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Abstract
Flow cytogenetics is a high-throughput technique that classifies large populations of mitotic chromosomes according to their 
fluorescence and light scattering as they move in a single file rapidly in a narrow stream of liquid. Flow karyotyping can 
detect structural and numerical chromosome changes, and chromosomes purified by sorting have been used to discover the 
three-dimensional organization of DNA, characterize the proteome, and describe the organization of the perichromosomal 
layer at the nanometre level. However, the most frequent and important use of flow cytogenetics has been the isolation of 
different chromosomes. Chromosome sorting has made it possible to dissect nuclear genomes into small and defined parts, 
therefore allowing targeted, simplified, and more economical genomic analyses. The uses of flow-sorted chromosomes for 
genome complexity reduction and targeted analysis have expanded hand-in-hand with the progress of molecular biology 
and genomics techniques. These uses include the targeted development of DNA markers, the construction of chromosome-
specific DNA libraries, physical mapping, draft genome sequencing, and gene cloning.
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Introduction

In almost all eukaryotes, nuclear genome is distributed 
into two or more chromosomes [13]. This highlights the 
role of chromosomes in transferring genetic information to 
daughter cells and progenies. Splitting a genome to more 
chromosomes permitted its evolutionary expansion so that 
the length of individual chromosomes was kept under the 
biological limit [93]. In sexually propagated species, chro-
mosomes allow generation of genetic variation by recombi-
nation and independent assortment in meiosis. Early stud-
ies on genome organization by the end of the 19th century 
concentrated on condensed chromosomes during mitosis and 
meiosis. As chromosomes may differ in size and structure, 
they constituted an important character of a species. Impor-
tantly, these studies led to the formulation of chromosome 
theory of heredity [103].

Since the first experiments, the main approach to study 
chromosomes has been the observation of chromosomes 
immobilized on a solid support using optical microscopy. 
This has been a fruitful path as the chromosomes could be 
observed at appropriate magnification and for as long time 
as needed, provided the method of staining, and/or label-
ling allowed it. Chromosome length and structure may be 
studied in detail, and images may be captured using a camera 
and processed digitally [1]. This way of studying chromo-
somes is necessarily laborious, time-consuming and requires 
trained staff, in particular when small alterations of chromo-
some length and structure are studied, such as those originat-
ing from translocations.

Despite these requirements, until today the optical 
microscopy remains the main tool to study genomes at 
chromosome level. However, it has been complemented 
by a variety of experimental approaches, including elec-
tron microscopy [118] and, more recently genomics tools 
such as hybridization on DNA arrays [52] and next gen-
eration sequencing [38]. This paper reviews the develop-
ment and application of flow cytometry as another com-
plementary approach to study chromosomes in plants, 
providing a unique link between cytogenetics, molecular 
biology and genomics.

Chromosomes in motion

The use of f low cytometry to analyze chromosomes 
instead of microscopy may seem contra intuitive as until 
recently, the method did not capture images of particles 
in flow. In fact, and as given below, the areas of the major 
use and impact differ from those of microscopy. This is 
because flow cytometry has been developed to analyze 

electric and/or optical properties of large populations of 
particles moving in a narrow stream of liquid, rather than 
capturing images.

Basic principles

As per the Coulter principle, when the electric conductivity 
of particles is quantified [26], is not relevant to chromosome 
analysis, we focus here on the analysis of optical proper-
ties, when light pulses are generated by the interaction of a 
light beam with chromosomes moving rapidly in a single file 
(Fig. 1). The parameters measured comprise light scattering 
and fluorescence. Light scattering is quantified either in the 
direction of the light beam, when the amount of scattered 
light is related to particle size, or in the right angle to the 
light beam, when the amount of scattered light is related 
to the internal structure (i.e. granularity) of a particle [65]. 
While there are two basic types of light scattering, forward 
and side, pulses of fluorescence, either intrinsic or extrinsic, 
may be measured simultaneously in different parts of opti-
cal spectrum and used to quantify molecular components in 
individual particles.

The ability to analyze large populations of particles at 
high speed (102–104/s) makes flow cytometry suitable for 
assessing heterogeneity and identifying minor subpopula-
tions. These may be detected based on a single parameter, 
or a combination of multiple optical parameters. In addition 
to the quantification of multiple optical parameters, flow 
cytometry enables isolation (sorting) of subpopulations of 
interest. It is important that this is done at high speed dur-
ing the analysis. Several technical solutions were designed 
to achieve separation of desired particles. These may be 
classified into two basic types: fluidic switch type, when 
the direction of the liquid stream is temporarily changed to 
collect particle(s) of interest, and droplet sorter, when the 
liquid stream is broken into droplets and droplets containing 
particles of interest are electrically charged and directed to 
a collection vessel by a passage through electrostatic field 
(Fig. 1). Only droplet sorters are suitable for chromosome 
sorting as small droplets (typically 1 nl volume) are sorted 
and the collected fraction is not excessively diluted as in case 
of the fluidic switch system.

Developing flow cytogenetics for plants

The principle of flow cytometry, when particles are charac-
terized individually while moving in a liquid stream, is dic-
tated by the character of samples, which must be suspensions 
of single particles. However, preparation of suspensions of 
intact mitotic chromosomes is a challenge. First, only a frac-
tion of cells in animal and plant somatic tissues is divid-
ing and have condensed chromosomes in cytoplasm. This 
is a problem as flow cytometry requires samples of a small 
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volume (ideally several hundred microliters) and the samples 
must be concentrated (containing 105–106 chromosomes per 
milliliter). Thus, cell populations from which samples are 
prepared must be enriched for cells at mitotic metaphase. 
Secondly, the chromosomes must be released from intact 
cells into an isolation solution. However, plant cells have a 
rigid cell wall which hampers chromosome release. This is 
generally not a problem in animals and human and it is thus 
not surprising that the first ever chromosome analyses using 
flow cytometry were done in Chinese hamster and human 
[27, 28, 101].

It took almost ten years after these pioneering reports 
before the first successful attempt to analyze plant chro-
mosomes by flow cytometry [51]. As discussed by Doležel 
et al. [20] the delay was due to difficulties in achieving suf-
ficient metaphase synchrony and in releasing chromosomes 
from cells with rigid walls. In their pioneering work, De 
Laat and Blaas [51] isolated chromosomes from suspension 
cultured cells of Haplopappus gracilis, and the same type 
of biological system was used to prepare chromosome sus-
pensions from Lycopersicon esculentum and L. pennellii by 
Arumuganathan et al. [5] as well as from Triticum aestivum 

by Wang et al. [116]. In these studies, chromosomes were 
released by lysing synchronized cells in hypotonic buffer 
after enzymatic removal of their walls [5, 51, 116]. A range 
of difficulties prevented in vitro cell cultures from becoming 
a widely used, which includes cell type heterogeneity, karyo-
logical instability and difficulties to achieve high degree of 
cell cycle synchrony [5, 57, 94].

An alternative idea was to use protoplasts prepared from 
leaf mesophyll cells [11, 12]. As the cells are arrested in G1 
phase of cell cycle, it was expected that transferring proto-
plasts to a nutrient medium would induce synchronous tran-
sition through the cell cycle. However, after treating cultured 
protoplasts of Petunia hybrida with colchicine, metaphase 
indices of only about 10% cells were reached [11]. In this 
work, chromosomes were released by mechanically disrupt-
ing cells in the nutrient medium. Due to low mitotic syn-
chrony and a need to optimize protoplast isolation protocol 
for particular species, this approach was not used in other 
species.

To avoid the difficulties associated with tissue cultures, 
Doležel et al. [16] developed a protocol for chromosome 
isolation from meristem root tips of young seedlings (Fig. 2). 

Fig. 1    A simplified scheme 
of a flow cytometer and sorter. 
Chromosomes in suspension 
are arranged into a single file 
and interact with a laser beam. 
Scattered light is captured in 
the direction of the beam and 
at a right angle to it. Moreo-
ver, fluorescence of stained 
chromosomes is also captured. 
Pulses from both scattered light 
and fluorescence are transmit-
ted to detectors and converted 
into electrical signals. These 
signals are then digitized and 
processed by a computer. To 
facilitate chromosome sorting, 
the liquid stream is broken into 
small droplets. The droplets 
carrying the chromosomes of 
interest are electrically charged 
and deflected towards collection 
vessels by a passage through an 
electrostatic field created by two 
deflection plates
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This approach offered numerous advantages. Seeds are avail-
able in a majority of species, and by placing germinating 
seedlings on a hydroponic system, roots can be treated with 
cell cycle synchronizing agents dissolved in a nutrient solu-
tion. Cycling meristem root tip cells are easy to synchronize 
and, unlike in vitro cultured cells, are karyologically stable. 
Veuskens et al. [110] and Neumann et al. [76] showed that 
genetically transformed “hairy” root cultures may be used 
when particular cytogenetic stocks cannot be maintained by 
seed propagation. In fact, roots suitable for chromosome iso-
lation may be induced from vegetative parts of plants, such 
as the setts in sugarcane [71], or bulbs in onion and garlic 
(unpublished).

With the aim to develop a generally applicable proto-
col for chromosome release from synchronized root tips, 
Doležel et al. [16] avoided enzymatic treatments and opti-
mized a procedure based on mechanical homogenization. In 
order to make chromosomes resistant to mechanical shearing 
forces, the roots were fixed mildly in formaldehyde prior to 
homogenization. The mechanical stability means that chro-
mosomes are stable during the analysis and also during sort-
ing, and flow-sorted chromosomes can be easily identified. 
Importantly, the formaldehyde fixation increases the yield 
of isolated chromosomes [16]. Much later the formaldehyde 

fixation turned out to be an advantage when flow-sorted 
chromosomes were used for chromosome conformation 
capture analysis, which requires chromatin cross-linking 
[50]. In the original protocol [16], root tips were homog-
enized by chopping using a sharp scalpel. This was laborious 
and not practical for small roots. Thus, Gualberti et al. [30] 
modified the protocol so that roots are homogenized using 
a mechanical homogenizer, making the method suitable for 
small roots, such as those in cereals (Fig. 2).

In order to preserve chromosomes and their DNA intact, 
chromosomes should be released into a buffer with appro-
priate composition [20]. The protocol of Doležel et al. [16] 
used LB01 buffer developed for the isolation of plant cell 
nuclei [15]. This buffer is suitable for a majority of down-
stream applications of sorted chromosomes. However, it had 
to be modified to prepare high molecular weight DNA and 
the modified version of LB01 is referred to as HKS (origi-
nally IB) [96]. Chromosomes used for proteomic analyses 
were isolated in LB01-P which contained protease inhibitor 
phenylmethylsulfonyl fluoride [83].

Fig. 2   Preparation of chromosome suspension for flow cytom-
etry: Seeds are initiated into germination on dampened tissue paper 
within a Petri dish until the roots extend approximately 2  cm in 
length. The young seedlings are placed onto a plastic cover lid and 
positioned onto a tray, ensuring that the roots are fully immersed in 
a well-aerated nutrient solution at 25 °C. Cycling meristem tip cells 
are accumulated at G1/S interphase by treatment with hydroxyurea, 
the cells then resume DNA synthesis and traverse S and G2 phases 

of cell cycle. Once mitosis is reached, the cells are accumulated at 
metaphase by treatment with a  mitotic spindle inhibitor. Immedi-
ately following this, the roots are fixed by formaldehyde. Meristem 
root tips are then excised and mechanically homogenized to release 
chromosomes into a solution. Prior to flow cytometric analysis, crude 
chromosome suspension is strained through a nylon mesh and chro-
mosomal DNA is stained by suitable fluorochrome. Repeated DNA 
sequence may be fluorescently labelled at this stage
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Flow karyotyping

Discrimination of particular chromosomes

In some applications it is not necessary to discriminate 
chromosomes from each other and it is enough to resolve 
the population of mitotic chromosomes from other particles 
in the sample. However, in a number of uses the aim is to 
discriminate a particular chromosome, or a group of a few 
chromosomes. Given that only relative fluorescence and 
light scattering parameters are measured, discrimination of 
particular chromosomes has been a challenge in a major-
ity of plants. Two principal and compatible strategies were 
developed to aid in chromosome discrimination. The first 
relies on optical parameters and the second on the karyotype 
itself and its modifications.

Considering the information derived from the optical 
signals, if the chromosomes in suspension are stained by a 
DNA fluorochrome, the fluorescence pulse area will reflect 
relative size of chromosomes if DNA intercalator has been 
used, or AT/GC content if dyes binding preferentially to AT 
or GC-rich DNA regions are used. If samples are prepared 
following the protocol of Doležel et al. [16] from formal-
dehyde-fixed tissues, staining chromosomes by DAPI was 
found superior over staining with DNA intercalators and 
GC-binding fluorochromes [18]. While the width of the fluo-
rescence pulse indicates the relative chromosome length, the 
pulse height indicates the highest fluorescence signal along 
the chromosome. Light scattering signals are less informa-
tive, but are useful to discriminate chromosome popula-
tion from debris, which is not fluorescent and not detected 
by fluorescence analysis and hence may contaminate flow 
sorted chromosomes.

The results of fluorescence and light scattering analysis 
are typically displayed as monoparametric histograms called 
flow karyotypes. Ideally, a flow karyotype comprises well 
separated peaks, each representing different chromosomes 
in the karyotype. However, this is a rare case in plants and 
usually one or more peaks represent more than one chromo-
some. To obtain high resolution flow karyotypes, light scat-
ter and fluorescence pulses are displayed as a biparametric 
dot-plot and a gating region is set on it to exclude debris, 
nuclei, and large clumps. This gate is applied to other histo-
grams and dot-plots (Fig. 3).

The ability to perform high resolution analysis and 
achieve chromosome discrimination depends on several 
parameters with the sample quality being one of the most 
important. Chromosome suspensions should have high con-
centration of intact chromosomes (105–106/ml) and small 
proportions of single chromatids, cells and chromosome 
debris. It is also critical that the flow cytometer laser beams 
are perfectly aligned and stable so that optical parameters are 
measured at the highest resolution. If, however, two or more 
chromosomes in the sample have the same relative fluores-
cence, they cannot be resolved by the analysis of a single 
fluorescence parameter. The number of chromosomes which 
can be discriminated after monovariate flow karyotyping in 
plants varies between species (Table 1, [17]). While only 
one out of the 21 chromosome pairs of bread wheat can be 
discriminated from a wild-type karyotype [114] five out of 
eight chromosome pairs can be resolved in chickpea [112].

Contrary to the great improvement of chromosome 
resolution in human and animals, simultaneous staining 
with AT- and GC-binding fluorochromes was not found 
useful in plants [53, 56, 61]. On the other hand, a dra-
matic improvement in the ability to resolve chromosomes 
was achieved after a protocol for fluorescence in  situ 

Fig. 3   Chromosome analysis in bread wheat (T. aestivum, 2n  = 
6x  = 42) cv. Chinese Spring. A  First, a primary gate (P1) is set on 
dot-plot DAPI fluorescence pulse area (DAPI-A) versus forward scat-
ter pulse area (FSC-A) to select only intact chromosomes and chro-

matids. B Signals originating from the particles in the P1 gate are dis-
played as monoparametric flow karyotype DAPI-A on which the three 
large composite peaks, each representing a group of chromosomes, 
and a small peak of chromosome 3B are recognized [19]
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Table 1   List of plant species from which flow cytometric analysis of mitotic chromosomes has been reported

a Number of chromosomes in a haploid set
b Number of chromosomes that could be discriminated unambiguously. The numbers in parentheses indicate the number of chromosomes that 
could be discriminated in some lines due to chromosome polymorphism
c Number of individual chromosomes and/or arms discriminated in different cytogenetic stocks (translocation, deletion, telosome or chromosome 
addition lines). Note that in some species this option has not been verified

Species Chromo-
some num-
ber (n)a

Number of discrimi-
nated chromosomes 
and/or arms

References

Latin name Common name Standard 
karyotypeb

Cytoge-
netic 
stocksc

Aegilops biuncialis Goatgrass 14 9 6 Molnár et al. [72], Said et al. [88]
Aegilops comosa Goatgrass 7 1 Molnár et al. [72]
Aegilops cylindrica Goatgrass 14 4 Molnár et al. [74]
Aegilops geniculata Goatgrass 14 14 14 Molnár et al. [72], Said et al. [88]
Aegilops markgrafii Goatgrass 7 4 Molnár et al. [74]
Aegilops tauschii Goatgrass 7 1 Molnár et al. [73]
Aegilops triuncialis Goatgrass 14 2 Molnár et al. [74]
Aegilops umbellulata Goatgrass 7 4 Molnár et al. [72]
Agropyron cristatum Crested wheatgrass 7, 14 0 12 Said et al. [89, 90]
Asparagus officinalis Sparrow grass 10 5 Moreno et al. [75]
Cicer arietinum Chickpea 8 5 Vláčilová et al. [112], Zatloukalová et al. 

[124]
Dasypyrum villosum (syn. Haynaldia 

villosa)
Mosquito grass 7 1 Grosso et al. [29], Wang et al. [115]

Festuca pratensis Meadow fescue 7 1 Kopecký et al. [42, 43]
Haplopappus gracilis 2 2 de Laat and Blaas [51], de Laat and Schel 

[14]
Hordeum vulgare Barley 7 1 (2) 7 Lysák et al. [63], Lee et al. [53], 

Suchánková et al. [102]
Lycopersicon pennellii Tomato 12 2 Arumuganathan et al. [4, 5]
Petunia hybrida 7 1 Conia et al. [11]
Picea abies Norway spruce 12 3 Überall et al. [108]
Pisum sativum Pea 7 2 4 Gualberti et al. [30], Neumann et al. [76, 

77]
Secale cereale Rye 7 1 7 Kubaláková et al. [48]
Silene latifolia [syn. Melandrium 

album)
White campion 12 2 Veuskens et al. [110], Kejnovský et al. 

[39], Kralova et al. [45], Vrána et al. 
[113]

Triticum aestivum Bread wheat 21 1 (2) 21 Wang et al. [116], Schwarzacher et al. 
[94], Lee et al. [56], Gill et al. [24], 
Vrána et al. [114], Kubaláková et al. 
[49], Giorgi et al. [25]

Triticum dicoccoides Wild emmer 14 0 14 Akpinar et al. [3], Vrána et al. [113]
Triticum durum Durum wheat 14 1 14 Kubaláková et al. [47], Giorgi et al. [25], 

Vrána et al. [113]
Vicia faba Field bean 6 1 6 Doležel et al. [16]; Lucretti et al. [62], 

Doležel and Lucretti [18], Lucretti and 
Doležel [61], Kovářová et al. [44]

Vicia sativa Common vetch 6 2 Kovářová et al. [44]
Zea mays Maize 10 2 (3) 10 Lee et al. [54, 55], Li et al. [58, 59], 

Vrána et al. [113]
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hybridization in suspension (FISHIS) was developed 
[25]. The ability to fluorescently label particular repeti-
tive DNA sequences such as microsatellites provided a 
signal independent of chromosome DNA or base-pair con-
tent. For example, while monovariate flow karyotyping in 
bread wheat resolved only one out of the 21 chromosomes, 
bivariate analysis DAPI versus FITC of GAA microsat-
ellite fluorescence resolved the whole genome set of 21 
chromosomes of bread wheat [88].

As shown already by Doležel and Lucretti [18] altered 
chromosome length and structure resulting in changed 
chromosome length helps to increase the number of 
resolvable chromosomes. Successful examples include A. 
cristatum ditelosomic lines [90, 125] and rye ditelosomic 
lines, wheat-rye and wheat-wheat chromosome transloca-
tions [49] as well as wheat-D. villosum translocation lines 
[60].

Chromosomes with altered length and structure due to 
translocation may not only be resolvable, but the change 
in chromosome size in some cases may reveal some wild-
type chromosomes, which are otherwise not resolved on 
flow karyotype [76]. An obvious disadvantage for down-
stream molecular analysis of sorted translocation chro-
mosomes is that they do not represent wild-type chro-
mosomes. On the other hand, sorting the translocations 
allowed mapping of DNA sequences to subchromosomal 
regions by PCR [63] and to characterize chromosome 
breakpoints by sequencing [46]. In analogy, alien chro-
mosome-and chromosome arm addition lines have one or 
more chromosomes introduced from other species and if 
they differ in optical parameters, they can be discrimi-
nated. The examples include wheat-rye [49], wheat-A. 
cristatum [90, 125], wheat-Ae. biuncialis and wheat-Ae. 
geniculata [88] translocation and disomic and ditelosomic 
alien introgression lines.

Applications of flow karyotyping

Due to the limited information content of fluorescence and 
light scattering signals, flow karyotyping cannot compete 
with microscopic chromosome analysis. Yet, a number of 
reports describe identification of structural and numerical 
chromosome changes by flow karyotyping. These, include 
identification of trisomy of chromosome 6 in barley [53] 
and determining the frequency of alien chromosomes in 
wheat–rye chromosome addition lines [48]. Translocation 
chromosomes were identified in field bean, garden pea, bar-
ley, and wheat [18, 48, 49, 63, 76, 114], and chromosome 
deletions were identified in wheat [24, 47, 49]. Intraspecific 
variation in chromosome structure (chromosome polymor-
phism) was observed in barley, maize, rye, and wheat [48, 
49, 53, 55, 114].

Flow karyotyping identified alien chromosomes in 
oat–maize and wheat–rye chromosome addition lines [48, 
59] and alien chromosome arms were identified in wheat–rye 
and wheat–barley telosomic addition lines [97, 102]. Flow 
karyotyping was also suitable to detect accessory B chro-
mosomes in rye, and sex chromosomes in white campion 
[48, 110]. Figure 4 shows examples of flow karyotyping in 
bread wheat, wheat-barley 7HS ditelosomic addition line 
and wheat chromosome translocation line. Despite the suc-
cessful examples of detecting chromosome translocations, 
deletions and alien additions the most important application 
of flow karyotyping has been the identification of chromo-
somes that are to be sorted.

Chromosome sorting

Sorting of required chromosomes

Depending on differences in optical properties of chromo-
somes in a karyotype and the way gate windows are set, flow 
cytometer may purify a chromosome, a group of chromo-
somes, or a complete chromosome complement. The deci-
sion depends on downstream application of sorted chromo-
somes and on the ability to resolve required chromosomes. 
For the latter, the resolution of flow karyotype is critical and 
the contamination in the sorted fraction by other particles 
depends on the way how well the sorted chromosomes are 
discriminated from other chromosomes. In order to char-
acterize the sorted chromosome population, chromosomes 
are sorted onto a microscope slide, dried and identified after 
fluorescence in situ hybridization (FISH) with probes that 
give chromosome-specific patterns (Fig. 5). Although labori-
ous, this approach permits identification of all chromosomes 
in the sorted fraction and determination of the frequency of 
other chromosomes and chromosome arms that contaminate 
the sorted fraction.

If, however, downstream analysis is to be performed with 
a particular chromosome in the karyotype and the chromo-
some cannot be resolved by any of the approaches discussed 
in section “Discrimination of particular chromosomes”, 
the option is to sort single copies of anonymous chromo-
somes and amplify their DNA individually [9]. Amplified 
DNA samples are then assigned to particular chromosomes 
using PCR with chromosome-specific primers. The samples 
originating from the same chromosome are then pooled to 
improve the chromosome sequence coverage before fur-
ther analysis. Alternatively, amplified DNA samples are 
sequenced and reads originating from the chromosomes of 
interest are merged [31, 46].
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Applications of flow‑sorted chromosomes

The flow-sorted chromosomes found attractive applications 
in genome mapping, gene cloning and genome sequenc-
ing. The main advantage being the fact that sorting dissects 
genome to small and defined parts, allowing for targeted and 
hence simplified and more economic analyses as compared 
to whole genome approaches.

However, even non-targeted, i.e., whole genome analy-
ses, may greatly benefit from the purification of complete 
chromosome complement. As flow-sorted chromosomes 
are intact and DNA prepared from them is of high molecu-
lar weight DNA [96], purified chromosomes are a superior 
source of DNA for the construction of large-insert BAC 
(Bacterial Artificial Chromosome) libraries [86, 87], opti-
cal mapping [99] as well as for proteomic analyses, as the 
chromosomal proteins are also well maintained [82, 83]. 
Other applications, which do not rely on discriminating par-
ticular chromosomes and for which complete chromosome 
complement is sorted, comprise mapping DNA sequences 
using FISH [37, 48], including FISH with longitudinally 
extended chromosomes to improve spatial resolution [22, 
109]. The advantage of using flow-sorted chromosomes for 

molecular cytogenetics is that a large number of chromo-
somes are spread over a small area of microscope slide and 
the preparations are free of cellular debris and cytoplasm. 
Recently, purified mitotic chromosomes were found useful 
to analyze chromosome surface (perichromosomal layer) 
using advanced environmental scanning electron microscopy 
[Neděla et al., in preparation].

The uses of flow sorted chromosomes for genome com-
plexity reduction and targeted analysis keep on expanding 
hand in hand with the progress in the methods of molecular 
biology and genomics (Fig. 6).

The construction of short insert (102–103 bp) DNA 
libraries, such as the library enriched for chromosome 
4A of bread wheat by Wang et al. [116] and a library for 
chromosome 2 of wild tomato (Lycopersicon pennellii) by 
Arumuganathan et al. [4] were among the early applica-
tions of flow-sorted chromosomes. The first complete set 
of chromosome-specific DNA libraries covering a whole 
plant genome was constructed by Macas et al. [64] in field 
bean (Vicia faba). Due to short inserts, the libraries were 
mainly used to develop DNA markers, such as microsatel-
lites [40, 64, 84]. After a method was optimized for the 
construction of chromosome (arm)-specific BAC libraries 

Fig. 4   Chromosome discrimination in bread wheat cv. Chinese 
Spring with a wild-type karyotype (left column), wheat-barley 7HS 
ditelosomic addition line (middle column) and wheat chromosome 
translocation line T5BS∙7BS + T5BL∙7BL (right column). The 
upper row shows monovariate flow karyotypes obtained after the 
analysis of DAPI fluorescence pulse area (DAPI-A) and red arrows 
point to peaks representing chromosomes, which can be easily dis-

criminated. The lower row shows bivariate flow karyotypes DAPI-A 
(x-axis) versus FITC-A (y-axis) and red rectangles define the popula-
tions of chromosomes represented by peaks in monovariate flow kar-
yotypes (upper row). Note that the small translocation chromosome 
T5BS∙7BS is included in the composite peak of wild-type chromo-
somes 1D, 4D, and 6D on a monovariate flow karyotype, while it is 
clearly discriminated in the bivariate flow karyotype [19]
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[86], in addition to the construction of physical maps [81] 
and map-based sequencing [10] the libraries were used 
to develop DNA markers, such as the insertion site-based 
polymorphism (ISBP) markers from rye chromosome 1R 
[7]. Another approach for targeted development of DNA 
markers was pioneered by Wenzl et al. [119] who devel-
oped DArT markers [36] from chromosome 3B and chro-
mosome short arm 1B of bread wheat.

The advent of the next generation sequencing, which 
opened new horizons for plant genomics, provided new 
opportunities for the application of flow-sorted chromo-
somes, including high-throughput development of DNA 
markers. As the short-read technologies did not require 
high molecular weight DNA, microgram amounts of DNA 
obtained from only tens of thousands of chromosomes after 
multiple displacement amplification of chromosomal DNA 
[98] were suitable. Successful uses included in silico iden-
tification of microsatellite loci from the long arm of bread 
wheat chromosome 7D [78] and identification of almost 107 
transposable element junctions from barley (Hordeum vul-
gare) chromosome 1H and from twelve arms of the remain-
ing six barley chromosomes [70]. Chromosome-derived 
sequences were also used to develop intron length polymor-
phism markers [115] and SNP markers [95, 100] to trace 
alien chromatin in the background of bread wheat and clone 
resistance genes [79, 106].

Importantly, shotgun sequencing of flow-sorted chromo-
somes was useful to assemble draft chromosome sequences 
in some crops and their wild relatives. After a pioneering 
work of Mayer et al. [69] who characterized DNA repeats, 
identified genic sequences and constructed a virtual gene 
order map of barley chromosome 1H, this approach was used 

to create draft sequences from the B chromosome of rye 
[66], chromosome group 1 [120], chromosome 4A [32] and 
chromosome 5A [111] of bread wheat. In wild relatives of 
the crop, draft assemblies were created from chromosome 
5D of Ae. tauschii [3], chromosome 5Mg of Ae. geniculata 
[105] and the short arm of chromosome 4V of H. villosa 
[121]. The availability of chromosome sequences made it 
possible to characterize molecular organization, create vir-
tual gene orders (“genome zippers”) and describe evolution-
ary structural changes.

More ambitious projects employed chromosome sequenc-
ing to create draft assemblies of the whole genomes. The 
choice of the chromosome-by-chromosome strategy stream-
lined the assembly of large and complex genomes charac-
terized by sequence redundancy. In the first attempt of this 
kind, Mayer et al. [68] developed the first draft sequence of 
the barley genome. As barley chromosomes 2H–7H cannot 
be discriminated from each other, the team flow-sorted chro-
mosome arms from bread wheat-barley telosome addition 
lines. Sequencing the arms allowed location of centromeric 
regions and characterize their DNA sequences. Chromosome 
1H was purified from barley genotype with wild-type karyo-
type. A similar strategy was used to create the first draft 
genome sequence of rye, when chromosome 1R was flow-
sorted directly from a rye genotype with standard karyo-
type and chromosomes 2R–7R were purified from wheat-rye 
disomic chromosome addition lines [67]. The third and by 
far the most ambitious study was the production of the first 
draft genome of hexaploid bread wheat [35]. As before the 
discovery of FISHIS [25] only chromosome 3B could be 
discriminated from other chromosomes, the project relied on 
sorting chromosome arms from bread wheat telosomic lines.

Fig. 5   Flow sorting of chromosomes 2B from bread wheat cv. Chi-
nese Spring. Left: bivariate flow karyotype DAPI-A vs. FITC-A; 
right: Images of flow-sorted chromosomes 2B after FISH.  Prior to 
flow cytometric analysis and sorting, chromosomes in suspension 
were fluorescently labeled by FISHIS using oligonucleotide probe 

5′-FITC-(GAA)7-FITC-3 and counterstained with DAPI (4′,6-diami-
dino 2-phenylindole). Chromosome content and purity in flow-sorted 
fractions were determined by FISH on chromosomes sorted onto 
microscope slides using probes for pSc119.2 and AFA family repeat. 
Bar = 10 μm
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While the draft genomes of barley and rye were devel-
oped using the Roche 454 sequencing technology [67, 68], 
wheat chromosomes were sequenced using Illumina tech-
nology. This technology was used to sequence flow-sorted 
chromosomes in all projects that followed these pioneer-
ing works. The quality of chromosome assemblies was later 
improved after the Illumina company introduced improved 
protocols for preparation of sequencing libraries, which 
required only nanograms of DNA. This made it possible 
to avoid the chromosome amplification step, which was not 
completely representative [21].

An interesting application of chromosome sequencing 
has been the validation of whole genome assemblies, which 
may suffer from misplaced or chimeric contigs and scaf-
folds. Thus, Ruperao et al. [85] validated genome assemblies 
of chickpea (Cicer arietinum) kabuli and desi varieties by 
mapping chromosome sequence reads to genome assemblies 
of both varieties. This work revealed misassembled regions 
and facilitated improvement of the assemblies. Later, Kre-
plak et al. [46] used chromosome-derived sequences dur-
ing the development of the reference genome of pea (Pisum 
sativum). The study was primarily based on whole genome 
sequencing and mapping chromosome-derived reads to the 
genome assembly, served to identify scaffolds that contained 
contigs from different chromosomes. Kreplak et al. [46] also 
sequenced chromosomes purified from pea wild relatives 
P. fulvum, P. sativum subsp. elatius and P. sativum subsp. 
humile to identify evolutionary chromosome translocations. 
As a majority of chromosomes in Pisum species cannot be 

discriminated and sorted, single copies of chromosomes 
were sorted and their DNA amplified prior to sequencing.

A decrease in DNA sequencing costs, advent of long 
read sequencing and improvement in genome assem-
blers made chromosome sorting not necessary for whole 
genome sequencing, perhaps with the exception of very 
complex genomes such as that of sugarcane [Healey et al., 
in preparation]. Thus, a number of recent applications deal 
with gene mapping and cloning. The examples include 
mapping powdery mildew resistance gene QPm-tut-4A 
introduced to bread wheat from T. militinae [2], mapping 
leaf rust and stripe rust resistance genes introduced from 
Ae. umbellulata to bread wheat and identification of candi-
date Lr76 and Yr70 genes by Bansal et al. [6], mapping and 
isolating SuSr-D1 gene suppressing stem rust resistance in 
bread wheat [33] and mapping Russian wheat aphid resist-
ance gene Dn2401 in bread wheat [107]. The complete 
and accurate sequence of the Dn2401 region facilitated 
the identification of new markers and precise annotation 
of the interval, revealing six high-confidence genes, where 
the Epoxide hydrolase 2 was identified as the most likely 
Dn2401 candidate gene for aphid resistance [107].

To support gene cloning, Thind et al. [104] developed 
an approach called “targeted chromosome-based clon-
ing via long-range assembly” (TACCA), which relies on 
the production of high-quality de novo assembly from 
flow-sorted chromosome. In fact, it is an alternative to 
the standard whole genome map-based gene cloning and 
the extra work with chromosome sorting is compensated 

Fig. 6   Overview of methods 
using flow-sorted chromosomes, 
their DNA, or proteins [126].
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by greatly reduced sample complexity. In their pioneer-
ing work, Thind et al. [104] used TACCA to clone leaf 
rust resistance gene Lr22a introgressed to bread wheat 
from Ae. tauschii. They were followed by Xing et al. [122] 
who used TACCA to clone powdery mildew resistance 
gene Pm21, which was introduced to bread wheat from 
Haynaldia villosa and Holden et al. [34] who discovered 
that Rps8 locus on chromosome 4H of barley comprises 
genetic module including Pur1 and Exo70FX12, each of 
which is necessary and together sufficient for Rps8-medi-
ated resistance to wheat stripe rust.

To date, the most successful approach to clone genes using 
flow-sorted chromosomes has been the “mutant chromosome 
sequencing” (MutChromSeq), which involves comparing 
sequences from wild-type parental chromosome to chromo-
somes from a few independently derived mutants to identify 
causative mutations in a candidate gene (Fig. 7). Developed 
by Sánchez-Martín et al. [91], MutChromSeq does not require 
high-resolution genetic mapping and does not exclude any 
DNA sequence from being targeted. It permits rapid cloning 
of genes and regulatory sequences with a strong phenotype. 
The authors verified MutChromSeq by re-cloning barley 
Eceriferum-q gene and cloned wheat powdery mildew resist-
ance gene Pm2. A series of MutChromSeq applications that 
followed includes cloning of semi-dwarfism gene in bread 
wheat [23], leaf rust resistance gene Rph1 from barley chro-
mosome 2H [21], SuSr-D1 gene that suppresses resistance to 
stem rust from chromosome 7D of bread wheat, LYS3 gene 
controlling lysine content from chromosome 5H of barley 
[80], bread wheat Pm4 race-specific resistance gene to pow-
dery mildew from chromosome 2A [92], race-specific leaf 
rust resistance gene Lr14a from bread wheat chromosome 
7B [41], an alternative dwarfing gene Rht13 from bread wheat 

chromosome 7B, which encodes an autoactive NB-LRR gene 
rather than a component of gibberellin signaling or metabo-
lism [8], leaf rust resistance genes Lr9 and Lr58 which were 
introgressed into bread wheat from Ae. umbellulata and Ae. 
triuncialis, respectively [117] and stem rust resistance gene 
Sr43, which was introgressed into bread wheat from wild rela-
tive Thinopyrum elongatum [123].

Conclusions

Flow cytogenetics stands as a very useful and versatile tool 
with a spectrum of applications. From the classification of 
chromosomes to the isolation of specific ones, it has played 
a pivotal role in advancing plant genomics and molecular 
biology. Particularly noteworthy is its role in expediting the 
sequencing of complex genomes of important agricultural 
crops, as well as in rapid identification of genes that underline 
traits affecting plant growth and resistance to pests and dis-
eases as well as the topography of condensed mitotic chromo-
somes. One notable bottleneck has been the discrimination of 
individual chromosomes. To address this, the incorporation 
of spectral cytometry shows promise in augmenting the array 
of probes utilized for FISHIS, thereby enhancing the power 
of chromosome discrimination. Furthermore, the integration 
of image flow cytometry could further refine this process. 
A wider application of flow-sorted chromosomes could be 
spurred by the development of protocols for preparation of 
high molecular weight DNA suitable for long-read DNA 
sequencing. As we forge ahead, the continued refinement of 
flow cytogenetics holds immense potential for unraveling the 
intricacies of genetics and enhancing our understanding of 
fundamental biological processes.

Fig. 7   MutChromSeq strategy 
for rapid gene cloning [91]. 
Seeds of wild-type plant are 
subjected to mutagenesis, 
followed by the identification 
of mutant plants in the M2 
generation and assessment of 
their traits in the M3 generation. 
Next, the chromosome bearing 
the gene is flow sorted from the 
wild-type plant and from several 
mutants and chromosomal DNA 
is sequenced. Comparative 
sequence analysis identifies the 
candidate gene



366	 The Nucleus (2023) 66:355–369

1 3

Acknowledgements  This paper is dedicated to Dr. František Novák, 
at the occasion of 30 years anniversary of his tragic death on July 19, 
1993. Figures 1, 2 and 7 were created with BioRender.com, and 3, 4 
and 6 are adopted from authors own publications with due citation.

Author contributions  JD: Conceptualization, Writing—Reviewing and 
Editing. PU: Writing—Original draft preparation, Preparation of fig-
ures, MS: Writing. SL: Writing—Reviewing. IM: Writing—Reviewing.

Funding  Open access publishing supported by the National Technical 
Library in Prague.

Declarations 

Conflict of interest  The authors declare no conflict of interest in this 
study.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Abid F, Hamami L. A survey of neural network based automated 
systems for human chromosome classification. Artif Intell Rev. 
2018;49(1):41–56.

	 2.	 Abrouk M, Balcárková B, Šimková H, Komínkova E, Martis 
MM, Jakobson I, et al. The in silico identification and charac-
terization of a bread wheat/Triticum militinae introgression line. 
Plant Biotechnol J. 2017;15(2):249–56.

	 3.	 Akpinar BA, Yuce M, Lucas S, Vrána J, Burešová V, Doležel J, 
et al. Molecular organization and comparative analysis of chro-
mosome 5B of the wild wheat ancestor Triticum dicoccoides. Sci 
Rep. 2015;5: 10763.

	 4.	 Arumuganathan K, Martin GB, Telenius H, Tanksley SD, Earle 
ED. Chromosome 2-specific DNA clones from flow-sorted chro-
mosomes of tomato. Mol Gen Genet. 1994;242(5):551–8.

	 5.	 Arumuganathan K, Slattery JP, Tanksley SD, Earle ED. Prepara-
tion and flow cytometric analysis of metaphase chromosomes of 
tomato. Theor Appl Genet. 1991;82(1):101–11.

	 6.	 Bansal M, Adamski NM, Toor PI, Kaur S, Molnár I, Holušová K, et al. 
Aegilops umbellulata introgression carrying leaf rust and stripe rust 
resistance genes Lr76 and Yr70 located to 9.47-Mb region on 5DS 
telomeric end through a combination of chromosome sorting and 
sequencing. Theor Appl Genet. 2020;133(3):903–15.

	 7.	 Bartoš J, Paux E, Kofler R, Havránková M, Kopecký D, Suchánk-
ová P, et al. A first survey of the rye (Secale cereale) genome 
composition through BAC end sequencing of the short arm of 
chromosome 1R. BMC Plant Biol. 2008;8(1): 95.

	 8.	 Borrill P, Mago R, Xu T, Ford B, Williams SJ, Derkx A, et al. 
An autoactive NB-LRR gene causes Rht13 dwarfism in wheat. 
Proc Natl Acad Sci. 2022;119(48):e2209875119.

	 9.	 Cápal P, Blavet N, Vrána J, Kubaláková M, Doležel J. Multiple 
displacement amplification of the DNA from single flow-sorted 
plant chromosome. Plant J. 2015;84(4):838–44.

	 10.	 Choulet F, Alberti A, Theil S, Glover N, Barbe V, Daron J, et al. 
Structural and functional partitioning of bread wheat chromo-
some 3B. Science. 2014;345(6194): 1249721.

	 11.	 Conia J, Bergounioux C, Perennes C, Muller P, Brown S, Gadal 
P. Flow cytometric analysis and sorting of plant chromosomes 
from Petunia hybrida protoplasts. Cytometry. 1987;8(5):500–8.

	 12.	 Conia J, Muller P, Brown S, Bergounioux C, Gadal P. Monopara-
metric models of flow cytometric karyotypes with spreadsheet 
software. Theor Appl Genet. 1989;77(2):295–303.

	 13.	 Crosland MWJ, Crozier RH. Myrmecia pilosula, an ant with only 
one pair of chromosomes. Science. 1986;231(4743):1278–1278.

	 14.	 De Laat AMM, Schel JHN. The integrity of metaphase chro-
mosomes of Haplopappus gracilis (Nutt.) Gray isolated by flow 
cytometry. Plant Sci. 1986;47(2):145–51.

	 15.	 Doležel J, Binarová P, Lucretti S. Analysis of nuclear 
DNA content in plant cells by flow cytometry. Biol Plant. 
1989;31(2):113–20.

	 16.	 Doležel J, Číhalíková J, Lucretti S. A high-yield procedure for 
isolation of metaphase chromosomes from root tips of Vicia faba 
L. Planta. 1992;188(1):93–8.

	 17.	 Doležel J, Kubaláková M, Bartoš J, Macas J. Flow cytoge-
netics and plant genome mapping. Chromosome Res. 
2004;12(1):77–91.

	 18.	 Doležel J, Lucretti S. High-resolution flow karyotyping and chro-
mosome sorting in Vicia faba lines with standard and recon-
structed karyotypes. Theor Appl Genet. 1995;90(6):797–802.

	 19.	 Doležel J, Lucretti S, Molnár I, Cápal P, Giorgi D. Chromosome 
analysis and sorting. Cytom Part A. 2021;99(4):328–42.

	 20.	 Doležel J, Lucretti S, Schubert I. Plant chromosome analy-
sis and sorting by flow cytometry. CRC Crit Rev Plant Sci. 
1994;13(3):275–309.

	 21.	 Dracatos PM, Barto¡ J, Elmansour H, Singh D, Karafiá-
tová M, Zhang P, et al. The coiled-coil NLR Rph1, confers 
leaf rust resistance in barley cultivar Sudan. Plant Physiol. 
2019;179(4):1362–72.

	 22.	 Endo TR, Kubaláková M, Vrána J, Doležel J. Hyperexpansion 
of wheat chromosomes sorted by flow cytometry. Genes Genet 
Syst. 2014;89(4):181–5.

	 23.	 Ford BA, Foo E, Sharwood R, Karafiatova M, Vrána J, MacMil-
lan C, et al. Rht18 semidwarfism in wheat is due to increased GA 
2-oxidaseA9 expression and reduced GA content. Plant Physiol. 
2018;177(1):168–80.

	 24.	 Gill KS, Arumuganathan K, Lee JH. Isolating individual wheat 
(Triticum aestivum) chromosome arms by flow cytometric analy-
sis of ditelosomic lines. Theor Appl Genet. 1999;98(8):1248–52.

	 25.	 Giorgi D, Farina A, Grosso V, Gennaro A, Ceoloni C, Lucretti 
S. FISHIS: fluorescence in situ hybridization in suspension and 
chromosome flow sorting made easy. PLoS One. 2013;8(2): 
e57994.

	 26.	 Graham MDon. The Coulter principle: a history. Cytom Part A. 
2022;101(1):8–11.

	 27.	 Gray JW, Carrano AV, Moore DHII, Steinmetz LL, Minkler J, 
Mayall BH, et al. High-speed quantitative karyotyping by flow 
microfluorometry. Clin Chem. 1975;21(9):1258–62.

	 28.	 Gray JW, Carrano AV, Steinmetz LL, Van Dilla MA, Moore DH, 
Mayall BH, et al. Chromosome measurement and sorting by flow 
systems. Proc Natl Acad Sci. 1975;72(4):1231–4.

	 29.	 Grosso V, Farina A, Gennaro A, Giorgi D, Lucretti S. Flow sort-
ing and molecular cytogenetic identification of individual chro-
mosomes of Dasypyrum villosum L. (H. villosa) by a single DNA 
probe. PLoS One. 2012;7(11): e50151.

	 30.	 Gualberti G, Doležel J, Macas J, Lucretti S. Preparation of pea 
(Pisum sativum L.) chromosome and nucleus suspensions from 
single root tips. Theor Appl Genet. 1996;92(6):744–51.

	 31.	 Healey AL, Piatkowski B, Lovell JT, Sreedasyam A, Carey 
SB, Mamidi S, et al. Newly identified sex chromosomes in the 

http://creativecommons.org/licenses/by/4.0/


367The Nucleus (2023) 66:355–369	

1 3

Sphagnum (peat moss) genome alter carbon sequestration and 
ecosystem dynamics. Nat Plants. 2023;9(2):238–54.

	 32.	 Hernandez P, Martis M, Dorado G, Pfeifer M, Gálvez S, Schaaf 
S, et al. Next-generation sequencing and syntenic integration of 
flow-sorted arms of wheat chromosome 4A exposes the chromo-
some structure and gene content. Plant J. 2012;69(3):377–86.

	 33.	 Hiebert CW, Moscou MJ, Hewitt T, Steuernagel B, Hernández-
Pinzón I, Green P, et al. Stem rust resistance in wheat is sup-
pressed by a subunit of the mediator complex. Nat Commun. 
2020;11(1):1123.

	 34.	 Holden S, Bergum M, Green P, Bettgenhaeuser J, Hernández-
Pinzón I, Thind A, et al. A lineage-specific Exo70 is required 
for receptor kinase–mediated immunity in barley. Sci Adv. 
2022;8(27):eabn7258.

	 35.	 International Wheat Genome Sequencing Consortium (IWGSC). 
Shifting the limits in wheat research and breeding using a fully 
annotated reference genome. Science. 2018;361(6403):eaar7191.

	 36.	 Jaccoud D, Peng K, Feinstein D, Kilian A. Diversity arrays: a 
solid state technology for sequence information Independent 
genotyping. Nucleic Acids Res. 2001;29(4):e25.

	 37.	 Janda J, Šafář J, Kubaláková M, Bartoš J, Kovářová P, Suchánk-
ová P, et al. Advanced resources for plant genomics: a BAC 
library specific for the short arm of wheat chromosome 1B. Plant 
J. 2006;47(6):977–86.

	 38.	 Kasai F, Pereira JC, Kohara A, Ferguson-Smith MA. Homo-
logue-specific chromosome sequencing characterizes trans-
location junctions and permits allelic assignment. DNA Res. 
2018;25(4):353–60.

	 39.	 Kejnovský E, Vrána J, Matsunaga S, Souček P, Široký J, Doležel 
J, et al. Localization of male-specifically expressed MROS genes 
of Silene latifolia by PCR on flow-sorted sex chromosomes and 
autosomes. Genetics. 2001;158(3):1269–77.

	 40.	 Kofler R, Bartoš J, Gong L, Stift G, Suchánková P, Šimková H, 
et al. Development of microsatellite markers specific for the short 
arm of rye (Secale cereale L.) chromosome 1. Theor Appl Genet. 
2008;117(6):915–26.

	 41.	 Kolodziej MC, Singla J, Sánchez-Martín J, Zbinden H, Šimková 
H, Karafiátová M, et al. A membrane-bound ankyrin repeat pro-
tein confers race-specific leaf rust Disease resistance in wheat. 
Nat Commun. 2021;12(1):956.

	 42.	 Kopecký D, Číhalíková J, Kopecká J, Vrána J, Havránková M, 
Stočes Å, et al. Establishing chromosome genomics in forage 
and turf grasses. In: Barth S, Milbourne D, et al., editors. Breed-
ing strategies for sustainable forage and turf grass improvement. 
Dordrecht: Springer Netherlands; 2013. p. 105–13.

	 43.	 Kopecký D, Martis M, Číhalíková J, Hřibová E, Vrána J, Bartoš J, 
et al. Flow sorting and sequencing meadow fescue chromosome 
4F. Plant Physiol. 2013;163(3):1323–37.

	 44.	 Kovářová P, Navrátilová A, Macas J, Doležel J. Chromosome 
analysis and sorting in Vicia sativa using flow cytometry. Biol 
Plant. 2007;51(1):43–8.

	 45.	 Králová T, Čegan R, Kubát Z, Vrána J, Vyskot B, Vogel I, et al. 
Identification of a novel retrotransposon with sex chromosome-
specific distribution in Silene latifolia. Cytogenet Genome Res. 
2014;143(1–3):87–95.

	 46.	 Kreplak J, Madoui MA, Cápal P, Novák P, Labadie K, Aubert G, 
et al. A reference genome for pea provides insight into legume 
genome evolution. Nat Genet. 2019;51(9):1411–22.

	 47.	 Kubaláková M, Kovářová P, Suchánková P, Číhalíková J, Bartoš 
J, Lucretti S, et al. Chromosome sorting in tetraploid wheat and 
its potential for genome analysis. Genetics. 2005;170(2):823–9.

	 48.	 Kubaláková M, Valárik M, Bartoš J, Vrána J, Cíhalíková 
J, Molnár-Láng M, et al. Analysis and sorting of rye (Secale 
cereale L.) chromosomes using flow cytometry. Genome. 
2003;46(5):893–905.

	 49.	 Kubaláková M, Vrána J, Cíhalíková J, Šimková H, Dolezel J. 
Flow karyotyping and chromosome sorting in bread wheat (Triti-
cum aestivum L). Theor Appl Genet. 2002;104(8):1362–72.

	 50.	 Kubalová I, Câmara AS, Cápal P, Beseda T, Rouillard JM, 
Krause GM, et al. Helical coiling of metaphase chromatids. Nucl 
Acids Res. 2023;51(6):2641–54.

	 51.	 de Laat AMM, Blaas J. Flow-cytometric characterization 
and sorting of plant chromosomes. Theoret Appl Genet. 
1984;67(5):463–7.

	 52.	 Lan KC, Wang HJ, Wang TJ, Lin HJ, Chang YC, Kang HY. 
Y-chromosome genes associated with sertoli cell-only syndrome 
identified by array comparative genome hybridization. Biomed 
J. 2023;46(2):100524.

	 53.	 Lee JH, Arumuganathan K, Chung YS, Kim KY, Chung WB, Bae 
KS, et al. Flow cytometric analysis and chromosome sorting of 
barley (Hordeum vulgare L.). Mol Cells. 2000;10(6):619–25.

	 54.	 Lee JH, Arumuganathan K, Kaeppler SM, Papa CM, Kaeppler 
HF. Cell synchronization and isolation of metaphase chromo-
somes from maize (Zea mays L.) root tips for flow cytometric 
analysis and sorting. Genome. 1996;39(4):697–703.

	 55.	 Lee JH, Arumuganathan K, Kaeppler SM, Park SW, Kim 
KY, Chung YS, et al. Variability of chromosomal DNA con-
tents in maize (Zea mays L.) inbred and hybrid lines. Planta. 
2002;215(4):666–71.

	 56.	 Lee JH, Arumuganathan K, Yen Y, Kaeppler S, Kaeppler H, Bae-
nziger PS. Root tip cell cycle synchronization and metaphase-
chromosome isolation suitable for flow sorting in common wheat 
(Triticum aestivum L). Genome. 1997;40(5):633–8.

	 57.	 Leitch AR, Schwarzacher T, Wang ML, Leitch IJ, Šurlan-
Momirovich G, Moore G, et al. Molecular cytogenetic analysis 
of repeated sequences in a long term wheat suspension culture. 
Plant Cell Tiss Organ Cult. 1993;33(3):287–96.

	 58.	 Li L, Arumuganathan K, Gill KS, Song Y. Flow sort-
ing and microcloning of maize chromosome 1. Hereditas. 
2004;141(1):55–60.

	 59.	 Li LJ, Arumuganathan K, Rines HW, Phillips RL, Riera-Lizarazu 
O, Sandhu D, et al. Flow cytometric sorting of maize chromo-
some 9 from an oat-maize chromosome addition line. Theor Appl 
Genet. 2001;102(5):658–63.

	 60.	 Liu C, Guo W, Wang Y, Fu B, Doležel J, Liu Y, et al. Introgres-
sion of sharp eyespot resistance from Dasypyrum villosum chro-
mosome 2VL into bread wheat. Crop J. 2023;11(5):1512–20.

	 61.	 Lucretti S, Doležel J. Bivariate flow karyotyping in broad bean 
(Vicia faba). Cytometry. 1997;28(3):236–42.

	 62.	 Lucretti S, Doležel J, Schubert I, Fuchs J. Flow karyotyping 
and sorting of Vicia faba chromosomes. Theor Appl Genet. 
1993;85(6):665–72.

	 63.	 Lysák MA, ČíUhalíková J, Kubaláková M, Šimková H, Kün-
zel G, Doležel J. Flow karyotyping and sorting of mitotic chro-
mosomes of barley (Hordeum vulgare L). Chromosome Res. 
1999;7(6):431–44.

	 64.	 Macas J, Gualberti G, Nouzová M, Samec P, Lucretti S, Doležel 
J. Construction of chromosome-specific DNA libraries covering 
the whole genome of field bean (Vicia faba L). Chromosome Res. 
1996;4(7):531–9.

	 65.	 Manohar SM, Shah P, Nair A. Flow cytometry: principles, appli-
cations and recent advances. Bioanalysis. 2021;13(3):181–98.

	 66.	 Martis MM, Klemme S, Banaei-Moghaddam AM, Blattner FR, 
Macas J, Schmutzer T, et al. Selfish supernumerary chromo-
some reveals its origin as a mosaic of host genome and orga-
nellar sequences. Proc Natl Acad Sci. 2012;109(33):13343–6.

	 67.	 Martis MM, Zhou R, Haseneyer G, Schmutzer T, Vrána J, Kuba-
láková M, et al. Reticulate evolution of the rye genome. Plant 
Cell. 2013;25(10):3685–98.



368	 The Nucleus (2023) 66:355–369

1 3

	 68.	 Mayer KFX, Martis M, Hedley PE, Šimková H, Liu H, Morris 
JA, et al. Unlocking the barley genome by chromosomal and 
comparative genomics. Plant Cell. 2011;23(4):1249–63.

	 69.	 Mayer KFX, Taudien S, Martis M, Šimková H, Suchánková P, 
Gundlach H, et al. Gene content and virtual gene order of barley 
chromosome 1H. Plant Physiol. 2009;151(2):496–505.

	 70.	 Mazaheri M, Kianian PMA, Mergoum M, Valentini GL, Seetan 
R, Pirseyedi SM, et al. Transposable element junctions in marker 
development and genomic characterization of barley. Plant 
Genome. 2014. https://​doi.​org/​10.​3835/​plant​genom​e2013.​10.​
0036.

	 71.	 Metcalfe CJ, Li J, Giorgi D, Doležel J, Piperidis N, Aitken KS. 
Flow cytometric characterisation of the complex polyploid 
genome of Saccharum officinarum and modern sugarcane culti-
vars. Sci Rep. 2019;9(1):19362.

	 72.	 Molnár I, Kubaláková M, Šimková H, Cseh A, Molnár-Láng M, 
Doležel J. Chromosome isolation by flow sorting in Aegilops 
umbellulata and Ae. comosa and their allotetraploid hybrids Ae. 
biuncialis and Ae. geniculata. PLoS One. 2011;6(11): e27708.

	 73.	 Molnár I, Kubaláková M, Šimková H, Farkas A, Cseh A, Megy-
eri M et al. Flow cytometric chromosome sorting from diploid 
progenitors of bread wheat, T. urartu, Ae. speltoides and Ae. 
tauschii. Theor Appl Genet. 2014;127(5):1091–104.

	 74.	 Molnár I, Vrána J, Farkas A, Kubaláková M, Cseh A, Molnár-
Láng M, et al. Flow sorting of C-genome chromosomes from 
wild relatives of wheat Aegilops markgrafii, Ae. triuncialis 
and Ae. cylindrica, and their molecular organization. Ann Bot. 
2015;116(2):189–200.

	 75.	 Moreno R, Castro P, Vrána J, Kubaláková M, Cápal P, García 
V, et al. Integration of genetic and cytogenetic maps and iden-
tification of sex chromosome in Garden Asparagus (Asparagus 
officinalis L.). Front Plant Sci. 2018;9:1068.

	 76.	 Neumann P, Lysák M, Doležel J, Macas J. Isolation of chro-
mosomes from Pisum sativum L. hairy root cultures and their 
analysis by flow cytometry. Plant Sci. 1998;137(2):205–15.

	 77.	 Neumann P, Pozárková D, Vrána J, Doležel J, Macas J. Chromo-
some sorting and PCR-based physical mapping in pea (Pisum 
sativum L). Chromosome Res. 2002;10(1):63–71.

	 78.	 Nie X, Li B, Wang L, Liu P, Biradar SS, Li T, et al. Devel-
opment of chromosome-arm-specific microsatellite markers in 
Triticum aestivum (Poaceae) using NGS technology. Am J Bot. 
2012;99(9):e369-371.

	 79.	 Nsabiyera V, Baranwal D, Qureshi N, Kay P, Forrest K, Valárik 
M, et al. Fine mapping of Lr49 using 90K SNP chip array and 
flow-sorted chromosome sequencing in wheat. Front Plant Sci. 
2020;4(10): 1787.

	 80.	 Orman-Ligeza B, Borrill P, Chia T, Chirico M, Doležel J, Drea S, 
et al. LYS3 encodes a prolamin-box-binding transcription factor 
that controls embryo growth in barley and wheat. J Cereal Sci. 
2020;93:102965.

	 81.	 Paux E, Sourdille P, Salse J, Saintenac C, Choulet F, Leroy P, 
et al. A physical map of the 1-gigabase bread wheat chromosome 
3B. Science. 2008;322(5898):101–4.

	 82.	 Perutka Z, Kaduchová K, Chamrád I, Beinhauer J, Lenobel R, 
Petrovská B, et al. Proteome analysis of condensed barley mitotic 
chromosomes. Front Plant Sci. 2021;23(12): 723674.

	 83.	 Petrovská B, Jeřábková H, Chamrád I, Vrána J, Leno-
bel R, Uřinovská J, et  al. Proteomic analysis of barley cell 
nuclei purified by flow sorting. Cytogenet Genome Res. 
2014;143(1–3):78–86.

	 84.	 Požárková D, Koblížková A, Román B, Torres AM, Lucretti S, 
Lysák M, et al. Development and characterization of microsatel-
lite markers from chromosome 1-specific DNA libraries of Vicia 
faba. Biol Plant. 2002;45(3):337–45.

	 85.	 Ruperao P, Chan CKK, Azam S, Karafiátová M, Hayashi S, 
Čížková J, et al. A chromosomal genomics approach to assess 

and validate the desi and kabuli draft chickpea genome assem-
blies. Plant Biotechnol J. 2014;12(6):778–86.

	 86.	 Šafář J, Bartoš J, Janda J, Bellec A, Kubaláková M, Valárik M, 
et al. Dissecting large and complex genomes: flow sorting and 
BAC cloning of individual chromosomes from bread wheat. Plant 
J. 2004;39(6):960–8.

	 87.	 Šafář J, Šimková H, Kubaláková M, Číhalíková J, Suchánková 
P, Bartoš J, et al. Development of chromosome-specific BAC 
resources for genomics of bread wheat. Cytogenet Genome Res. 
2010;129(1–3):211–23.

	 88.	 Said M, Cápal P, Farkas A, Gaál E, Ivanizs L, Friebe B, et al. 
Flow karyotyping of wheat-Aegilops additions facilitate dissect-
ing the genomes of Ae. biuncialis and Ae. geniculata into indi-
vidual chromosomes. Front Plant Sci. 2022;13: 1017958.

	 89.	 Said M, Hřibová E, Danilova TV, Karafiátová M, Čížková J, 
Friebe B, et al. The Agropyron cristatum karyotype, chromo-
some structure and cross-genome homoeology as revealed by 
fluorescence in situ hybridization with tandem repeats and wheat 
single-gene probes. Theor Appl Genet. 2018;131(10):2213–27.

	 90.	 Said M, Kubaláková M, Karafiátová M, Molnár I, Doležel J, 
Vrána J. Dissecting the complex genome of crested wheatgrass 
by chromosome flow sorting. Plant Genome. 2019;12:180096.

	 91.	 Sánchez-Martín J, Steuernagel B, Ghosh S, Herren G, Hurni S, 
Adamski N, et al. Rapid gene isolation in barley and wheat by 
mutant chromosome sequencing. Genome Biol. 2016;17(1):221.

	 92.	 Sánchez-Martín J, Widrig V, Herren G, Wicker T, Zbinden H, 
Gronnier J, et al. Wheat Pm4 resistance to powdery mildew is 
controlled by alternative splice variants encoding chimeric pro-
teins. Nat Plants. 2021;7(3):327–41.

	 93.	 Schubert I, Oud JL. There is an Upper Limit of chromo-
some size for normal development of an organism. Cell. 
1997;88(4):515–20.

	 94.	 Schwarzacher T, Wang ML, Leitch AR, Moore G, Heslop-Harri-
son JS, Miller N. Flow cytometric analysis of the chromosomes 
and stability of a wheat cell-culture line. Theor Appl Genet. 
1997;94(1):91–7.

	 95.	 Shatalina M, Wicker T, Buchmann JP, Oberhaensli S, Šimková 
H, Doležel J, et al. Genotype-specific SNP map based on whole 
chromosome 3B sequence information from wheat cultivars 
Arina and Forno. Plant Biotechnol J. 2013;11(1):23–32.

	 96.	 Šimková H, Číhalíková J, Vrána J, Lysák MA, Doležel J. Prepara-
tion of HMW DNA from plant nuclei and chromosomes isolated 
from root tips. Biol Plant. 2003;46(3):369–73.

	 97.	 Šimková H, Šafář J, Suchánková P, Kovářová P, Bartoš J, Kuba-
láková M, et al. A novel resource for genomics of Triticeae: BAC 
library specific for the short arm of rye (Secale cereale L.) chro-
mosome 1R (1RS). BMC Genom. 2008;9(1): 237.

	 98.	 Šimková H, Svensson JT, Condamine P, Hribová E, Suchánková 
P, Bhat PR, et al. Coupling amplified DNA from flow-sorted 
chromosomes to high-density SNP mapping in barley. BMC 
Genom. 2008;9: 294.

	 99.	 Staňková H, Hastie AR, Chan S, Vrána J, Tulpová Z, Kubaláková 
M, et al. BioNano genome mapping of individual chromosomes 
supports physical mapping and sequence assembly in complex 
plant genomes. Plant Biotechnol J. 2016;14(7):1523–31.

	100.	 Staňková H, Valárik M, Lapitan NLV, Berkman PJ, Batley J, 
Edwards D, et al. Chromosomal genomics facilitates fine map-
ping of a Russian wheat aphid resistance gene. Theor Appl 
Genet. 2015;128(7):1373–83.

	101.	 Stubblefield E, Cram S, Deaven L. Flow microfluorometric anal-
ysis of isolated Chinese hamster chromosomes. Exp Cell Res. 
1975;94(2):464–8.

	102.	 Suchánková P, Kubaláková M, Kovářová P, Bartoš J, Číhalíková 
J, Molnár-Láng M, et  al. Dissection of the nuclear genome 
of barley by chromosome flow sorting. Theor Appl Genet. 
2006;113(4):651–9.

https://doi.org/10.3835/plantgenome2013.10.0036
https://doi.org/10.3835/plantgenome2013.10.0036


369The Nucleus (2023) 66:355–369	

1 3

	103.	 Sutton WS. The chromosomes in heredity. Biol Bull. 
1903;4(5):231–50.

	104.	 Thind AK, Wicker T, Šimková H, Fossati D, Moullet O, Brabant 
C, et al. Rapid cloning of genes in hexaploid wheat using culti-
var-specific long-range chromosome assembly. Nat Biotechnol. 
2017;35(8):793–6.

	105.	 Tiwari VK, Wang S, Danilova T, Koo DH, Vrána J, Kubalák-
ová M, et al. Exploring the tertiary gene pool of bread wheat: 
sequence assembly and analysis of chromosome 5Mg of Aegilops 
geniculata. Plant J. 2015;84(4):733–46.

	106.	 Tiwari VK, Wang S, Sehgal S, Vrána J, Friebe B, Kubaláková M, 
et al. SNP Discovery for mapping alien introgressions in wheat. 
BMC Genom. 2014;15(1): 273.

	107.	 Tulpová Z, Toegelová H, Lapitan NLV, Peairs FB, Macas J, 
Novák P, et al. Accessing a Russian wheat aphid resistance 
gene in bread wheat by long-read technologies. Plant Genome. 
2019;12(2):180065.

	108.	 Überall I, Vrána J, Bartoš J, Šmerda J, Doležel J, Havel L. Isola-
tion of chromosomes from Picea abies and their analysis by flow 
cytometry. Biol Plant. 2004;48(2):199–203.

	109.	 Valárik M, Bartoš J, Kovářová P, Kubaláková M, de Jong JH, 
Doležel J. High-resolution FISH on super-stretched flow-sorted 
plant chromosomes. Plant J. 2004;37(6):940–50.

	110.	 Veuskens J, Marie D, Brown SC, Jacobs M, Negrutiu I. Flow 
sorting of the Y sex chromosome in the dioecious plant Melan-
drium album. Cytometry. 1995;21(4):363–73.

	111.	 Vitulo N, Albiero A, Forcato C, Campagna D, Pero FD, Bagna-
resi P, et al. First survey of the wheat chromosome 5A composi-
tion through a next generation sequencing approach. PLoS One. 
2011;6(10):e26421.

	112.	 Vláčilová K, Ohri D, Vrána J, Číhalíková J, Kubaláková M, Kahl 
G, et al. Development of flow cytogenetics and physical genome 
mapping in chickpea (Cicer arietinum L). Chromosome Res. 
2002;10(8):695–706.

	113.	 Vrána J, Cápal P, Šimková H, Karafiátová M, Čížková J, Doležel 
J. Flow analysis and sorting of plant chromosomes. Curr Protoc 
Cytom. 2016;78(1):5.3.1-5.3.43.

	114.	 Vrána J, Kubaláková M, Šimková H, Cíhalíková J, Lysák MA, 
Dolezel J. Flow sorting of mitotic chromosomes in common 
wheat (Triticum aestivum L.). Genetics. 2000;156(4):2033–41.

	115.	 Wang H, Dai K, Xiao J, Yuan C, Zhao R, Doležel J, et al. Devel-
opment of intron targeting (IT) markers specific for chromosome 
arm 4VS of Haynaldia villosa by chromosome sorting and next-
generation sequencing. BMC Genom. 2017;18(1):167.

	116.	 Wang ML, Leitch AR, Schwarzacher T, Heslop-Harrison JS, 
Moore G. Construction of a chromosome-enriched Hpall library 

from flow-sorted wheat chromosomes. Nucleic Acids Res. 
1992;20(8):1897–901.

	117.	 Wang Y, Abrouk M, Gourdoupis S, Koo DH, Karafiátová M, 
Molnár I, et al. An unusual tandem kinase fusion protein confers 
leaf rust resistance in wheat. Nat Genet. 2023;55(6):914–20.

	118.	 Wanner G, Schroeder-Reiter E. Chapter 23 Scanning Electron 
Microscopy of Chromosomes. In: Methods in Cell Biology. Aca-
demic Press; 2008. p. 451–74. (Introduction to Electron Micros-
copy for Biologists; vol. 88). Available from: https://​www.​scien​
cedir​ect.​com/​scien​ce/​artic​le/​pii/​S0091​679X0​80042​38.

	119.	 Wenzl P, Suchánková P, Carling J, Šimková H, Huttner E, Kuba-
láková M, et al. Isolated chromosomes as a new and efficient 
source of DArT markers for the saturation of genetic maps. Theor 
Appl Genet. 2010;121(3):465–74.

	120.	 Wicker T, Mayer KFX, Gundlach H, Martis M, Steuernagel B, 
Scholz U, et al. Frequent gene movement and pseudogene evo-
lution is common to the large and complex genomes of wheat, 
barley, and their relatives. Plant Cell. 2011;23(5):1706–18.

	121.	 Xiao J, Dai K, Fu L, Vrána J, Kubaláková M, Wan W, et al. 
Sequencing flow-sorted short arm of Haynaldia villosa chromo-
some 4V provides insights into its molecular structure and virtual 
gene order. BMC Genom. 2017;18(1):791.

	122.	 Xing L, Hu P, Liu J, Witek K, Zhou S, Xu J, et  al. Pm21 
from Haynaldia villosa encodes a CC-NBS-LRR protein 
conferring powdery mildew resistance in wheat. Mol Plant. 
2018;11(6):874–8.

	123.	 Yu G, Matny O, Gourdoupis S, Rayapuram N, Aljedaani FR, 
Wang YL, et  al. The wheat stem rust resistance gene Sr43 
encodes an unusual protein kinase. Nat Genet. 2023;55(6):921–6.

	124.	 Zatloukalová P, Hřibová E, Kubaláková M, Suchánková P, 
Šimková H, Adoración C, et al. Integration of genetic and physi-
cal maps of the chickpea (Cicer arietinum L.) genome using flow-
sorted chromosomes. Chromosome Res. 2011;19(6):729–39.

	125.	 Zwyrtková J, Blavet N, Doležalová A, Cápal P, Said M, Molnár I, 
et al. Draft sequencing crested wheatgrass chromosomes identi-
fied evolutionary structural changes and genes and facilitated the 
development of SSR markers. Int J Mol Sci. 2022;23(6): 3191.

	126.	 Zwyrtková J, Šimková H, Doležel J. Chromosome genomics 
uncovers plant genome organization and function. Biotechnol 
Adv. 2021;46: 107659.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Jaroslav Doležel1   · Petr Urbiš1,2   · Mahmoud Said1,3   · Sergio Lucretti4   · István Molnár5 

 *	 Jaroslav Doležel 
	 dolezel@ueb.cas.cz

	 Petr Urbiš 
	 urbis@ueb.cas.cz

1	 Centre of Plant Structural and Functional Genomics, 
Institute of Experimental Botany of the Czech Academy 
of Sciences, 779 00 Olomouc, Czech Republic

2	 Department of Cell Biology and Genetics, Faculty 
of Science, Palacký University Olomouc, Šlechtitelů 27, 
779 00 Olomouc, Czech Republic

3	 Agricultural Research Centre, Field Crops Research Institute, 
9 Gamma street, Giza, Cairo 12619, Egypt

4	 Italian National Agency for New Technologies, Energy 
and Sustainable Economic (ENEA), via Anguillarese 301, 
00123 Rome, Italy

5	 Department of Biological Resources, Centre for Agricultural 
Research, Hungarian Research Network, Martonvásár 2462, 
Hungary

https://www.sciencedirect.com/science/article/pii/S0091679X08004238
https://www.sciencedirect.com/science/article/pii/S0091679X08004238
http://orcid.org/0000-0002-6263-0492
http://orcid.org/0000-0002-2942-0581
http://orcid.org/0000-0002-6169-8655
http://orcid.org/0000-0003-1434-427X
http://orcid.org/0000-0002-7167-9319

	Flow cytometric analysis and sorting of plant chromosomes
	Abstract
	Graphical abstract

	Introduction
	Chromosomes in motion
	Basic principles
	Developing flow cytogenetics for plants

	Flow karyotyping
	Discrimination of particular chromosomes
	Applications of flow karyotyping

	Chromosome sorting
	Sorting of required chromosomes
	Applications of flow-sorted chromosomes

	Conclusions
	Acknowledgements 
	References




