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Mini Review
Aplicaciones de citometría de flujo en fitomejoramiento

Flow-cytometry applications in plant breeding

Resumen
El crecimiento de la población mundial, el cambio climático y el calentamiento 
global son los grandes desafíos que enfrenta la agricultura en el siglo XXI para 
lograr un mundo sin hambre. Para lograr la seguridad alimentaria a través del 
fitomejoramiento es crucial desarrollar germoplasma en menos tiempo que esté 
bien adaptado. Por lo tanto, es necesario aumentar la eficiencia en las técnicas de 
fitomejoramiento. En este sentido, la citometría de flujo ha demostrado ser una 
herramienta muy poderosa para acelerar el mejoramiento genético de las plantas 
debido a su versatilidad y capacidad para evaluar grandes poblaciones.

Abstract
Population growth, climate change and global warming are the great challenges 
facing agriculture in the 21st century. Therefore, it is necessary to increase the effi-
ciency of selection of new varieties in plant breeding programs. In this regard, flow 
cytometry has proven to be a very powerful tool to speed-up selection processes in 
plant breeding because of its versatility and capacity to evaluate large populations.
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Introduction
About 11 thousand years ago, during the Neolithic 

period, humans began the transition from a hunting–
gathering lifestyle to farming. Since then,  agriculture 
has been in constant evolution and it is a powerful tool in 
crop domestication. The great change in agriculture be-
gan in the 20th century due to the application of new 
technologies and tools which allowed for time reduc-
tion in the plant breeding process to produce new crop 
varieties with desirable properties.

Flow cytometry (FCM) is among these new tools 
used in crop improvement. This technique was deve-
loped by Wallace Coulter in the 50s for hematological 
studies and has been applied since the 80s in plants 
(Kron et al. 2007). FCM popularity is due to the simpli-
city to analyze individuals and populations in a short 
time through the measurement of the light emitted by 
cells or cellular components in suspension, which are 
dyed with high specificity fluorochromes to obtain bio-
chemical, biophysical and molecular information of 
the particles under study (Adan et al. 2017, Kron et al. 
2007, Suda & Husband 2007).

The versatility of this technique has enabled the 
advance in areas such as ecology, systematics, evolu-
tionary biology and plant improvement (Kron et al. 
2007). Thus, making the determination of genome 
size, polyploid detection, cell cycle analysis and plant 
flow cytogenetics possible (Doležel & Bartoš 2005, 
Vrana et al. 2016). Because the right plant material 

was chosen to avoid the existence of secondary meta-
bolites interfering both with the cell staining and with 
dye fluorescence (Robinson 2019).

Double haploid technique and FCM
Backcrossing is a method to obtain highly homo-

zygous plants but it requires high workforce and is 
time-consuming (Germaná 2011). Thus, in the 1970s, 
embryogenesis of gametes was developed to obtain 
pure lines in shorter periods of time (Castillo et al. 
2015, Germanà 2011). This allowed for the develop-
ment of the double haploid technique and have been 
applied successfully in Oryza sativa (Guzman & Zapata 
2000), Triticum aestivum (Lantos & Pauk 2016, Zheng 
2003), Solanum spp. (Tai & Xiong 2013), Capsicum 
sp. (Ochoa-Alejo 2005), Hordeum vulgare (Szarejko 
2013), Zea mays (Barnabás 2003, Zheng et al. 2003), 
Asparagus officinalis (Shiga et al. 2009) and other 200 
species (Forster et al. 2007).

Plant improvement through double-haploid tech-
nology makes it possible to obtain thousands of plants 
that must be properly analyzed, because of ploidy level 
and haplotype variation among individuals (Zagors-
ka et al. 1997, Seguí-Simarro & Nuez 2007, Perera et al. 
2014). Thus, FCM emerges as an effective alternative to 
determine changes in ploidy (Fig. 1) from suspended 
nuclei isolated from small amounts of fresh tissue with 
the help of a hypotonic buffer and treated with a fluoro-
phore with high affinity to DNA (Doležel et al. 2007). 
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Figure 1: Use of flow cytometry in the production of double haploids. (A) Physalis spp anther culture. (B) Parental line ploidy level. (C) 
Typical peak of haploid. D) Typical peak of double haploid.



Flow-cytometry applications in plant breeding

Rev. peru. biol. 27(1): 081 - 084 (March 2020) 081

Ploidy level estimation
Polyploid organisms can present more than two 

chromosomal sets in its nucleus (Soltis et al. 2009, 
2007, Münzbergová 2006). This increase in DNA con-
tent has boosted biodiversity among plants (Soltis et 
al. 2009). According to Otto and Whitton (2000) this 
process has contributed to the speciation of angios-
perms (2 – 4%) and ferns (7%). Thus, polyploidiza-
tion, through the application of achromatic spindle 
inhibitors (Ramanna & Jacobsen 2003), emerges as an 
evolutionary mechanism in wild and cultivated plants 
(Sattler et al. 2015). A polyploid organism can present 
alterations in the secondary metabolism (Lavania et 
al. 2012, Wu et al. 2012, Lavania 2005), tolerance to 
biotic and abiotic stresses (Debodt et al. 2005), repro-
ductive alterations (Mable 2003) and morphological 
changes in roots, leaves, tubers, fruits, flowers and 
seeds (Tulay & Unal 2010, Wu et al. 2012, Sattler et al. 
2015, Baker et al. 2017).

Polyploidization is used by geneticists to shorten 
the plant breeding process (Lavania 2005) and it have 
been applied successfully in the genetic improvement 
of alfalfa, lily, yam, potato, rose, red clover and other 
species of economic value (Ramanna & Jacobsen 
2003). The identification of these polyploids can be 
done through indirect methods such as determination 
of the number of chloroplasts and size estimation of 
the stomata guard cells (Fig. 2B); or direct methods 
like flow cytometry and cytological counting of chro-
mosome number (Maluszynski et al. 2003). The cyto-
logical counting of chromosome number is a very 
difficult technique, because of chromosome numbers 
and its size. Thus, FCM has been widely adopted for 
the determination of ploidy level, because of its high 
efficiency (Ojiewo et al. 2006), and ability to analyze 
large amounts of nuclei (Fig. 2A).
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Figure 2: Application of flow cytometry: (A) Polyploids analysis by FCM. (B) Identification of polyploids through the indirect method (C) Analysis 
of intergeneric and interspecific crosses. (D)Genome size estimation by internal standard. (E) Genome size estimation by external standard.
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FCM analysis of intergeneric and interspecific 
crosses
Some plant species are often characterized by low 

levels of genetic variability and can be explained by 
the domestication process (Ranwez et al. 2017) and/
or autogamous mating system (Koelling et al. 2011). 
This disadvantage can be overcome with the use of te-
chniques aimed to increase the genetic variability, 
amongst which there are male cytoplasmic sterility, 
polyploidization, tilling, mutation, bridge crossing, tar-
geted crossing within a species and inter-specific hy-
brids (Messmer et al. 2015). The early confirmation 
of these interspecific and intergeneric hybridization, 
can be detected by FCM (Fig. 2C), because the offspring 
of these hybrids can be sterile due to genetic and/or 
chromosomal defects (Stebbins 1958). For instance, 
Kuwayama et al (2005) evaluated 70 different crosses 
between Gloriosa spp., Littonia modesta and Sanderso-
nia aurantiaca. He found that the peak position of 5 
plantlets derived from the cross between S. aurantia-
ca and Gloriosa 'Marron Gold' was between parental 
peaks, which indicated that they were hybrids. Moreo-
ver, interspecific hybrids of Fuchsia (Onagraceae) were 
also detected by FCM (Talluri & Murray 2009).

Genome size estimation
Angiosperms show the greatest diversity and more 

than 260,000 species are estimated (Soltis & Soltis 
2004). This group has a wide variability at the mor-
phological, physiological and genome size (GS). GS is 
of great interest in taxonomy, evolution and biodiver-
sity research (Pellicer et al. 2018, Bennett & Leitch 
2005), because it is able to explain variations in gym-
nosperms (16 times) and angiosperms (24000 times) 
(Bennett & Leitch 2011, Pellicer et al. 2018).

In 1976, Bennett and Leitch created the first data-
base on DNA content. Currently, this database (http://
data.kew.org/cvalues/) contains data for 8510 plant 
species. In the database, Paris japonica is the species 
with the highest DNA content (152.20 pg) and those 
with the lowest content are Genlisea margaretae and 
Genlisea aurea with 0.06 pg (Bennett & Leitch 2012). 
The simplicity of flow cytometry allows for GS evalua-
tion in individuals and populations in a short time. 
However, this technique requires the use of stable re-
ference standards with known DNA content (Doležel 
& Bartoš 2005, Praça-Fontes et al. 2011, Doležel et al. 
2007). Moreover, it is necessary to evaluate the relati-
ve fluorescence of 5000 to 20,000 nuclei for the gene-
ration of a good histogram and propidium iodide has 
to be used for estimation of DNA content in absolute 
units (Galbraith et al. 1997).

DNA content (sample) = [average value of G1 sam-
ple-peak / average value of G1 standard-peak] x stan-
dard DNA content (pg)

Genome size analysis requires the use of stan-
dards. In analysis with external standards the sample 
and the standard have to be processed separately (Fig. 
2E). While the use of internal standards requires run-

ning the sample along with the standard, thus making 
it more accurate (Fig. 2D). Moreover, despite the use of 
standards of animal origin in plant research, they are 
not the most suitable (Doležel et al. 2007).

Conclusion
Peru is a megadiverse country which requires the 

proper characterization of its genetic resources in order 
to improve yield in different crops. In this regard due 
to its versatility and capacity to evaluate large popula-
tions, flow cytometry has proven to be a very powerful 
tool to speed-up selection processes in plant breeding. 
To achieve the implementation of flow cytometry in Pe-
ruvian plant breeding programs, it is required to take 
into account: 1) How the transport of plant material to 
the laboratory can affect the analysis 2) the type of ex-
plants and 3) the presence of fluorescence inhibitors.

Literature cited
Adan A, Alizada G, Kiraz Y, et al. 2017.Flow Cytometry: Basic 

Principles and Applications.Critical Reviews in Biote-
chnology 37(2):163–76. https://doi.org/10.3109/07
388551.2015.1128876

Baker RL, Yarkhunova Y, Vidal K, et al. 2017.Polyploidy and the 
Relationship between Leaf Structure and Function: 
Implications for Correlated Evolution of Anatomy, Mor-
phology, and Physiology in Brassica. BMC Plant Biology 
17(1):3. https://doi.org/10.1186/s12870-016-0957-3

Barnabás B. 2003. Anther Culture of Maize (Zea Mays L.). 
Doubled Haploid Production in Crop Plants 103–8. 
https://doi.org/10.1007/978-94-017-1293-4_16

Bennett MD, Leitch IJ. 2012. Plant DNA C-values database (re-
lease 6.0, Dec.2012). http://www.kew.org/cvalues/

Bennett MD, Leitch IJ. 2005. Plant Genome Size Research: A 
Field in Focus. Annals of Botany 95(1):1–6. https://
doi.org/10.1093/aob/mci001.

Bennett MD, Leitch IJ. 2011. Nuclear DNA Amounts in Angios-
perms: Targets, Trends and Tomorrow. Annals of Bo-
tany 107(3):467–590. https://doi.org/10.1093/aob/
mcq258.

Castillo AM, Sánchez-Díaz RA, Vallés MP. 2015. Effect of Ovary 
Induction on Bread Wheat Anther Culture: Ovary Ge-
notype and Developmental Stage, and Candidate Gene 
Association. Frontiers in Plant Science 6(June):1–12. 
https://doi.org/10.3389/fpls.2015.00402

De Bodt S, Maere S, & Van de Peer Y. 2005. Genome Duplication 
and the Origin of Angiosperms. Trends in Ecology & 
Evolution 20(11):591–97. https://doi.org/10.1016/j.
tree.2005.07.008

Dermen H, Scott DH. 1962. Potentials in Colchiploid Gra-
pes. Economic Botany. 16(2):77–85. https://doi.
org/10.1007/BF02985294

Doležel J, Greilhuber J, Suda J. 2007. Estimation of Nuclear 
DNA Content in Plants Using Flow Cytometry. Nature 
Protocols 2(9):2233–44. https://doi.org/10.1038/
nprot.2007.310

Doležel J, Bartoš J. 2005. Plant DNA Flow Cytometry and Es-
timation of Nuclear Genome Size. Annals of Botany 
95(1):99–110. https://doi.org/10.1093/aob/mci005

Forster BP, Heberle-Bors E, Kasha KJ, et al. 2007.The Resur-
gence of Haploids in Higher Plants. Trends in Plant 
Science 12(8):368–75. https://doi.org/10.1016/j.
tplants.2007.06.007



Flow-cytometry applications in plant breeding

Rev. peru. biol. 27(1): 083 - 084 (March 2020) 083

Galbraith DW, Lambert GM, Macas J, et al. 1997. Analysis of 
Nuclear DNA Content and Ploidy in Higher Plants. 
Current Protocols in Cytometry 2(1):7.6.1-7.6.22. 
https://doi.org/10.1002/0471142956.cy0706s02

Germana MA. 2011. Anther Culture for Haploid and Doubled 
Haploid Production. Plant Cell, Tissue and Organ 
Culture 104(3):283–300. https://doi.org/10.1007/
s11240-010-9852-z

Guzmán M, Zapata FJ. 2000. Increasing Anther Culture Efficien-
cy in Rice (Oryza Sativa L.) Using Anthers from Ra-
tooned Plants.Plant Science 151(2):107–14. https://
doi.org/10.1016/S0168-9452(99)00204-6.

Koelling VA, Hamrick JL, & Mauricio R. 2011. Genetic diversity 
and structure in two species of Leavenworthia with 
self-incompatible and self-compatible populations. 
Heredity 106: 310–318. https://doi.org/10.1038/
hdy.2010.59.

Kron P, Suda J, Husband BC. 2007. Applications of Flow Cyto-
metry to Evolutionary and Population Biology. 
Annual Review of Ecology, Evolution, and Systema-
tics 38(1):847–76. https://doi.org/10.1146/annurev.
ecolsys.38.091206.095504.

Kuwayama S, Mizuta Y, Nakano M, Nakamura T, Oomiya T. 
(2005). Cross- compatibility in Interspecific and Inter-
generic Hybridization among the Colchicaceous Orna-
mentals, Gloriosa spp., Littonia modesta and Sander-
sonia aurantiaca. Acta Horticulturae, (673),421–427. 
DOI:10.17660/ActaHortic.2005.673.53.

Lantos, C, Pauk J. 2016. Anther Culture as an Effective Tool 
in Winter Wheat (Triticum Aestivum L.) Breeding.” 
Генетика 52(8):910–18. https://doi.org/10.7868/
S0016675816080075.

Lavania UC. 2005. Genomic and Ploidy Manipulation for En-
hanced Production of Phyto-Pharmaceuticals. Plant 
Genetic Resources: Characterization and Utilization 
3(02):170–77. https://doi.org/10.1079/PGR200576.

Lavania UC, Srivastava S, Lavania S, et al. 2012. Autopolyploi-
dy Differentially Influences Body Size in Plants, but 
Facilitates Enhanced Accumulation of Secondary 
Metabolites, Causing Increased Cytosine Methyla-
tion. The Plant Journal: For Cell and Molecular Bio-
logy 71(4):539–49. https://doi.org/10.1111/j.1365-
313X.2012.05006.x.

Mable BK. 2003.Breaking down Taxonomic Barriers in Poly-
ploidy Research. Trends in Plant Science 8(12):582–
90. https://doi.org/10.1016/j.tplants.2003.10.006

Maluszynski J, Kasha K, Foster B, et al. 2003. Cytogenetic Tests 
Fot Ploidy Level Analyses-Chromosome Counting. Edi-
ted by M. Maluszynski, K. J. Kasha, B. P. Forster, and 
I. Szarejko. https://doi.org/10.1007/978-94-017-
1293-4.

Messmer M, Schaefer F, Willbois KP, et al. 2015.Plant Breeding 
Techniques: An Assessment for Organic Farming. Dos-
sier (January):37. Pp 14–18. http://www.fibl.org/en/
themes/plant-breeding. 

Münzbergová Z. 2006. Ploidy Level Interacts with Popula-
tion Size and Habitat Conditions to Determine the 
Degree of Herbivory Damage in Plant Populations. 
Oikos 3(July):443–52. https://doi.org/10.1111/
j.2006.0030-1299.15286.x.

Ochoa-Alejo N. 2005. Anther Culture of Chili Pepper (Capsi-
cum spp.). Plant Cell Culture Protocols 877:227–31. 
https://doi.org/10.1007/978-1-61779-818-4_17

Ojiewo CO, Agong SG, Murakami K, et al. 2006. Chromosome 
Duplication and Ploidy Level Determination in African 
Nightshade Solanum Villosum Miller. Journal of Hor-
ticultural Science and Biotechnology 81(2):183–88. 
https://doi.org/10.1080/14620316.2006.11512048.

Otto SP, Whitton J. 2000. Polyploid Incidence and Evolution. 
Annual Review of Genetics 34:401–37. https://doi.
org/10.1146/annurev.genet.34.1.401.

Pellicer J, Hidalgo O, Dodsworth S, et al. 2018. Genome Size 
Diversity and Its Impact on the Evolution of Land 
Plants. Genes 9(2):88. https://doi.org/10.3390/ge-
nes9020088.

Perera PI, Ordoñez CA, Lopez-Lavalle LA, et al. 2014. A miles-
tone in the doubled haploid pathway of cassava: Ce-
llular and Molecular Assessment of Anther-Derived 
Structures. Protoplasma 251(1):233–46. https://doi.
org/10.1007/s00709-013-0543-6.

Praça-Fontes MM, Carvalho CR, Clarindo WR, et al. 2011. Revi-
siting the DNA C- Values of the Genome Size-Standards 
Used in Plant Flow Cytometry to Choose the ‘Best Pri-
mary Standards. Plant Cell Reports 30(7):1183–91. 
https://doi.org/10.1007/s00299-011- 1026-x.

 Ramanna MS, Jacobsen E. 2003.Relevance of Sexual Poly-
ploidization for Crop Improvement - A Review. Eu-
phytica 133(1):3–18. https://doi.org/10.1023 / A: 
1025600824483.

Ranwez V, Serra A, Pot D, Chantret N. 2017. Domestication 
reduces alternative splicing expression variations 
in sorghum. PLoS One. 12(9): e0183454. https://
doi.org/10.1371/journal.pone.0183454.

Robinson JP. 2006. Introduction to flow cytometry. Flow 
cytometry talks. USA: Purdue University Cyto-
metry Laboratory; Available at: http://www.cyto.
purdue.edu/flowcyt/educate/pptslide.htm.

Sattler MC, Carvalho CR, Clarindo WR. 2015. The Poly-
ploidy and Its Key Role in Plant Breeding. Planta 
243(2):281–96. https://doi.org/10.1007/s00425-
015-2450-x.

Seguí-Simarro JM, Nuez F. 2007. Embryogenesis Induc-
tion, Callogenesis, and Plant Regeneration by in 
Vitro Culture of Tomato Isolated Microspores and 
Whole Anthers. Journal of Experimental Botany 
58(5):1119–32. https://doi.org/10.1093/jxb/
erl271

Shiga I, Uno Y, Kanechi M, et al. 2009. Identification of Poly-
ploidy of in Vitro Anther-Derived Shoots of Aspara-
gus Officinalis L. by Flow Cytometric Analysis and 
Measurement of Stomatal Length. Journal of the Ja-
panese Society for Horticultural Science 78(1):103–
108. https://doi.org/10.2503/jjshs1.78.103.

Soltis DE, Soltis PS, Schemske DW, et al. 2007. Autopolyploi-
dy in Angiosperms: Have We Grossly Underestima-
ted the Number of Species? .International Associa-
tion for Plant Taxonomy 56(1):13–30. https://doi.
org/10.2307/25065732

Soltis DE, Albert VA, Leebens-Mack J, et al. 2009. Polyploi-
dy and Angiosperm Diversification. American 
Journal of Botany 96(1):336–348. https://doi.
org/10.3732/ajb.0800079.

Soltis PS, Soltis DE. 2004. The Origin and Diversifica-
tion of Angiosperms. American Journal of Bo-
tany 91(10):1614–26. https://doi.org/10.3732/
ajb.91.10.1614.



084

Ciprian-Salcedo et al.

Rev. peru. biol. 27(1): 084 - 084 (Marzo 2020)

Stebbins GL. 1958. Interspecific Hybrids I. Introduction. 
Advances in Genetics 9:147–215. https://doi.
org/10.1016/S0065-2660(08)60162-5.

Szarejko I. 2013. Anther Culture for Doubled Haploid Pro-
duction in Barley (Hordeum Vulgare L.). Doubled 
Haploid Production in Crop Plants 35–42. https://
doi.org/10.1007/978-94- 017-1293-4_6.

Tai GCC, Xiong XY. 2013. Haploid Production of Potatoes 
by Anther Culture. Springer, Dordrecht 229–34. 
https://doi.org/10.1007/978-94-017-1293-4_34.

Talluri RS. Murray BG. 2009. DNA C-values and chro-
mosome numbers in Fuchsia L. (Onagra-
ceae) species and artificial hybrids. New Zea-
land Journal of Botany. 47: 33– 37. https://doi.
org/0028–825X/09/4701–0033.

Tulay E, Unal M. 2010. Production of Colchicine Indu-
ced Tetraploids in Vicia Villosa Roth.Caryologia 
63(3):292–303. https://doi.org/10.1080/000871
14.2010.10589739.

Vrána J, Cápal P, Šimková H, et al. 2016. Flow Analysis and 
Sorting of Plant Chromosomes. In Current Proto-
cols in Cytometry (Vol. 2016, p. 5.3.1-5.3.43). Ho-
boken, NJ, USA: John Wiley & Sons, Inc. https://doi.
org/10.1002/cpcy.9.

Vrána J, Cápal P, Šimková H, Karafiátová M, Čížková J, Doležel 
J. 2016. Flow Analysis and Sorting of Plant Chromo-
somes. Current Protocols in Cytometry. 78(1):5.3.1-
5.3.43. https://doi.org/10.1002/cpcy.9.

Wu J, Ferguson AR, Murray BG, et al. 2012. Induced Po-
lyploidy Dramatically Increases the Size and Al-
ters the Shape of Fruit in Actinidia Chinensis. 
Annals of Botany 109(1):169–79. https://doi.
org/10.1023/A:1016029829649.

Zagorska N, Dimitrov B, Gadeva P, et al. 1997. Regenera-
tion and Characterization of Plants Obtained from 
Anther Cultures in Medicago Sativa L. In Vitro Cellu-
lar & Developmental Biology - Plant 33(2):107–10. 
https://doi.org/10.1007/s11627-997-0005-y

Zheng MY. 2003. Microspore Culture in Wheat (Triti-
cum Aestivum) - Doubled Haploid Production 
via Induced Embryogenesis. Plant Cell, Tissue 
and Organ Culture 73(3):213–30. https://doi.
org/10.1023/A:1023076213639

Zheng MY, Weng Y, Sahibzada R, et al. 2003.Isolated Micros-
pore Culture in Maize (Zea Mays L.), Production of 
Doubled-Haploids via Induced Androgenesis. Dou-
bled Haploid Production in Crop Plants 95–102. 
https://doi.org/10.1007/978-94-017-1293-4_15

Agradecimientos / Acknowledgments:
Our special thanks to Vicerectorado de Investigación de la 
Universidad Nacional Agraria de la Molina by the Attune NxT 
flow cytometer acquisition, and to PNIA for the training of GC 
in Universidad de Buenos Aires. 

Fuentes de financiamiento / Funding: 
This work was supported by Innovate Peru under grant No 
451-PNICP-BRI-2014.

Rol de los autores / Authors Roles: 
GC, JJ, GZ: Conceptualización, Escritura - Preparación del borra-
dor original, Redacción: revisión y edición, Visualización, revisa-
ron y aprobaron el manuscrito. GZ: Supervisión, Administración 
de proyecto, Adquisición de fondos.

Aspectos éticos / legales; Ethics / legals: 
Authors declare that no ethical aspect or legal were violated 
in this work.

Conflicto de intereses / Competing interests:
The authors have declared that no competing interests exist.


