. This neces-
sitated the use of hardware for fluorescence compensation. While this approach
is feasible when three or four colors are measured, it is essentially impossible to
implement for modern multibeam instruments in which measurements of 12 or
more colors may be made. The alternative is software compensation (Bagwell and
Adams 1993), which is best applied to linear data digitized to at least 16-bit reso-
lution. In the early 1990s, software compensation was implemented in the Beck-
man Coulter EPICS XL analyzer, which captures 20-bit linear data, eliminating
the need for logarithmic amplifiers. BD Biosciences’s DiVa electronics use high-
speed digitization to permit digital computation of pulse height, width, and area,
while DakoCytomation and Partec have developed their own approaches to high-
resolution digital data analysis. As has been the case for audio and video, digital
techniques can be expected to become predominant in cytometry.

With the introduction of the FACSAria sorter (Fig. 1.1c) in late 2002, BD Bio-
sciences successfully hybridized the behemoth high-speed cell sorter and the
bench-top analyzer; this bench-top apparatus incorporates digital electronics and
measures cells in a cuvette using as many as three beams, typically at 407, 488,
and 633 nm, all derived from low-power, air-cooled lasers. The InFlux, a high-
speed sorter recently introduced by Ger van den Engh's new company, Cytopeia
(Seattle, WA, USA), also features a small footprint and the ability to operate using
only air-cooled lasers.

Multilaser bench-top analyzers are now available from BD Biosciences, Beck-
man Coulter, DakoCytomation, Luminex, and Partec; the latter also offers a
combination of arc lamp and laser sources. Users not completely satisfied with
the multiparameter software available from their cytometer manufacturers can
choose from among the offerings of a number of third-party providers.
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With the aid of a continually expanding repertoire of reagents, many of which
are exquisitely specific, an ever more colorful palette of fluorescent labels, and in-
creasingly sophisticated data analysis procedures, multiparameter fluorescence
flow cytometers can identify many more lineages and sublineages of both pro-
karyotic and eukaryotic cells than were contemplated a few decades ago. Remark-
ably, all of the work is carried out without the benefit of morphologic informa-
tion. Although the instruments also typically measure small-angle or forward
light scatter, often erroneously referred to as a “‘size” measurement, and large-
angle or side scatter, which provides information about internal granularity and
surface roughness but does not resolve cellular detail, most of the information
needed for cell identification comes from the intensity of fluorescence measure-
ments made at various excitation and emission wavelengths.

Flow cytometry remains a highly effective, accurate, and precise way to obtain
objective and quantitative information from single cells; its principal disadvan-
tages lie in the complexity and cost of the apparatus. It is thus logical to ask
whether the advances made in electronics and electro-optics in recent years might
provide a simpler and more affordable alternative. Recent work in my laboratory
(Shapiro 2004b; Shapiro and Perlmutter 2006) and elsewhere (Jelinek et al. 2001;
Mazzini et al. 2005; Rodriquez et al. 2005; Stothard et al. 2005; Varga et al. 2004;
Wittrup et al. 1994) provides grounds for optimism.

1.5
Image Cytometry: New Beginnings?

In 1994, Wittrup et al. described a cytometric apparatus called the Fluorescence
Array Detector (FAD), in which camera lenses were used to form a 1:1 image of
a1l x 1 cm field of view on a cooled 512 x 512 pixel charge-coupled device (CCD)
detector with 20 pm square pixels. Since each pixel collected light from an area
larger than the area of a typical cell, no morphologic information was available.
The instrument had only one moving part, a focusing stage; low-intensity
(1 mW/cm?) illumination of the field came from the expanded beam of a 488-
nm air-cooled argon ion laser. Although a software shading correction was used
in an attempt to compensate for the uneven illumination obtained from the laser
beam, the coefficient of variation (CV) of the fluorescence intensity distribution of
6-um polystyrene beads was reported to be 12.9%; this relatively large variance,
which would be unacceptable in the context of DNA content measurement, was
attributed to imperfect shading correction. Sensitivity was impressive; noise due
to dark current and stray light was equivalent to only a few hundred fluorescein
MESF (molecules of equivalent soluble fluorochrome)/pixel, although fluores-
cence from conventional glass microscope slides increased the background fluo-
rescence by approximately 10-fold.

At the time the FAD was constructed, a cooled CCD camera cost tens of thou-
sands of dollars; and a 50-mW air-cooled 488-nm argon laser cost at least $8000,
eliminating the instrument from consideration as a low-cost replacement for a
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flow cytometer. At present, CCD and complementary metal oxide-silicon (CMOS)
cameras with the requisite sensitivity are available for no more than a few hun-
dred dollars; however, argon ion lasers and solid-state lasers emitting at the
same wavelength still cost thousands of dollars. While in 1994, an arc lamp, also
costing thousands of dollars, would probably have been the only feasible alterna-
tive to a laser as the light source for an instrument similar to the FAD, it has re-
cently been shown (Mazzini et al. 2005) that high-intensity light-emitting diodes
(LEDs), available for only a few dollars, can provide sufficient illumination over
the required area to be usable as light sources for fluorescence microscopy as
well as for an FAD-like device. We have established (Shapiro and Perlmutter
2006) that an apparatus using an LED for excitation, relatively inexpensive 35-
mm camera lenses or low power microscope lenses for light collection, and a
CCD or CMOS camera as a detector (Fig. 1.1d) can detect low-level fluorescence
signals in the range that would be expected from cells stained with fluorescent
antibodies, as well as the substantially stronger signals associated with cells
stained for DNA. Although we have not definitively established a range of mea-
surement precision, we note that Varga et al. (2004) achieved CVs of less than
4% by applying a correction for uneven illumination to fluorescence measure-
ments made using a CCD camera on a conventional fluorescence microscope,
and believe that at least equivalent performance can be achieved in a large-field
imaging system analogous to the FAD.

Rodriguez et al. (2005) have demonstrated that a prototype low-magnification
imaging system can be as effective as a flow cytometer for immunofluorescence-
based counting of CD4+ T lymphocytes in the blood of patients infected with
HIV, and there is evidence that well-designed, extremely inexpensive “toy”” micro-
scopes are sufficiently rugged and of sufficient optical quality for use in tropical
environments (Jelinek et al. 2001; Stothard et al. 2005). Thus, a new generation of
image cytometers, under development to facilitate infectious disease diagnosis in
resource-poor countries, may soon provide botanists with an effective and eco-
nomical means of determining genome sizes of plants in the field, a welcome
and not completely unintended consequence.
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2
Principles of Flow Cytometry

J- Paul Robinson and Gérald Greégori

Overview

Flow cytometry holds a unique place among biomedical tools as it is the only
technology whereby single cells can be evaluated in high content, classified as re-
quired, and then sorted into single-cell units or a homogeneous population. This
ability of single-cell analysis provides a powerful opportunity for cytomic analysis
whereby any obtainable cytome can be interrogated at the highest possible level
for detection systems. The second aspect of flow cytometry that is unique is the
ability to collect multiple variables on the order of 10-20 actual measurements.
While many high-content systems claim to produce a high number of param-
eters, they frequently base this claim on a few variables with each variable gener-
ating multiple parametric determinations. Flow cytometry can collect simultane-
ously multiple angles of scatter, and multiple spectral components, while at the
same time classifying each cell into a cluster of similar cells. This multiparamet-
ric capacity separates flow cytometry from all other technologies.

Given this potential, it is clear that flow cytometry is of crucial importance in
the biological armament. Regardless of the application field, this capability of bas-
ing analyses on population statistics using every single particle or cell as an indi-
vidual multiparametric unit is unrivaled in biological measurement systems. In
addition to all of this, the ability to physically separate cells or particles based on
any available parameter, under sterile conditions if necessary, makes flow cytom-
etry a truly amazing technology.

2.1
Introduction

During the last decade or more, flow cytometry (FCM) has become a very power-
ful technology that has impacted a wide range of fields from basic cell biology to
genetics, as well as immunology, molecular biology, and environmental science
(particularly aquatic microbiology). The principles of FCM can be easily under-
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stood from its definition: measurement of the properties of isolated cells flowing
in single file within a liquid sheath as they are intercepted by a high-intensity
light source focused in a very small region. Cells are interrogated in a very short
time (a few microseconds) during which multiple signals are collected, mainly
light scatter and fluorescence emissions in the visible spectrum. Thanks to the
progress in electronics and informatics, flow cytometers can readily analyze
single particles/cells at rates of up to 100000 per second. It is thus possible to
discriminate particles/cells into clusters based on statistical analyses of the set of
parameters collected for each particle. Using these statistical analyses, it is possi-
ble to electronically separate these populations and identify them using multivari-
ate analytical techniques.

Flow cytometry has two key advantages. The first is that a large number of par-
ticles can be evaluated in a very short time, which makes the results statistically
strong and representative of the whole population. Even at rates up to 100 000 per
second, approximately 20 parameters from each particle can be collected and
analyzed. The second key advantage is the ability to physically separate single
particles/cells from mixed populations at rates up to 70000 cells per second, by
a process known as cell sorting. Each sorted particle can be physically placed
into a defined vessel (a tube, a slide, any well from a 96-well plate) for further
analysis, culture, or chemical decomposition. Indeed, sorting preserves the viabil-
ity of most cells. If necessary, this process can be performed under sterile condi-
tions. Even if the cell of interest is a rare event (i.e. 1:100000 or more), it is still
possible to identify it and physically isolate a rare population.

In 1983, Howard Shapiro noted that multiparameter FCM was now a ‘“‘reality
in the field” because of the ready availability of commercial instruments. Since
then, the field has expanded well beyond anything that was considered possible
at that time. Today’s instruments have the capacity to measure many spectral
bands simultaneously together with a variety of scatter signals. With modern
computers, faster electronics, and advanced digital signal processing, it is possi-
ble to perform complex multiparametric analyses in real time, creating the oppor-
tunity to make complex sorting decisions within a few microseconds after mea-
surements are made. The result of this technology is that FCM together with the
concomitant development of fluorescent dyes provides new approaches for single-
cell analysis to better characterize cell systems. Moreover, this is performed in
real time (Robinson et al. 1991), something that is difficult, if not impossible, by
other analytical techniques.

2.2
A Brief History of Flow Cytometry

The basic principles of FCM are based on some old ideas generated early in the
20th century and, of course, on the principles of laminar flow defined by Osborne
Reynolds in the late 19th century. Some 50 years after Reynolds, Andrew Molda-
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van (1934) designed an instrument that could have identified single cells using a
microscope and a photodetector. In the 1940s, George Papanicolaou demon-
strated that he could identify cancerous cells from cervical smears by observing
the staining patterns obtained using specifically designed stains (Papanicolaou
and Traut 1941; Chapter 1). This suggested several opportunities for the identifi-
cation of abnormal cells, primarily using image-analysis techniques. It proved
to be quite difficult to create analytical technology based on the capability of
computers and imaging technology at that time, and the result was a movement
toward single-cell analysis, as opposed to image processing and recognition.

It was in the 1960s that Louis Kamentsky began the drive to design and build
single-cell analyzers. Working at IBM’s Watson laboratories, Kamentsky was in-
terested in using optical character-recognition techniques to identify cancer cells.
Because of the lack of computational power, this became a difficult goal. Kament-
sky shifted his focus from image-based technology to single-cell analysis and the
design of a cytometer that measured light absorption and scatter (Kamentsky et al.
1965), and shortly thereafter added the ability to sort cells using fluidic switching
(Kamentsky and Melamed 1967). At the same time, Mack J. Fulwyler was trying
to solve a problem generated by the study of red blood cells using a Coulter vol-
ume analysis system. A bimodal distribution of red blood cells observed using a
Coulter volume detector suggested the possibility of two different types of red
blood cells, contrary to accepted medical understanding. Fulwyler recognized
that physically separating these “different” cells was necessary to determine if
the two populations were in fact different. He became aware of Richard Sweet’s
development of high-speed chart recorders using electrostatic drop generation
(Sweet 1965), and after visiting Sweet’s laboratory he utilized this technology to
design and build the first electrostatic cell sorter to separate red blood cells (Ful-
wyler 1965). Ironically, upon completion of the instrument, it took only a short
time to recognize that the supposed bimodal distribution was related to spatial
orientation rather than to inherent red blood cell variability (M. J. Fulwyler, per-
sonal communication). Amazingly, this finding of great significance has never
been formally published. It was immediately obvious to Fulwyler that sorting of
white blood cells was an opportunity not to be missed. The history of the develop-
ment of cell sorting is well covered by Shapiro (2003). The cell sorter became a
reality in 1965 and has proved to be one of the most important technologies avail-
able for cell analysis.

23
Components of a Flow Cytometer

Although flow cytometers appear to be very complex instruments they can be bro-
ken down into three essential parts — fluidics, optics, and electronics — and a vital
additional component, informatics.
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2.3.1
Fluidics

The fluidic system brings the sample into the instrument, then separates, aligns,
and carries the particles to the interrogation point where they are intercepted in-
dividually by a light source (frequently supplied by one or more lasers). Within
the fluidic system, the keystone is the flow chamber, in which a fluid sheath
(particle free) meets the sample and results in the separation and alignment of
sample particles into a stream of single particles (Fig. 2.1a). This phenomenon
is referred to as hydrodynamic focusing. To achieve this, the flow within the flow

chamber must be kept laminar.
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Fig. 2.1 (a) A functional view of a flow
chamber in a typical flow cytometer. The fluid
sheath flowing through a large area is forced
under pressure into a much smaller orifice.
Placed at the very center of the flow cell, an
injection tube injects the sample (i.e. cells
and other particles) into the centre of the
flowing stream, thereby forcing the cells to
undergo hydrodynamic focusing. A coaxial
cross-section of the sheath and core is also
shown. (b) An alternative flow cell based

on an axial flow system typically used in

microscope-based flow cytometers. In these
instruments the laminar stream flows across
a coverglass to a waste collector on the
opposite side. Of note is the dark field
objective. The central obscuration in the real
focal plane of the objective produces a dark
cone in the illumination field and since it
extends above the object plane contains only
the fluorescence and scattered light signal
in the absence of the illumination signal.
NA = numerical aperture.
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Reynolds worked out the equation expressing fluid flow:
Re = vdp/1,

where Re is the Reynolds number (a dimensionless number), v the average veloc-
ity (m s7!), d the tube diameter (m), p the fluid density (kg m~3), and # dynamic
fluid viscosity (kg m~! s71). For a Reynolds number < 2300, flow will be laminar,
a mandatory factor for quality optical measurements in sheath flow-based flow
cytometers. Careful design of the fluidic system, particularly the flow chamber
components, is crucial to maintain non-turbulent flow. Cells are thus hydro-
dynamically focused in a so-called core stream encased within the liquid sheath
(Fig. 2.1a). This sheath-flow principle was derived from the work of Moldavan
and subsequently Crosland-Taylor (1953), who designed a system similar to that
in common use today, in which an insertion rod (needle) deposits cells within a
flowing stream of fluid sheath (usually water or saline) forming a coaxial flow
which moves from a larger to a smaller orifice, creating a parabolic velocity profile
with a maximum at the center of the profile. Because of the hydrodynamic focus-
ing effect, cells that are injected by the needle remain in the centre of the “core”
fluid, thus allowing very accurate excitation with subsequent measurement hav-
ing excellent sensitivity and precision within the flowing stream.

The fluid sheath generally flows at a rate of a few millilitres per minute,
whereas the sample flows at a rate lower than 100 pl per minute. In air-pressured
systems there is a pressure differential between the sheath and the sample (which
is within the core), whereby the sample is 1 to 2 psi (0.069 to 0.138 bars; 1 pound
per square inch (psi) converts to 6.89476 kilopascal (kPa)) above the sheath, forc-
ing alignment of cells in single file throughout the core. Assuming that the flow
is perfectly laminar, it is possible to calculate the diameter of the sample core and
of the jet (core + fluid sheath) using the following equations:

fSQ.]"["[
ple
dcore =2
7'[V]'et
Fiheath fsampl,
and because Vi = Lz then degre = Fsampe jet
sheath

()
2

where dcore is the sample core diameter coming out from the nozzle (in cm); Dje
the diameter of the jet (sample + fluid sheath) coming out from the nozzle (in
cm); vier the jet velocity coming out from the nozzle (in cm s71); fample the sam-
ple flow rate (in cm? s71); and Fgpean, the fluid sheath flow rate (in cm?® s71). This
equation shows that increasing the sample flow rate increases the diameter of the
sample core. The consequence is an increase in the number of particles flowing
per unit of time and thus the likelihood of coincidence — two or more particles
within the focused light source (called the interrogation volume) at the same
time. If the sample flow is too high, the increased core diameter destabilizes the
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flowing cells and reduces the accuracy and precision of the measurement. To pre-
vent this, a simple solution consists of a concomitant increase in the sheath fluid
flow rate as well. The sample and sheath flow rates depend on the instrument de-
sign as well as on the kind of analysis being performed (e.g. cell cycle analyses
must be run at a low flow rate). Thus, it is important to be able to control both
flow velocities on an instrument. If a highly accurate system is desired, multiple
sheath inlets can be used to create more stable flow streams, but this is generally
not provided in commercial systems.

The sample is injected into the instrument through a nozzle at a constant and
controllable flow rate. Most commercial flow cytometers employ one of two main
ways to inject the sample:

(i) On a majority of flow cytometers a pressure differential
between the sample and the liquid sheath regulates the
number of particles flowing through the interrogation
volume;

(if) On some syringe-based systems there is a volumetric sample
injection using a syringe to inject the sample into the flow
chamber at a very accurate flow rate. The piston of the
syringe is controlled by a step motor so that the volume
analyzed can be exactly measured, thus allowing the cell
abundance to be calculated, a key parameter in many fields
(e.g. microbiology, aquatic sciences, biotechnologies).

The design of the flow chamber is a crucial component. The fluid flows from a
very large area to a very constrained channel (core) and its velocity increases sig-
nificantly as the square of the ratio of the larger to smaller diameter. Within this
channel, the velocity profile is parabolic, with the velocity at a maximum at the
center of the stream and almost zero at the walls. This becomes a critical issue
for biological specimens because they may contain proteins and a variety of re-
leased molecules; surface binding may eventually increase turbulence and destroy
the hydrodynamic nature of the flow. In addition, such molecules may stick to the
surface of the chamber where the velocity approaches zero, causing build up of
turbulence-producing surfaces.

The acceleration at the core of the flow chamber is an important aspect in flow
cytometers because particles are injected into the very centre of the flowing
sheath stream. The fluid sheath highly accelerates the central core and thus in-
duces spatial separation of particles within this rather long core stream. This hy-
drodynamic focusing creates the ability to more accurately analyze the signals
from single cells. Once particles are spatially separated within the core and accu-
rately identified by their optical properties, it is then possible to physically sepa-
rate them in a process known as particle sorting, which will be addressed in
more detail later in this chapter.

An alternative system to that described above uses axial flow, in which cells are
injected with a regular nozzle onto the surface of a microscope objective to obtain
laminar flow. The particles flow across the objective and are extracted from the
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system on the other side using a low-pressure region, as shown in Fig. 2.1b. This
is similar to systems designed by Harald Steen and others (Petersen 1983; Steen
1983; Steen and Lindmo 1979) and has several advantages: (i) the ability to use
high-numerical aperture microscope objectives providing high photon collection
efficiency; (ii) excellent resolution and signal-to-noise ratio; and (iii) the ability to
use a regular arc lamp as the light source. This system also has extraordinary sen-
sitivity for forward scatter and is one of the most sensitive systems available for
scatter. It was initially designed to be optimized for very small particles such as
bacteria.

232
Optics

Most modern flow cytometers are provided with lasers (monochromatic light
sources) as excitation sources, whereas the earliest systems used mercury lamps.
In the late 1960s, relatively large water-cooled ion lasers were identified as the
most desirable source of coherent light at 488 nm, which is the best excitation
wavelength for fluorescein. These high-cost, large (and inefficient) light sources
functioned to shape the design of the instruments themselves, making them
enormous constructs often taking 60 to 80 square feet of floor space and requir-
ing high cooling-water volumes and high current levels. Thanks to the advent of
more recent solid-state lasers, the footprint of flow cytometers has been signifi-
cantly improved and reduced. Further, in the mid 1980s, there was an emerging
market in flow cytometers that did not require sorting. First known as ‘“ana-
lyzers,” these instruments are now commonly referred to as “bench-top” ana-
lyzers. This is somewhat of a misnomer, as the third generation of sorters is
almost indistinguishable from the bench-top analyzers of the past.

As already mentioned, the key to the efficiency and sensitivity of flow cytome-
ters is the laser-based coherent light sources. The excitation wavelength available
is the chief criterion for selection of a laser. The beam should be segmented in a
transverse emission mode (TEM) of TEM 00, although in some circumstances
a mixed TEM 00 and TEM 01 mode does not exclude the usefulness of such
a beam mode (Fig. 2.2b) (A simple explanation of TEM is available at http://
en.wikipedia.org/wiki/Transverse_mode). Of course, the excitation light wave-
length must match the absorption spectrum of the fluorochromes of interest.
One reason that early systems used large water-cooled argon-ion lasers was that
multiple lines could be obtained from these lasers by rotating the laser mirrors.
They could produce lines in the UV (350 nm), deep blue (457 nm), blue (488 nm),
and blue-green (514 nm) regions of the visible spectrum, making them a very
useful light source. In addition, the argon laser was the only satisfactory coherent
source of excitation for the most-used fluorochrome in the field: fluorescein.

The light beam emitted from a laser must then be focused to a spot in the de-
sired shape, also referred to as the interrogation volume, where the flowing cells
will be intercepted one by one. This is accomplished by using a beam-shaping op-
tic to obtain the desired crossed-cylindrical beam shape. As displayed in Fig. 2.2,
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Fig. 2.2 (a) As cells pass through the
interrogation point, they generate a pulse
that can be characterized as shown here. At
the point of entry into the laser beam, the
pulse rises to a peak and holds for as long as
the particle (cell) is in the stream. Once the
particle begins to leave the laser beam
profile, the signal intensity decreases to zero.
The maximum signal is the peak, and the
time taken between entering and leaving the

common to measure the total area under the
curve (integral signal) for total fluorescence.
Also shown is the excitation light beam
profile most commonly used in flow
cytometry. (b) Laser mode TEM 00 is the
most desirable in flow cytometry. However, it
is possible to mix the TEM 00 and the TEM
01 modes. (c) Definitions of each component
of the signal from a cell passing through an
elliptical beam.

beam is the time of flight (TOF). It is

the most desirable beam shape is an elliptical spot about 15 by 60 pm. This beam
has a large, relatively flat cross-section, which reduces the variation in intensity of
the excitation spot should the particle move around within the excitation area.
Such a beam is optimal for particles smaller than the beam width. Reducing the
beam even further would have the effect of “slit-scanning” the travelling particle.

In flow cytometers equipped with lasers (monochromatic light sources), there
is no need to filter the light in order to obtain the desired excitation wavelength.
But in flow cytometers equipped with arc lamps, which emit in a broad spectrum,
excitation filters are required to select the proper excitation wavelength and elim-
inate the others. Similarly, light scattered by or fluorescence emitted by particles
as they are intercepted by the excitation light must be filtered in order to separate
the different wavelength ranges and direct them to their respective photodetec-
tors. Two main groups of filters are used for these purposes in flow cytometers:
colored glass filters and interference filters.

Colored glass or absorptive filters are generally composed of glass or plastic col-
ored by dyes that absorb unwanted wavelength regions and transmit most of the
light in the desired region. They can be long-pass or short-pass, meaning that
they transmit wavelengths longer or shorter than a certain value, respectively.
The filtering efficiency, that is, the quantity of light absorbed by the filter, can be
enhanced by changing the angle of the filter with respect to the light-source direc-
tion in order to increase the pathway of the light within the filter. Absorptive
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filters must be used with caution however, as they tend to produce fluorescence
from the dye used in their manufacture.

Interference filters, also called dichroic, dielectric, or reflective filters, are more
complex filters composed of transparent glass or quartz with several layers of di-
electric materials deposited on the surface. Compared to absorptive filters, inter-
ference filters usually transmit less light, but permit greater selectivity and allow
sharper transitions between rejected and transmitted regions. The light entering
the filter produces a series of constructive or destructive interferences as it passes
through the different layers. Only specific wavelength ranges are eventually trans-
mitted by the filter.

Within interference filters, there are two principal types: band-pass filters and
dichroic beam-splitting mirrors. Band-pass filters transmit only a particular wave-
length range; in other words, they block wavelengths above and below the trans-
mitted region. These filters are characterized by (i) the wavelength range corre-
sponding to the maximal transmittance; (ii) the width (in nm) of the transmitted
spectrum at 50% of transmittance; and (iii) the percentage of light transmitted at
the maximal transmittance.

Dichroic mirrors (or edge filters) may be short-pass or long-pass filters. Short-
pass filters transmit only wavelengths shorter than a particular value, whereas
long-pass filters transmit only wavelengths longer than a certain value. Both are
commonly used in flow cytometers as dichroic mirrors in order to split the inci-
dent light into two directions according to the color ranges. They are generally
placed at an angle of 45° with respect to the incident beam. On most flow cyto-
meters these filters are used to separate the different fluorescence emissions and
direct them toward specific photodetectors.

Dichroic mirrors are characterized by (i) the transmittance maximum and (ii)
the wavelength at 50% of transmittance, also called cut-off for short-pass filters
or cut-on for long-pass filters.

233
Electronic Systems

Thanks to the filters described above, photons which have been scattered or
emitted by each particle are separated according to their energy level (i.e. wave-
length) and directed to appropriate photodetectors. These detectors take in pho-
tons and put out electrons. The current produced is then converted into a digital
value recorded on a computer.

In most flow cytometers, two main types of photodetectors are used: photo-
diodes and photomultiplier tubes (PMTs).

Photodiodes are made of photosensitive materials. They are fast, relatively
cheap devices, and do not require a power supply, but their gain is much lower
than that of PMTs and often limits their use for fluorescence in flow cytome-
try, as opposed to the collection of forward-angle light scatter and/or light
absorbance.
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PMTs are more complex devices. They present a photocathode placed behind a
glass or quartz window. The window can be on the end or the side of the PMT.
Each photon impinging on the photocathode on the external side generates a
photoelectron on the internal side; this photoelectron is accelerated toward the
first dynode as a result of the difference of potential (DOP) between these two
electrodes. The photoelectron gains energy during this acceleration, and when it
hits the dynode it dislodges more electrons. These electrons are then accelerated
and driven to the next dynode, and so on, as a result of the DOP between the elec-
trodes. The higher the DOP, the higher the energy provided to the electrons at
each step and the higher the signal amplification. The signal reaching a PMT
can thus be enhanced by a factor of up to 1 million. This is the reason that
PMTs are more sensitive and thus more suitable than regular photodiodes for
the collection of low-intensity signals such as those produced by small and/or
dimly fluorescent particles.

It has become standard design to utilize a PMT for each spectral wavelength of
interest. In most instruments designed up to about 1990, a maximum of four or
five spectral bands was collected. However, in the last few years, five to 10 spectral
detectors became more common. Each spectral band is collected by a PMT strate-
gically placed within an optical system, of which there are many current designs.
Figure 2.3 shows several different optical layouts currently used in commercial
systems. It is now evident that many biological requirements are in the range of
10 to 15 spectral bands, far more than the three to five available for the first 20
years in the field. Next-generation systems will include a vast number of PMTs,
avalanche photodiodes, or multichannel PMTs (Robinson 2004) in addition to
high-speed cameras. The disadvantage of the multichannel PMT is that detection
sensitivity is reduced and it is not currently possible to adjust the sensitivity of
each channel as can be achieved with individual PMTs. The advantage is that the
complexity and number of optical components is reduced, and the opportunity
arises for advanced automated classification.

Most cytometers use PMTs as detectors for both fluorescence and side scatter.
The pulse of a particle crossing the excitation beam will depend upon the beam
shape, width, and intensity, and on the particle size and velocity (Fig. 2.2a). Sys-
tems running at 10 m s~! will cross a 10-um beam in 1 ps, or a 5-um beam in

<&
<«

Fig. 2.3 Different optical pathways from
several commercial flow cytometers.

(a) Beckman-Coulter ALTRA. (b) Dako-
Cytomation CYAN instrument with
photodetectors placed on three beams with
slightly different trajectories. (c) Becton-
Dickinson ARIA system based on an
innovative photomultiplier tube (PMT) array
in which PMTs are placed on a ring that
allows the emission signal to bounce around

the ring. There are six additional detectors

on this system (not shown), which come
from the first and third lasers (see diagram).
(d) Becton-Dickinson Vantage system with a
typical configuration of photodetectors. In all
cases (a—d) above, a narrow bandpass filter
is placed immediately in front of each PMT in
addition to the dichroic mirrors that are used
to direct the various emission spectra.
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only 500 ns. The majority of instruments prior to publication of this chapter were
designed around analog detection, rather than digital electronics. Essentially,
once the threshold voltage is met (based on the discriminator circuit described be-
low), the signal (usually 0-10 V) is fed into an analog-to-digital converter (ADC)
circuit called a comparator circuit, whose purpose is to identify the presence of a
measurable signal and send a signal to trigger the rest of the detection system
(Fig. 2.2¢). This is a binary decision only. Once a decision to collect is reached,
several measurements for each variable are made, such as peak (maximum), inte-
gral (area), and time of flight (length of the signal). Several complications can
cause problems in the detection electronics. For instance, if two particles pass
the interrogation point in a very short interval, both signals must be aborted if
this time is shorter than the reset time for the electronics. Another circuit is re-
quired to make this decision.

To further complicate matters, many systems use several lasers (two or more
beams) delayed by a few microseconds only. Each particle must be analyzed at
the perfect time by each laser, so data generated from the first beam must be
stored while the system waits for the particle to reach the second laser beam,
and so on. If the beam separation is large enough, several cells might be analyzed
by the first beam before the first cell passes the second beam. This rather com-
plex system is not necessary on simpler analysis instruments, but it is absolutely
mandatory on more advanced multi-laser cell sorters. In addition, the time taken
for all the analysis components sets the maximum analysis rate of a flow cy-
tometer. The faster the system, the shorter the dead time must be; for example,
a dead time of less than 10 ps would be necessary to analyze 100 000 cells per sec-
ond. Actually, depending on how many events must be analyzed to achieve a
speed of 100000 cells per second, the dead time would need to be considerably
shorter.

2.4
Flow Cytometric Informatics

After signals have been collected, filtered, and converted to digital values, data are
stored on a computer. Most commercial flow cytometers store their data in a par-
ticular format called Flow Cytometry Standard (FCS).

The first accepted FCS format was published in 1984 (Murphy and Chused
1984). It was then revised in 1990 by the Data File Standards Committee of the
Society for Analytical Cytology (now the International Society for Analytical Cytol-
ogy, or ISAC) to give birth to the FCS 2.0 version (Anonymous 1990). In 1997,
this version was further revised to handle data files > 100 MB and to support
UNICODE text for keyword values (Seamer et al. 1997).

Within FCS files, storage is made in real time and most often in listmode. The
structure of an FCS data file is based on three to four segments:

(i) The Header identifies the file as an FCS file and specifies
the version of FCS used. It also contains numerical values
identifying the position of the following Text segment.
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(ii) The Text segment contains several Keywords and numerical
values used to describe the sample and the experimental
conditions.

(iii) The Data are stored in the form of numerical values in a
format specified in the Text segment. They are stored in
sequential fashion as they were generated by each cell as it
passed the interrogation point.

(iv) The Analysis segment is optional (example: results from cell
cycle analysis).

Flow cytometry provides a multiparametric analysis of each single particle ana-
lyzed by the instrument. The data are displayed in one (histograms) or two (cyto-
grams) dimensions. Histograms show the frequency distribution of particles for
any particular parameter. Cytograms display correlated data from any two param-
eters. Data can also be displayed in 3-D plots, the third axis being either the abun-
dance (number of events) or a third parameter (Fig. 2.4).

Flow cytometers collect vast amounts of data very quickly. In fact, they are in a
class of instruments that push the limits of data collection. For example, it is cur-
rently possible to collect at least 11 or more fluorescent spectral bands simultane-
ously with at least two scatter signals on thousands of cells per second, creating a
multivariate analysis challenge (De Rosa and Roederer 2001).

The key principle of FCM is that every particle is identified individually and
classified into a category or population according to multivariate analysis solu-
tions. Advanced statistics of the data are crucial to the establishment of separation
criteria for analysis and real-time sorting.

Every particle that passes the interrogation point will produce a signal that can
be collected on every detector, which would cause a data overload problem. To
prevent this, a circuit called a discriminator is included and set to exclude signals
below a preset voltage (Fig. 2.2c). On many current instruments it is possible to
use discriminators on any or all detectors. That is to say, multiple detectors must
register a preset signal level or nothing is collected by the data collection system.
Once a threshold setting is satisfied, the discriminator triggers the entire data
collection system, and all identified detectors will collect the signal. Very often,
the forward-angle light-scatter signal is used as discriminator to detect the
presence of a measurable particle. However, it is also useful to use a fluorescence
detector when recording only those particles detectable above a certain level of
fluorescence.

The most frequently recognizable detection system in flow cytometers nowa-
days is that of fluorescence. The initial detection system used in the earliest
instruments was Coulter volume (Coulter 1956), based on the original patent of
Wallace Coulter, whereby the principle of impedance changes was transferred
from cell-counting instruments to flow cytometers. This technology was also the
basis for the first cell sorter. In addition to impedance, light scatter was also
measured. Current systems have taken a rather complex pathway for the mea-
surement of fluorescence. There are, however, some complications in measuring
fluorescence signals.
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Fig. 2.4 Ways to display flow cytometric data.

(a, b) Histograms display one parameter

as a frequency distribution. (c) Dotplots
(cytograms) display correlated data from any
two parameters. Each dot corresponds to

an event analyzed by the flow cytometer.

Of course, several events can occupy the
same dot if they have the same parameter
intensities. (d) Density plots display two
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parameters as a frequency distribution. Color
is used to code the different frequencies of
events. (e) Contour plots display correlated
data from any two parameters, with contour
lines joining points of equal elevation
(frequency distribution). (f, g) Data can also
be displayed in three dimensions, the third
dimension being either the frequency
distribution (f) or any parameter (g).

Linear amplifiers produce signals that are proportional to their inputs, but
require very expensive hardware that is only just becoming available at the
level of commercial systems. While it is possible to amplify these signals, most
immunofluorescence applications have huge dynamic ranges that are beyond
amplification in the linear domain of most current systems. For this reason,
logarithmic amplifiers with scales of three to five decades are required. Log ampli-
fiers are particularly useful for samples in which some particles exhibit very small
amounts of signal, while others have signals that are four orders of magnitude

larger.
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2.5
Spectral Compensation

When a particle or cell contains several fluorophores (fluorescent molecules) with
signals in multiple spectral bands, the identification and analysis becomes con-
siderably more complex because of the likely spectral overlap among the fluoro-
phore emissions (Fig. 2.5). For example, a system containing a detector with a
band-pass filter designed to collect fluorescence from FITC (fluorescein isothio-
cyanate, 525 nm) and another detector designed to collect signals at 550 nm will
register photons in both detectors. When a single fluorophore is being collected,
this presents no problem, but it is a different story when two or more fluoro-
phores with close emission bands are simultaneously present. It is then necessary
to identify which fluorophore was the real emitter of the photons collected on
each detector. To achieve this, a process known as spectral compensation must
be carried out, whereby a percentage of the signal collected by one detector is
subtracted from the signal collected by the other. Of course, the complexity of
spectral compensation increases with the number of fluorophores. A special set
of circuits must be designed that allows for a varying percentage of each signal
to be subtracted from every other detector. While this can be performed perfectly
well off-line in software (Bagwell and Adams 1993), if the very goal of the analysis
is to sort a certain population of cells, the compensation must be performed in
real time between the time the cell passes the excitation beam (interrogation
point) and the time it reaches the last point by which a sort or abort decision
must be made. Because compensation in FCM is very sophisticated, it requires
a large number of controls to establish appropriate compensation settings and

- Common laser lines used in flow cytometers
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Fig. 2.5 Example of spectral overlap between different fluorophore
emissions. Shown in this figure are the excitation lines of several
common lasers frequently used in flow cytometers (e.g. violet diode
laser (405 nm), argon (488 nm), diode-pumped YAG (532 nm), and
helium/neon (HeNe; 633 nm)). Because of the overlap of many
fluorochrome emissions, it is necessary to identify and make allowance
for the spectral overlap.
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photomultiplier setup. As fluorescent dyes increase in number and spectral prox-
imity, the need for spectral compensation circuitry becomes more urgent. This is
far more involved than anything currently available in image-analysis systems.

2.6
Cell Sorting

Among current flow cytometers, analyzers (also referred to as bench-top flow cy-
tometers) and more complex instruments called sorters can be distinguished.
Sorters are able to both analyze and physically separate (sort) particles of interest
based on their optical properties.

There are two basic types of cell sorters. The first, the fluid-switching cell sorter
(Fig. 2.6¢), uses a mechanical device to deflect the particles into a tube. This sys-
tem is very simple to use but is rather slow (maximum 300 cells sorted per sec-
ond) compared to the second type, the droplet cell sorter, which is based on the
generation and deflection of droplets containing the particle of interest and is
able to sort up to several thousand particles per second. The majority of current
sorters are equipped with this electrostatic technology.

Actually, there is also a third kind of cell sorter, based on a photodamage tech-
nique. Cells are not really sorted, but all particles except the cells of interest are
rendered non-viable by illumination with a high-energy laser pulse, which in-
duces photodamage to DNA (Herweijer et al. 1988). This system is not widely
used and presents several drawbacks, such as the use of very expensive pulsed-
laser systems, the high abundance of cellular debris in the sorted fraction, and
the need to calibrate the pulse.

The principle of cell sorting was included in instruments designed by Fulwyler
(1965), Kamentsky and Melamed (1967), and also Dittrich and Géhde (1969) in
order to definitively analyze a cell of interest. It was Fulwyler, however, who iden-
tified the technique developed by Sweet (1965) for electrostatic droplet separation
for use in high-speed inkjet printers as the ideal technology for cell sorting. This
evolved into the technique of choice for virtually all current commercial cell
sorters (Fig. 2.6a). The implementation of this idea into a commercial system
was carried out by Hertzenberg’s group in the early 1970s (Bonner et al. 1972).

The principle of electrostatic sorting is based on the ability to identify a cell of
interest by its optical properties (light scatter and/or fluorescence), determine its
physical position in the jet with a high degree of accuracy, break off the jet into
droplets using a piezoelectric crystal, place a charge on the stream at exactly the
right time (when the cell reaches the last attached droplet), and then physically
deflect and collect only the droplet containing the sorted cell (Fig. 2.6a).

The technology of high-speed sorting has already been well defined by van den
Engh (2000), who discusses in detail the complex issues involved. In brief, the
speed and accuracy of a cell sorter are based on several factors. Firstly, despite
the initial discussion pointing out that fully stable laminar flow is required for ac-
curate analysis, for cell sorting the stream must be vibrated using a piezoelectric
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Fig. 2.6 (a) The principle of electrostatic cell
sorting based on Sweet’s inkjet printer
technology. In this figure a stream of liquid
intersects a laser beam (or multiple laser
beams 1, 2, 3). The stream is vibrated by a
piezoelectric crystal oscillator at frequencies
from 10 to 300 kHz, depending upon the
orifice size, stream velocity, nature of the
stream, and particle size. Typically 30000—
50000 Hz is used to create droplets at the
same frequency. Once a cell/particle is
identified as desirable, a charge is placed on
the stream which remains with the last drop
(last attached drop) that leaves the stream.
Using a computation method, this drop is
sorted by being attracted toward a plate
almost parallel with the stream and contain-
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frequency as droplet formation. (b) The
pulses of three different lasers as a particle
passes by each beam separated in space.
Thus, a particle will pulse from each laser a
few microseconds apart. This way, signals
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device to generate droplets. As described by van den Engh, it is necessary to
match the nozzle diameter and sheath pressure to the sample particle size. Drop-
let generation frequency as well as high-speed electronics must also be carefully
defined for each sample to obtain the stable droplet generation mandatory for
high-speed cell sorting. The principle that governs the generation of droplets has
been characterized by Kachel et al. (1977), whereby the wavelength of the undula-
tions is:

L=v/f,

where Z is the undulation wavelength (m), v the stream velocity (m s™!), and f
the modulation frequency (1 s71).

The system is optimized for maximum droplet generation when . = 4.5d
(d = exit orifice = jet diameter). Thus, from the equation above, the optimal gen-
eration frequency is given by f = v/4.5d. If a system is designed to accommodate
this optimal droplet formation, the jet velocity is proportional to the square root
of the jet pressure, as demonstrated by Pinkel and Stovel (1985). Thus, to sort at
20000 particles per second (or 20000 Hz) such that each drop is separated from
the next by 4.5 stream diameters and flowing at 10 m s~!, an optimal system
would make the distance between drops 200 pm. As the number of drops sorted
increases, the diameter must decrease, with the obvious conclusion that the speed
of high-speed sorters will eventually be partially regulated by the size of the parti-
cle to be sorted and by the velocity to which the stream can be taken without
destroying the sample. This is particularly important for biological particles such
as cells. High-speed sorters are essentially sorters that are designed to operate at
sort speeds in the range of 20000 to 100 000 particles per second. A higher pres-
sure must be placed on the sample stream.

When system rates exceed 40 000 cells per second, the analysis time becomes a
key issue and is obviously the limiting factor, since complex analysis must pre-
cede the sorting decision. Therefore the maximum speed of droplet formation is
not the limiting factor in the design of a high-speed flow cytometer. As discussed
in van den Engh (2000), the primary issue is the high pressures that must be
used to create ultra high-speed droplet formation. For instance, at a droplet
frequency of 250 000 per second the jet pressure must approach 500 psi (pounds
per square inch; see Chapter 1 for conversion to SI units), a significantly higher
value than can be designed safely in most systems. If the pressure is limited to
around 100 psi, a droplet rate of around 100000 is closer to the realistic maxi-
mum. This then is the real limitation to current high-speed sorting systems.

Since it is impossible to predict exactly when any particle is going to pass the
interrogation point, Poisson statistics enter the equation. This adds uncertainty
into the analysis, and as discussed previously, it is crucial to ensure that no mea-
surements take place as two or more cells try to pass the interrogation point si-
multaneously. This implies that there is a narrow relationship between particle
abundance and coincidence likelihood.



2.8 Conclusions

Cell sorting has become a very important component of FCM and is currently
used in many fields. The isolation of CD34 human hematopoietic stem cells,
whereby flow-sorted cells are specifically purified for transplantation purposes,
in particular has revolutionized capabilities in transplantation (Andrews et al.
1989). It goes without saying that to perform such a sort all components of the
instrument that come into contact with the samples must be sterile. A similar
issue occurs when sorting plant protoplasts (see Chapter 10).

Another important issue is the potential danger involved in sorting hazardous
samples because of the generation of aerosols in the operation of a flow cytome-
ter. This is particularly the case with human samples that may be infected with
HIV or (more commonly) hepatitis virus, and can lead to considerable tension be-
tween operators and researchers wanting to sort materials from infected patients.
If the sampling must be performed, it is necessary to employ complex biosafety
systems to reduce the potential of infection. There is also a significant literature
dealing with the dangers posed by microbes and carcinogenic molecules such as
the fluorescent dyes commonly used to label cells (Nicholson 1994).

2.7
Calibration Issues

Because FCM is defined as a quantitative technology, calibration standards
are important. Some standards were primarily developed by Schwartz and
Fernandez-Repollet (1993) and others to allow reproducibility of clinical assays.
Schwartz developed the concept of “molecule equivalents of soluble fluorescein”
(MESF units). Using a mixture of beads with known numbers of fluorescent mol-
ecules, it is possible to create a standard curve based on a least-squares regression
based on the median fluorescence intensity of each bead population. This value is
then converted into MESFs (Fig. 2.7) from which comparisons can be made be-
tween different instruments or for the same instrument on different days. Future
instruments will most likely provide data in units such as MESFs rather than
in the “arbitrary unit” frequently observed in publications. It would seem highly
desirable to provide more quantitative data for comparison purposes.

2.8
Conclusions

Flow cytometry has made a significant impact on many fields because it is one of
the few technologies, if not the only one, that can evaluate so many parameters
on such small samples in such short time periods and at the single-cell level.
The principle of evaluating each and every cell or particle that passes through
one or several light sources and then producing a highly correlated data set is spe-
cific to FCM. The combination of the fluorochromes available now and the ability
to physically separate cells by the process of cell sorting provides some unique
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Fig. 2.7 Calibration beads with fluorescent peaks representing four different levels of
molecules attached to their surface can be fluorescence intensity. From this histogram
used to create quantitative measures by flow  and the data given by the manufacturer, a
cytometry. In the histogram on the left there standard curve (on the right) can be obtained
are five peaks, the lowest peak being the for quantitation of the particles being labeled
negative control (no fluorescent molecule with this probe. FITC = fluorescein
bound to the beads) and the other four isothiocyanate.

characteristics. It is almost 40 years since FCM first demonstrated its importance
in medical research. Since that time, well over 60000 publications have high-
lighted its usefulness. It emerged as one of the most important technologies in
the early 1980s upon the recognition of AIDS. The ability of FCM to identify and
quantify the T-cell population subsets CD4 and CD8 lymphocytes appointed it as
a most important technology in the diagnosis of HIV and the monitoring of AIDS
patients. Similarly, the ability of FCM to make complex multivariate analyses of
bone marrow to identify CD34" cells and subsequently sort and purify them has
been a vital resource in transplantation immunology.

Currently, FCM is used routinely in a number of fields ranging from basic cell
biology to genetics, immunology, molecular biology, and environmental science.
It makes possible the detection of cells at the single-cell level based on their opti-
cal properties (light scatter and fluorescence emission). It is thus possible to de-
tect them, quantify them, obtain information on the individual characteristics of
each single cell analyzed, and to gain information about the heterogeneity of the
physiological states within a population. FCM can be applied to either prokar-
yotes or eukaryotes, autotrophic or heterotrophic cells whose fluorescence is nat-
ural (from intrinsic fluorescent molecules such as photosynthetic pigments for
instance) or induced by artificial physiological or taxonomic fluorescent probes
added to the samples. The size of the particles can vary from that of viruses
(<0.2 pm) to larger cells hundreds of microns in diameter. The time of analysis
is very short and thus a very high number of cells can be analyzed, which pro-
vides strong statistics and gives results representative of the structure of the
whole population.
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In many cases it is also possible to physically separate (sort) the cells of interest
from a heterogeneous mixture according to their optical properties. In the major-
ity of cases, cells are kept viable after the sorting process, making it possible to
harvest them and supplement their analysis by further techniques (molecular bi-
ology). With current technology it is possible to sort and purify a very large num-
ber of cells (10°~10®) from complex heterogeneous mixtures in a reasonable time
(hours).

During the last 15 years or so, FCM techniques have been applied to the analy-
sis of plant cells. The goals of these studies covered several aspects of plant cells
ranging from nucleic acid content (both DNA and RNA), karyotyping, and trans-
gene expression, to cell counting, chloroplasts, cell membranes, and cell wall re-
generation, as well as mitochondrial activity, secondary metabolite accumulation,
or sorting of cells or subcellular organelles of interest (for review see Yanpaisan
et al. 1999 and other chapters in this volume).

Progress in fluorescent probe development combined with flow cytometry cre-
ates new opportunities to study cells. Technology developments such as the appli-
cation of multispectral detection will change the basis for detection and analysis
of cellular systems (Robinson 2004). Many of these are barely achievable, if not
impossible, by more conventional methods. For example, FCM has now been
closely linked with new opportunities in proteomics — in fact, flow cytometry
clearly possesses the ability to apply complex phenotypic analysis and subsequent
cell sorting for application of purified populations to proteomic analysis in semi-
automated systems for protein profiling (Bernas et al. 2006). This will help to
bring answers to a great diversity of scientific applications ranging from simple
cell detection and counting to more complex molecular biology, biochemistry,
physiology, and ecology.
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Flow Cytometry with Plants: an Overview

Jaroslav Dolezel, Johann Greilhuber, and Jan Suda

Overview

The rise of plant flow cytometry since 1973 is testimony to the impact of a single
elementary methodological innovation — the use of a razor blade instead of en-
zymes for isolation of nuclei. From 1983 onwards, this innovation led to an ava-
lanche of applications of sophisticated instrumentation originally designed for
biomedical research, and rarely before employed in the plant sciences. Owing to
the physical size of the cell nucleus, its stainability with nucleic acid dyes and its
genetic hegemony, nuclear DNA flow cytometry still dominates the field. Modern,
small and affordable multiparameter instruments that measure fluorescence and
light scatter allow convenient and rapid ploidy screening of living and dried plant
samples, high precision genome size and endopolyploidy measurements, as well
as cell cycle studies. Simultaneous measurement of side scatter allows improved
analysis by discriminating clean nuclear fractions from samples corrupted with
fluorescent debris particles which stick to the nuclei. The unambiguous detec-
tion of aneuploidy requires a high resolution technology, and is possible only
under favorable cytogenetic circumstances. The estimation of the AT/GC ratio in
nuclear DNA with a pair of fluorochromes remains a special field of research
yielding sometimes controversial results. Since the nature of (multicellular) plant
architecture is such that it is difficult to isolate individual cells, cell studies are
often carried out with protoplasts (e.g. analysis of gene expression using fluores-
cent proteins). The study of subcellular processes (photosynthesis with plastids,
respiration with mitochondria, membrane studies, and apoptosis-associated
events) is mostly carried out using isolated organelles. When particles become
too small to be analyzed as individuals, or when multiple antibodies are to be
analyzed at one time, the innovative bead-based technologies can be applied.
Thus, in phytosanitary screening with the microsphere immunoassay, dual-
fluorochrome-tagged beads loaded with various covalently bound antibodies for
microbial pests are employed. As up to 100 different bead classes can be made
discernible by tagging them with various proportions of fluorochromes, a large
number of different microbes can theoretically be quantified. The method can
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also be used for the analysis of other molecules and viruses. The autofluorescence
of various photopigments together with light scatter of the cells makes phyto-
plankton (together with abiotic particles and zooplankton) amenable to flow cy-
tometry in situ. In this area of research, the main approach is the discrimination
of particles by their bi- or multivariate fluorescence/scatter pattern or Coulter-
sizing, and their association with classified organisms. Time-resolved pulse anal-
ysis even makes cell counting of linear algal colonies (e.g. diatoms) possible.
Buoyant or submersed vehicles with purpose-designed flow cytometers are put
to service for the control of environmental changes in the sea. A hitherto gener-
ally deplored disadvantage of flow cytometry is a lack of visualization of the
objects being measured, but this has been overcome by integrated video imag-
ing in recent instrumental developments. It is only a matter of time before this
innovation becomes standard in bench-top flow cytometers which stand in botany
laboratories.

3.1
Introduction

Flow cytometry (FCM) is a unique tool combining a powerful analytical capability
to measure simultaneously many optical parameters of cells and subcellular par-
ticles, with the potential to isolate purified populations of selected particles. Both
analysis and sorting can be carried out at high speed so that statistically relevant
samples can be measured and minor subpopulations detected. The ability to iso-
late large numbers of particles of the same type then provides enough material
for subsequent manipulations, including further growth and culture, as well as
analysis with biochemical and genomics techniques.

The development of FCM in the late 1960s and the 1970s was largely stimu-
lated by a need for automatic and high throughput analysis of human cells. As
the available hardware and software was unable to achieve this by analyzing the
images, evaluation of the optical parameters of particles passing through a nar-
row stream of liquid was an elegant alternative (see Chapter 1). Measured par-
ticles could be run at high speeds and, unlike the images of individual particles,
pulses of scattered light and fluorescence generated by each particle were easy to
collect and analyze by the extant optical and electronic systems. In fact, the pulses
were analyzed by the so-called multichannel pulse height analyzers, which were
originally developed to characterize radioisotopes. This explains why the classes
in FCM histograms and cytograms have been called channels.

The absence of visual information on particles measured by FCM may be seen
as a disadvantage, especially when compared with currently available laser-
scanning cytometers and image analyzers. However, the growing battery of fluo-
rescent dyes, antibodies and other reagents facilitate a plethora of FCM assays
invaluable in pathology, oncology, immunology, and hematology, among others,
making FCM very popular both in research and clinical laboratories. Some flow
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cytometers are even capable of capturing images of particles measured in flow
(Kachel and Wietzorrek 2000).

Although originally not intended, the option of evaluating cells during their
passage through a liquid stream offered the possibility of modifying flow cy-
tometers for flow sorting. The so-called flow sorters then facilitated isolation of
subpopulations of large numbers of particles based on their optical parameters.
Even today this is hard to achieve with any other system, including the slide-
based systems, which only permit manipulation with a very limited number of
particles using either mechanical microdissection or laser capture. Another bene-
fit of the flow-based design which had not been foreseen, is that it facilitates
automatic sampling from liquid environments like the sea, lakes and sewage
waters (see Chapter 13), something that would be hard to achieve with slide-based
systems.

The dominance of biomedical research shaped the design of the first genera-
tions of commercially produced flow cytometers and until now, most instruments
available on the market did not consider other applications. This, together with
relatively high costs did not promote the use of FCM in plant sciences. After the
pioneering paper of Heller (1973), the first uses of FCM in plant sciences were
only reported in 1980s and their numbers did not increase markedly until the
early 1990s. Despite a rather slow start, the past two decades of development re-
sulted in a well-established and flourishing area with many applications in basic
and applied research as well as industry. Plant FCM is now an actively devel-
oping research discipline progressively introducing innovative and unprecedented
applications.

3.2
Fluorescence is a Fundamental Parameter

Fluorescence is the most common optical parameter in plant FCM. It is a physi-
cal phenomenon in which a substance, either organic or inorganic, absorbs light
of a certain color (i.e. of certain wavelength and energy) and emits light of
another color, with a lower energy and thus at longer wavelength (a part of the
excitation energy is always lost). Dye molecules capable of such light (energy)
conversion are termed fluorochromes. It is important that the difference in ab-
sorbed and emitted light wavelengths (called Stokes’ shift to honor George Stokes
who in 1852 first documented fluorescence in a solution of quinine) is sufficient
to allow their separation using optical filters.

Detection of fluorescent signals from stained particles in liquid suspension is
possible due to two mechanisms. The first involves accumulation of a fluoro-
chrome in the stained region, making a contrast in dye concentration between
the target and the background, while the second involves an increase in quantum
efficiency (i.e. the ratio between the number of emitted and absorbed photons)
when a fluorochrome molecule finds itself in a particular environment. For exam-
ple, the quantum efficiency of the DNA-selective stains propidium iodide and
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DAPI increases about 30- and 100-fold, respectively, after binding to nucleic acid
as compared to an aqueous solution.

The number of fluorochromes employed in plant FCM continues to increase,
and they can be broadly classified into three categories: (i) nucleic acid dyes (e.g.
DAPI, propidium iodide, and Hoechst dyes); (ii) protein dyes, including fluores-
cent labels for antibodies (e.g. fluorescein, allophycocyanin, Texas red); and (iii)
functional probes for in-situ monitoring of cellular activity (e.g. cyanine and oxo-
nol dyes).

33
Pushing Plants through the Flow Cytometer

The high costs and the focus on analyzing human and animal cells certainly did
not encourage the rapid spread of FCM in the plant sciences. But at least equally
important obstacles were, and in many ways continue to be, the difficulties asso-
ciated with sample preparation, as a consequence of the plant body design and
cell structure. Plants are built of complex three-dimensional tissues of various
types of irregularly shaped cells with rigid cell walls, which are held together by
extracellular matrix. However, a sample for FCM must be in a form of liquid sus-
pension of single particles. Additional problems are posed by the chemical com-
position of cells. Plant cells produce a vast array of secondary metabolites which
may interfere with staining of particular cell constituents and/or exhibit auto-
fluorescence, thus hampering quantification of signals from fluorescent probes.
Provided that analysis at the cellular level is not required, a frequent alternative
is to isolate the organelles of interest and treat them separately.

3.3.1
Difficulties with Plants and their Cells

Land plants (Embryophyta) are multicellular organisms in which free viable cells
are rarely observed with the exception of microspores in land plants, pollen
grains in seed plants, and sperms in bryophytes and pteridophytes. Conversion
of solid plant tissues to single cells is possible using appropriate hydrolytic en-
zymes, such as pectinases which digest the pectin lamella between cells. How-
ever, due to a variety of secondary anatomical modifications accompanying differ-
entiation, cells can be isolated from some tissues only, young tissues often being
the best candidates. As a matter of fact, a single-cell suspension cannot be pre-
pared from every plant tissue and in every plant species. The same holds true
for higher plant cells cultured in vitro, which usually grow in clumps that must
be treated like solid plant tissues to release single cells.

There are many reasons why even success in isolating single cells is not suffi-
cient to facilitate FCM analysis. Plant cells often reach a size approaching or
even exceeding the diameter of orifices in the flow chambers of many flow cyto-
meters which usually range from 50 to 100 pm. The second difficulty arises from
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the fact that plant cells are not circular. Irregularly-shaped objects disturb laminar
flow, the particles then do not follow the same trajectory and interact with the
excitation light beam differently, causing variation in output signals.

But this is not the end of the difficulties with plant cells. Other problems are
due to low permeability of the cell wall for various reagents. Moreover, many cel-
lular structures may bind fluorescent probes non-specifically, and fluorescence
emanating from autofluorescent pigments may be difficult to distinguish from
measured signals. Secondary metabolites often present in plant cells may inter-
fere with staining and/or the fluorescence of the fluorochromes. Although some
of these problems such as the cell wall permeability and autofluorescence may be
overcome by applying cytological fixatives, many remain. Consequently, with cer-
tain exceptions, intact cells from land plants generally cannot be analyzed reliably
using FCM. The situation with plankton FCM, which analyzes mostly single-
celled organisms, is different insofar as the primary aim is to recognize particles
and associate these with organisms through optical parameters such as autofluo-
rescence and light scatter properties, and not to quantitatively evaluate the cellu-
lar characteristics (see Chapter 13).

The first published FCM analysis of plant cells (Heller 1973) focused on the nu-
clear DNA content of Vicia faba (field bean; Fabaceae). In order to obtain measur-
able samples, acetic ethanol-fixed root tips were digested with pectinase, mechan-
ically disintegrated, sieved to eliminate tissue debris and cellular clumps, pepsin
treated, and stained with ethidium bromide. The histograms exhibited two broad
peaks representing unreplicated and replicated nuclei, and a significant amount
of debris. A disadvantage of this method is the need to optimize the enzymatic
treatment and the difficulty of isolating single cells from differentiated tissues.
In fact, this approach has not been used frequently, and its most successful appli-
cation is probably the analysis of DNA content in cultured plant cells (Pfosser
1989).
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Protoplasts are somewhat “Easier” than Intact Cells

As many problems with plant cells are due to their rigid cell wall, an obvious so-
lution is to remove it. Cells devoid of their walls are called protoplasts. They are
characterized by circular shape and therefore do not disturb the laminar flow.
Protoplasts can be prepared from plant tissues and cells by hydrolyzing the com-
ponents of cell wall under isotonic conditions. It should be noted, however, that
the preparation of protoplasts is even more difficult and laborious than the prep-
aration of cells. Moreover, only a few types of tissues (typically leaf mesophyll) are
suitable, and the isolated protoplasts are fragile and require a careful handling.
Despite being more suitable for FCM than intact cells, protoplasts share many
of their disadvantages. These include t