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The plant kingdom is divided into the lower plants
(blue-green algae, green algae, the bryophytes consisting
of mosses and liverworts, and the euglenaphytes) and the
higher plants (which mainly comprise the vascular
plants). Higher plants are grouped into the pteridophytes
(ferns) and their relatives, and the two classifications of
seed plants, the angiosperms and the gymnosperms. The
former comprises the monocotyledons and the dicotyle-
dons, and the latter comprises the conifers and cycads (1).
In this retrospective, I have restricted my coverage to the
seed plants.

Plants differ fundamentally from animals in a few gen-
eral ways, one of which is the almost universal presence
of a cellulosic cell wall. This is coupled to a method of cell
division that involves partitioning of the daughter nuclei
after mitosis by a phragmoplast, which expands and elab-
orates to join the parental cell walls, thereby effecting
cytokinesis. Consequently, the cell walls of daughter cells
remain topologically continuous with one another. Given
that the entire mature form of a plant is achieved through
regulated cell division and cell expansion, all cell walls
can be viewed as a single continuum, termed the apo-
plast. The concept of flow cytometry and cell sorting
arose in the late 1960s and 1970s from the study of natural
single-cell suspensions, particularly those of the hemato-
poietic system. At first glance, these technologies did not
seem applicable to higher plants, comprising complex
three-dimensional tissue architectures of interlinked cells.
In fact, only in the last few weeks did I become aware of
what appears to be the first report, in German, of the use
of flow cytometry for analysis of fluorescence signals from
higher plant nuclei prepared from fixed tissues (1a),
which involved use of ISAC member Wolfgang Gohde’s
flow cytometer (2).

My interest in flow cytometry and cell sorting started in
1976, when I took up a NATO postdoctoral fellowship at
Stanford University. I was working in the laboratory of Dr.
Peter Ray in the Department of Biological Sciences, about
300 yards away from the medical school. One of the
topical interests of plant biologists at that time was the
production from plant tissues of single-cell suspensions
(termed protoplasts, prepared by enzymatic hydrolysis
and solubilization of the cell wall) and their use for so-
matic hybridization. Kao and coworkers at Saskatoon had
described the use of polyethylene glycol for the induction
of high-frequency fusion of protoplasts (3), an observation
that translated to animal cells and became a major techni-
cal basis for the emerging hybridoma technology. One
persistent problem for plant biologists interested in so-

matic cell fusion was how to recognize the two parental
sets of protoplasts that would be employed as fusion
partners. Genetic mutants and transgenic lines resistant to
various chemicals were not at that time available. In part
of my graduate work at Cambridge, I had explored the use
of generating antibodies directed against plant protoplasts
with the hope of being able to find antibodies directed
against plasma membrane proteins. At Stanford I became
aware that Len Herzenberg had developed an interesting
machine that was capable of recognizing and sorting cells
based on surface fluorescence. I remember walking over
to his laboratory to see a version of the fluorescence-
activated cell sorter (I think a FACS IV) installed there. I
recognized the possibilities offered by the instrument, but
also realized that it would be necessary to devise means to
label specific plant cells by using fluorescent tags before
the fluorescence-activated cell sorter could be used for
sorting hybrid protoplasts. There also was a variety of
technical questions that would require solving, including
how to accommodate protoplasts having diameters close
to, or in some cases greater than, that of the flow tips. To
label protoplasts, it would be necessary to find two pairs
of fluorochromes that had distinct absorption and emis-
sion spectra. Keller et al. (4) in 1977 had described the
synthesis of lipid-linked derivatives of fluorescein and rho-
damine. I and my colleagues synthesized these molecules
and found that they could be used to prelabel cell cultures
from which fluorescent protoplasts could subsequently be
produced (5). Alternatively, we found it was possible to
label protoplasts after preparation by using fluorescein
isothiocyanate and rhodamine isothiocyanate (6), which
are required for protoplasts prepared from tissues other
than suspension cultures. It therefore seemed feasible that
flow cytometry and cell sorting might be used for hetero-
karyon identification and cell sorting for their purification
(7,8).

For the work to be successfully accomplished, of
course, we would need a flow sorter. In 1979, I put
together a multi-user equipment proposal to the National
Science Foundation requesting funds to purchase a cell
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sorter, with the major purpose being for the sorting het-
erokaryons for production of somatic hybrid plants. The
grant was approved later that year, and I started the
necessary homework to find out what instruments were
available for the $126,000 amount of the award. Three
manufacturers were producing suitable instruments:
Coulter, Becton-Dickinson, and Ortho. Ortho took them-
selves out of the running early on, based on cost, and we
chose Coulter based on the availability of a their new
model, the EPICS V. It turned out we were to get the
seventh instrument off the production line.

The EPICS V was delivered around September 1980.
Gary Durack was the Coulter field service representative
at the time, and remembers calling Coulter to find out
how to program the MDADS. Unfortunately, the software
had not been completed at that time, so we were loaned
a one-parameter pulse height analyzer, which at least
enabled us to learn the basics of flow cytometry. The fact
that I was forced into single-parameter analyses over this
initial period had the unforeseen and, in retrospect, highly
productive effect of forcing our attention onto one-dimen-
sional analysis of the plant cell cycle.

FLOW ANALYSIS OF THE PLANT CELL CYCLE
I had already been interested in the idea of analyzing the

plant cell cycle, based on work that we had started to
investigate the behavior of tobacco leaf protoplasts placed
in culture. Over a period of 2 days or so, the protoplasts
initiated cell wall formation and entered into the cell
division cycle, producing clusters of undifferentiated
cells. By using Hoechst 33258 staining of fixed protoplasts
and quantitative measurement of nuclear fluorescence
with a jury-rigged photomultiplier attached to a fluores-
cence microscope, I was able to follow the onset of DNA
synthesis and found that leaf protoplasts initiated the cell
cycle within about 30 h and, after resynthesizing a cell
wall, entered into cell division (9). Measurements made in
this way were inaccurate and time consuming, so, with
the availability of the flow cytometer, we started to exam-
ine fluorescence emission from fixed protoplasts. The
EPICS was equipped with a 5-W multiline argon laser and
separate optics for ultraviolet light, which were inconve-
nient to switch out. Because mithramycin could be ex-
cited at 457 nm, mithramycin had been successfully em-
ployed in combination with other dyes (ethidium bromide
or propidium iodide) for animal cell cycle analyses, and
plant cells generally lacked pigments absorbing and emit-
ting in this part of the spectrum, we chose this DNA-
specific fluorochrome for our work. We were able to
establish rather quickly that fixed tobacco leaf protoplasts
produce a readily distinguishable signal representing the
nuclear DNA fluorescence, with a reasonable coefficient
of variation of approximately 7%.

Immediately before our work, ISAC member Awtar Kris-
han (10) had described the use of hypotonic citrate for
mammalian cell lysis before flow cytometric cell cycle
analysis, and Christensen et al. (11) had introduced the
use of detergents, so we also examined the suitability of
similar approaches using plant protoplasts. The eventual

composition of the eventual lysis buffer included 45 mM
MgCl2 (required for mithramycin binding), 30 mM sodium
citrate, 0.1% Triton X-100, and 20 mM MOPS for buffering
at pH 7. Freshly prepared protoplasts treated with this
lysis buffer and stained with mithramycin produced DNA
histograms of very high quality, with coefficients of vari-
ation for the G1 peak at approximately 2–3%. Using this
methodology, we then went back to analysis of tobacco
protoplasts during the 2-day period of culture, with the
additional use of 2,6-dichlorobenzonitrile as an inhibitor
of cell wall formation. 2,6-Dichlorobenzonitrile acts at the
level of cellulose synthase by preventing formation of a
coherent cellulose cell wall. It has little or no effect on
re-initiation of the cell cycle by leaf protoplasts in culture
(12). To release free nuclei from the cultured protoplasts,
it was important to prevent cell wall formation around the
protoplasts. Having charted this process to our satisfac-
tion, we sent a manuscript to Plant Physiology describing
the method of plant cell cycle analysis using flow cytom-
etry, a first of its type, and the use of this method for the
analysis of the initial stages of leaf protoplast development
in culture. The paper came back with the major criticism
that our method was not general to plant tissues, i.e, we
could not ensure that protoplasts would be released from
all cells that were present in the tissue of interest. To
address this criticism, I realized that it was not necessary
to make protoplasts at all—nuclei could be released from
plant tissues simply by homogenization, assuming the
process of homogenization was sufficiently gentle. We
devised such a method by using single-edged razor blades
and manual chopping. Each slice of the razor blade has the
effect of cutting open the cells, thereby releasing the
nuclei into suspension, along with the remaining cellular
organelles and a variety of other forms of debris. Large
material is then removed with nylon filters, and the clar-
ified homogenate is then stained with mithramycin and
run through the flow cytometer. Armed with a couple of
razor blades, over a couple of hours my technician at the
time (Kristi Harkins) and I reduced a large number of plant
species within the teaching greenhouse to homogenates,
and we were able to measure genome sizes for most of
them by flow cytometry, including chicken red blood cells
as an internal standard. The resultant publication describ-
ing the method, which appeared in Science in 1983 (13),
has since been cited more than 415 times. We did not at
all appreciate the impact of this method would have on
basic and applied plant biology and agriculture. Before
this time, analyses of ploidy, genome size, and the cell
cycle involved some kind of light microscopy requiring
counting of chromosomes or was based on quantitative
microspectrophotometry using Feulgen staining. These
techniques were very time consuming and were compar-
atively inaccurate and less sensitive. Now, flow cytometric
methods are used routinely for all of these measurements
and forms the major methodologic underpinning of the
searchable database of plant nuclear DNA contents estab-
lished at the Royal Botanical Gardens at Kew (http://
www.rbgkew.org.uk/cval/homepage.html). The ease of
sampling means that large populations can be routinely
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analyzed, and we extended the method to the analysis of
haploids in tissue culture (14), of natural variation in
cytotype distributions (15), and for addressing issues in
angiosperm evolution (16). Flow cytometry also can be
used for quality control monitoring of the ploidy of com-
mercial seeds and of different germ plasm accessions, for
analysis of novel crosses and identification of wide-hy-
brids, and for monitoring euploidy in plants emerging
from protoplast fusion, tissue culture, and genetic engi-
neering procedures; for a complete discussion, see Gal-
braith et al. (17).

Our laboratory and other investigators since 1983 have
extended the scope of ploidy-based measurements, based
on their high accuracy, to include the use of different
fluorochromes (18,19) and analysis of systemic and tissue-
specific endoreduplication (20–25). The contributions of
ISAC members Dick Kowles and Friedrich Srienc in the
identification of endoreduplication in maize endosperm
are particularly noteworthy, as are those of Spencer
Brown and Kathiravetpillai Arumuganathan in applying
the flow methods to large numbers of plant species (26–
29). ISAC member Mike Fox was involved in early flow
analyses of developing pollen (30). Flow cytometry also
has been used for the identification of aneuploidy, mixo-
ploidy, and layer chimeras; for a review, see Galbraith et
al. (17). Under optimal conditions of alignment, it can be
used for classification of sex in dioecious plants (31).

Accurate determination of plant genome sizes using
flow cytometry is technically more demanding than that
of ploidy, because it requires use of internal standards
having precisely defined DNA contents. A thorough anal-
ysis of this approach was developed by ISAC member
Spencer Johnston using various plant standards (32). Ac-
curate analysis of plant genome sizes also requires that the
method of fluorochromatic staining be insensitive to base-
pair composition and/or the state of chromatin compac-
tion. ISAC member Spencer Brown at Gif-sur-Yvette did
pioneering work in this area (33,34).

In terms of analysis of the cell cycle, the DNA histo-
grams produced by flow cytometry can be used for ex-
traction of cell cycle parameters, and early work from
ISAC members Spencer Brown and Catherine Ber-
gounioux, and their collaborators led to further develop-
ment of cytometric methods in this area (18,35,36), in-
cluding simultaneous characterization of nuclear RNA and
DNA contents (35) with acridine orange, the particularly
interesting examination of transcriptional activity of
sorted nuclei as a function of cell cycle stage (20,37), and
analysis of the regulation of the cell cycle (37–39).

In terms of instrumentation, the contributions of Partec
GMBH and ISAC member Wolfgang Gohde have been
particularly important, because their development of low-
cost flow cytometers has facilitated the movement of
methods of plant nuclear DNA analysis into the laboratory
and industrial setting. It should be emphasized that the
plant-chopping method does produce homogenates
within which the objects of interest, the nuclei, comprise
a minor population. This is rather different than the situ-
ation encountered in flow analysis of animal cell suspen-

sions, within which the objects of interest (the cells)
comprise the vast majority of the total population of
particles detected by the flow cytometer. For flow oper-
ators entering this field for the first time, defining instru-
ment settings for detection of the plant nuclei within
homogenates can be tricky. It should parenthetically be
noted that the chopping method (and the original plant
chopping buffer) also produce excellent DNA histograms
from insects and from mammalian tissues (Galbraith and
coworkers, unpublished observations).

The DNA within nuclei, of course, is packaged into
chromosomes. In comparison with human chromosomes,
plant chromosomes in general do not exhibit differential
staining when using fluorochromes with different base-
pair specificities. For many species, the chromosomes are
also numerous and of similar sizes. Nevertheless, a good
deal of progress has been made in the development of
techniques for flow analysis and sorting of plant chromo-
somes. Early workers selected plants with uniquely small
chromosome numbers such as Happlopappus gracilis
(2n � 4) (40), that had chromosomes of unique sizes such
as the sex chromosomes in Melandrium album (syn-
onym Silene latifolia) (41), or that were easy to manipu-
late in cell culture (42). ISAC member Spencer Brown was
involved in early attempts to sort petunia chromosomes
(42) and in the development of spreadsheet programs for
the prediction in silico of the flow karyograms for differ-
ent species (43). ISAC member Kathiravetpillai Arumuga-
nathan was one of the first to attempt chromosome sort-
ing from the crops tomato and maize (44,45), and ISAC
member Nigel Miller provided flow expertise in similar
work by using wheat chromosomes (46).

ISAC members Sergio Lucretti and Jaroslav Dolezel and
their coworkers have made some of the greatest progress
in this area, through devising methods for isolation of
large numbers of intact chromosomes from seedlings of
crop species, including wheat, pea, maize, barley, chick-
pea, and broad bean, and for flow sorting of many, and in
some cases all, pairs of chromosomes (47–55). For some
species, this requires the use of specific genotypes carry-
ing multiple defined chromosomal translocations that
have the effect of producing karyotypes within which all
chromosome pairs are of different sizes and therefore can
be sorted (47). Alternatively, in situ hybridization with
repetitive sequences can be used to selectively differenti-
ate chromosomes (56). Ultimately, chromosome-specific
libraries can be prepared from the sorted chromosomes
(53). Dolezel and coworkers have been developing meth-
ods for physical mapping, for localizing specific se-
quences to the individual sorted chromosomes (54,55,57),
and for preparation of large insert libraries (58).

FLOW SORTING OF LIVING PLANT CELLS
Our original grant proposal for purchase of the EPICS V

in 1980 had as its primary purpose the sorting of fused
protoplasts (heterokaryons) for isolation of somatic hybrid
plants. For this to be possible, evidently, it was necessary
that protoplasts should survive passage through the flow
cytometer. Standard flow tips at that time were 50–70 �m
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in diameter, clearly a problem for protoplasts that, for the
Nicotiana species (tobacco and relatives) we were using
in our work, approximated 30–50 �m in diameter. Ob-
taining specially ordered 100-�m flow tips from Coulter,
and then 150- and 200-�m tips, led to our studying the
process of droplet formation by the piezoelectric bimorph
and ultimately devising a set of SOPs for sorting large
particles (59–61). These include reductions in the system
pressure and in the bimorph drive frequency, somewhat
jury-rigged alterations to the sort deflection area to allow
visualization of the point of droplet break-off, inclusion of
larger-sheath tanks to accommodate the large volumes of
sheath fluid consumed by the large flow tips, devising
indestructible size markers (pollen) that could be used for
sort setup, and exploring appropriate (non-saline) os-
motica as sheath fluids. My group found, to my pleasant
surprise, that protoplasts could survive passage through
the flow cytometer, could be sorted under sterile condi-
tions, and could be regenerated in culture back into nor-
mal plants (62,63). ISAC member Jim Jett and coworkers
described using viscous solutions as a means to impede
sample sedimentation (64), a particular problem with
large particles such as maize pollen or mammalian cell
clusters.

SORTING OF HETEROKARYONS AND
REGENERATION OF SOMATIC HYBRID PLANTS
The idea underlying this project was the fluorescent

labeling of the two parental protoplast populations with
distinguishable fluorescent dyes. These protoplasts would
then be mixed, fused, analyzed by flow cytometry, and the
heterokaryons sorted according to the presence of both
dyes. The F18/R18 labeling method was not compatible
with methods of leaf protoplast production, but we found
that simply incubating the protoplasts during protoplast
preparation with low levels of fluorescein isothiocyanate
and rhodamine isothiocyanate led to the production of
protoplasts that could be readily distinguished under the
fluorescence microscope, and that these differences could
be detected by the flow cytometer. It was then a matter of
inducing protoplast fusion and employing the cell sorter
to identify and sort the desired heterokaryons containing
both sets of fluorochromes. These were subsequently re-
generated into plants and were characterized as somatic
hybrids at the molecular level (65). The methods de-
scribed above were general in applicability, because all
that is required are pairs of source protoplasts that can be
regenerated into plants. ISAC member Jim Jett and co-
workers concurrently reported flow analysis and sorting
of heterokaryons (66). Later work from Nottingham, in-
cluding contributions from ISAC members Andrew Lister
and Nigel Blackhall, illustrated the general applicability of
flow sorting for isolation of heterokaryons (67). Many
reports of the practical application of flow sorting for
somatic hybridization in the agricultural sector have
emerged; for review, see Waara and Glimelius (68).

In terms of instrumentation, the commercial develop-
ment of a highly effective means for droplet formation by
using large flow tips has followed the recognition that

there exist increasing applications, beyond the plant king-
dom, for sorting large cells and cell clusters. The Macro-
Sort, produced by Becton-Dickinson, particularly exempli-
fies this.

DEVISING NOVEL MARKERS FOR PLANT FLOW
CYTOMETRY

The types of markers that I have discussed for hetero-
karyons identification and sorting are relatively crude mo-
lecular paints, reacting covalently or non-covalently with
the plant cells to provide fluorescent tags for protoplasts.
We found that endogenous fluorescent markers could also
be used for protoplast analysis and sorting; thus, chloro-
plasts contained within the cells of photosynthetic tissues
themselves contain chlorophyll, which is highly fluores-
cent in the red area and can be conveniently excited with
a variety of laser wavelengths. We found that flow analysis
of chlorophyll autofluorescence could be used to directly
measure the amounts of chlorophyll within protoplasts
and to determine protoplast diameters based on time of
flight (69). We then used these properties to flow sort
protoplasts from different cell types (epidermis and me-
sophyll) and to demonstrate cell type-specific patterns of
gene expression (70).

ISAC member Iona (O’Brien) Weir has pioneered the
development of flow cytometric methods for analysis of
apoptosis and programmed cell death in plants. This work
primarily uses protoplasts for analysis of the presence of
subgenomic levels of nuclear DNA measured through pro-
pidium iodide staining, of phosphatidylserine exposure to
the external face of the plasma membrane measured
through Annexin V binding, and the occurrence of nicks
within genomic DNA measured through terminal dUTP
nick end labeling analysis (71). More recently, she has
teamed up with ISAC member David Hedley for flow
cytometric analyses of reactive oxygen species and of
membrane potential to implicate the involvement of the
mitochondrial respiratory chain in protoplast apoptosis
induced by camptothecin (72). Spencer Brown and Cathe-
rine Bergounioux were the first to use flow cytometry for
analysis of the endogenous fluorescence of protoplasts of
cell cultures of Vinca rosea (Catharanthus roseus), with
the idea of employing successive rounds of protoplast
sorting for the enrichment of cultures producing high
levels of these important alkaloids (20,73,74). Brown and
collaborators also devised flow cytometric methods to
examine the fluidity of protoplast plasma membranes
(75).

From 1985 to the present, my group has put consider-
able effort into the development of molecular markers
that could be manipulated with molecular techniques to
identify any plant cell type of interest. These included the
production of monoclonal antibodies directed against
plasma membrane components (76), analysis of the tar-
geting behavior of mammalian plasma membrane markers
(such as the vesicular stomatitis virus G protein) within
plants (77), and, the expression and subcellular targeting
of the green fluorescent protein (GFP) of Aequorea vic-
toria (78,79). Of these, GFP (and the related fluorescent
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proteins) appear particularly suited for flow cytometric
analysis sorting. They provide a means for highlighting
individual cells and/or organelles that can be cell or tissue
type-specific based on expression that is regulated by
appropriate promoter and enhancer sequences. This
means that one can use flow sorting to purify protoplasts
in a cell type-specific manner, which can then be used for
further analyses, such as global gene expression, using
microarrays (Birnbaum et al., unpublished observations)
and global protein or metabolite contents.

An evident concern of this type of approach is that the
process of protoplast production should not affect the
measurements that are subsequently to be used. In part,
this appears to be the case (70). However, the hypertonic
conditions used for protoplast production and the inter-
ruption of signaling between cells and between the
plasma membrane and cell wall of individual cells are
factors that inevitably must perturb cellular processes
(80). As previously noted, it is not always possible to
prepare protoplasts from all cell types. For this reason, we
have also pursued the cell type-specific labeling of nuclei
by using GFP, with the idea of using flow analysis and
sorting of fluorescent nuclei within homogenates for char-
acterization of gene expression. This approach, which is
covered in the next section, builds on the flow methods
for nuclear genome size analysis described previously (13)
and avoids the potential for perturbation because the
method of homogenization and nuclear sorting is rapid
and can be done on ice. Moreover, flow analysis and
sorting of nuclei are much simpler than those of proto-
plasts due to the smaller size of nuclei.

FLOW ANALYSIS AND SORTING OF ORGANELLES
Of the variety of organelles found in higher plant cells,

only the chloroplasts are naturally autofluorescent due to
the presence of chlorophyll. ISAC member Bob Ashcroft
did some of the first work (81) in the flow analysis of
chloroplasts and was able to characterize intact chloro-
plasts and thylakoids prepared from spinach and maize by
using forward and 90° light scatter and fluorescence emis-
sion signals. ISAC member Patrice Petit took this work
forward by using forward angle and 90° light scatter and
chlorophyll autofluorescence measurements to charac-
terize the integrity of isolated spinach chloroplasts and,
in combination with labeling with fluorescein isothio-
cyanate-linked lectins, to distinguish intact chloroplasts
from thylakoid membranes and from various chloro-
plast membrane subfractions (82). ISAC member Julie
Auger was involved in the further characterization of
the fluorescence signals produced by chloroplasts (83).
Flow analysis and sorting methods have been developed
since for purification of thylakoids isolated from meso-
phyll and bundle sheath cells of maize (84) based on
differences in chlorophyll fluorescence spectra. Amylo-
plasts (starch grains), which are generally grouped with
chloroplasts because both represent subsets of the clas-
sification of plastids, can be rapidly analyzed using flow
cytometry, as described by ISAC member Friedrich Sri-
enc and his coworkers (85).

Flow analysis of mitochondria, which are non-fluores-
cent in their natural state, requires use of added fluoro-
chromes or through in vivo targeting of GFP (86). Patrice
Petit was the first to describe the use of lectins for the
detection of glycosyl residues at the mitochondrial surface
(87) and rhodamine 123 to monitor mitochondrial mem-
brane potential and changes induced by addition of suc-
cinate and adenosine triphosphate and in response to
treatments with metabolic inhibitors (88). Recent work by
ISAC member Iona Weir on the role of mitochondria in
apoptosis was mentioned earlier (72).

The nucleus similarly lacks endogenous fluorescence in
its natural state. We have found that GFP can be effec-
tively targeted to nuclei of various higher and lower plant
species by using a nuclear localization signal from an
orphan tobacco transcription factor (89–91). This re-
quires inclusion of �-glucuronidase as a passive stuffer to
increase the size of the chimeric GFP containing the
nuclear localization signal beyond that of the passive ex-
clusion limit of nuclear pores. The fluorescent nuclei can
be readily detected and sorted in homogenates of trans-
genic tobacco plants (91). Further improvements in nu-
clear retention of the transgenic product are achieved by
fusing GFP to chromatin-associated proteins (Zhang and
Galbraith, unpublished observations). We have recently
developed AFLP methods for analysis of transcription
within isolated nuclei (92). Alternatively, nuclear tran-
scripts can be used for production of fluorescent targets
that can be hybridized to microarrays (80,93). Given the
ability to produce transgenic plants expressing nuclear-
targeted GFP within specific cell types, such as phloem
companion cells and guard cells (94), it soon should be
possible to categorize the gene expression profiles of any
and all plant cell types. We are confident that these meth-
ods are applicable to animal cells.

CONTRIBUTIONS OF ISAC MEMBERS OVER 25
YEARS TO PLANT CYTOMETRY

Given the explosion in the number of journals that has
occurred over the past 25 years, it is difficult to ensure
that one is comprehensive in identifying all contributions
of ISAC members to the published plant flow literature
over that period (Table 1). Phil Dean has been most
helpful in establishing the identities of past ISAC mem-
bers. I have arbitrarily restricted myself to publications in
journals indexed by the ISI Web of Science (http://
isiknowledge.com) and apologize for any inadvertent
omissions. For more details and for further references in
the field of plant cytometry, the reader is referred to the
following reviews (1,93,95,96). For specific methods, the
following references may prove useful (97–103).

THE ROLE OF ISAC IN PLANT FLOW
CYTOMETRY

The plant kingdom in general has interested a minority
of ISAC members. However, since 1986, most ISAC con-
gresses have had active platform and poster sessions fo-
cusing more or less narrowly on plants, albeit occasionally
including “other life forms.” Plants have provided the
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impetus to the development of aspects of flow cytometry
and cell sorting other than those that I have indicated. For
reasons of space, I have not attempted to include lower
plants in this article, but it is worth noting that the devel-
opment of a fully automated flow cytometric monitoring
station (the Cytobuoy) by ISAC member George Dubelaar
(104) allows remote monitoring of the myriad different
organisms (phyto- and zooplankton) found in the world’s
oceans.

In terms of future developments, within the plant
sciences the role of flow cytometry and cell sorting
in particular and of cytometry in general will only
continue to increase. These techniques provide unique
means to analyze and purify populations of cells and
of subcellular organelles. As our attention increasingly
focuses on the different component cells of plants and
of the subcellular components within these different
cells, the importance of these techniques to advance

development of the field will no doubt continue to
expand.
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