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Flow cytometry as a tool for analyses of soya bean seed vigour
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Abstract

Vigour tests of soya bean seeds are important in seed production; however, many of them have a number of
steps and are time-consuming. The analysis of the cell cycle / endoreduplication by flow cytometry can be an
alternative to supplement seed quality analyses. Therefore, the aim of this study was to evaluate the potential
of flow cytometry to assess soya bean seed vigour compared with other commonly used vigour tests. Four lots
of soya bean seeds were subjected to a standard germination test, accelerated ageing test, electrical conductivity
test, seedling emergence in sand, and computerised image analysis of seedlings (SVIS®) Dry seeds and those
hydrated for 24 hours were evaluated by flow cytometry to determine cell cycle activity and endoreduplication
intensity in different seed parts (embryo axis and cotyledons). Seed lots determined by the conventional tests as
having high quality, possessed a greater proportion of cells with the highest DNA contents (4C in the embryo
axis and 8C in the cotyledons) than those of lower quality. It is suggested that in these lots activation of mitotic
cycle/endoreduplication during imbibition was faster and therefore they expressed higher vigour. In conclusion,
flow cytometric analysis of seeds has the potential for a fast and reliable evaluation of soya bean seed vigour.
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Introduction

In the production of soya bean seeds, testing procedures are commonly performed to
assure high quality lots to farmers. Most of the tests are based on counting seedlings after
the completion of germination (ISTA, 1993, 1995). Many vigour tests have a number of
steps and are time-consuming and some are not fully reliable. Therefore, there is a need
to develop faster and more accurate methods to assess seed quality. One of the processes

© 2018 Forti et al. This is an open access article distributed in accordance with the Creative Commons
Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build
upon this work non-commercially, and license their derivative works on different terms, provided the original
work is properly cited and the use is non-commercial. See: https://creativecommons.org/licenses/by-nc/4.0

217



VICTOR A. FORTI, C. DE CARVALHO, E. SLIWINSKA AND SILVIO M. CICERO

that take place during Phase II of germination is DNA synthesis, which is indicative of
activation of the cell cycle (Nonogaki ef al., 2010). A fast and accurate method to estimate
nuclear DNA content is flow cytometry and therefore it can be used to determine cell
cycle activity, which corresponds with the advancement of germination (Bino et al., 1992,
1995; Pawlowski et al., 2004; Gendreau et al., 2008; Rewers et al., 2009; Sliwinska,
2009; Forti et al., 2015).

The first phase of the cell cycle, G, is the first phase of cell growth, when a nucleus
contains 2C DNA (C =DNA content of a holoploid genome with chromosome number
n). During the following phase, S, DNA replication occurs, which results in a doubling
of DNA content (2C to 4C). Afterwards, in the G, phase, a second growth period occurs,
during which the nucleus retains a 4C DNA content; finally there is division into two
daughter nuclei during mitosis (M). Cells that leave the cell cycle, usually from the G,
phase, enter the quiescent G, state (Bewley and Black, 1994; Bino et al., 1992; Vazquez-
Ramos and de la Paz Sanchez, 2003). Some cells, however, for example those of the
endosperm or cotyledons, undergo endoreduplication. In this process nuclei go through
repeated rounds of DNA replication that are not followed by mitosis, resulting in cells
possessing 4C, 8C, 16C, 32C, etc., DNA (Bino ef al., 1993; Breuer ef al., 2014).

Previous studies revealed that an increase in DNA replication activity in seed cells
marks the advancement of germination of sugarbeet (Sliwinska and Jendrzejczak, 2002),
coffee (Da Silva et al., 2008), barley (Gendreau et al., 2008) and soya bean (Forti ef al.,
2015) seeds. The increase in proportion of cells with 4C DNA content is an indicator
of the transition of the seed to Phase II of germination (Bewley and Black, 1994) and
therefore can be considered as an appropriate marker for seed quality (for review see
Sliwinska, 2009). Therefore, the 4C/2C ratio has been recommended as a marker of seed
quality. However, for the seeds /seed parts where endoreduplication occurs, the (3 >
2C) / 2C ratio, which includes endopolyploid cells, should be used instead (Rewers and
Sliwinska, 2012).

Vigour tests have been proposed to identify differences associated with seed lot
performance during storage or after sowing, in order to check the seed lot potential for
high field establishment over a wide range of environmental conditions (Marcos Filho et
al., 2009). Several tests have been recommended for soya bean seed vigour evaluation,
including accelerated ageing, tetrazolium, electrical conductivity, seedling growth, visual
classification of seedling morphology (Vieira et al., 2003) or the computerised image
analysis of seedlings by the Seed Vigor Imaging System (SVIS®) (Wendt et al., 2014).

The aim of the present study was to evaluate the potential of flow cytometric analyses
to assess soya bean seed vigour as compared with the vigour tests commonly used for
this species.
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Materials and methods

Four soya bean seed lots of cultivar TMG115-RR were used for germination and seed
vigour tests according to the methods described below.

Germination (G): Five replicates of 40 seeds from each seed lot were sown in a paper
towel moistened with water equivalent to 2.5 times seed weight and incubated at 25°C in
a germination chamber. Counting of germinated seeds was made on the eighth day after
the beginning of imbibition (Brasil, 2009).

Accelerated ageing (AA4): Five replicates of 40 seeds for each seed lot were distributed
in transparent plastic boxes (100 x 100 x 40 mm), on wire mesh containing 40 mL
water. These boxes were kept in an ageing chamber for 41°C for 48 hours. After that, the
seeds were set to germinate and the seedlings were evaluated as described for the
germination test.

Electrical conductivity (EC): Five replicates of 25 seeds for each seed lot were
weighed and soaked in 75 mL distilled water for 24 hours in a controlled temperature
chamber at 25°C (Custddio and Marcos Filho, 1997). The electrical conductivity of the
solutions was then evaluated and the results expressed in uS cm™ g

Seedling emergence in sand (SES): Four replicates of 100 seeds for each seed lot were
sown in trays containing sand as substrate. Fourteen days after sowing, the percentage of
normal seedlings was determined.

Computerised image analysis of seedlings (SVIS®): Four replicates of 50 seeds of each
seed lot were distributed in the upper third of a paper towel sheet and maintained at
25°C, for three days. The seedlings were transferred to a sheet of Black Bristol paper
and placed in a scanner (Scanjet 2004), fastened upside-down inside an aluminum box
with dimension of 600 x 500 x 120 mm and analysed by the software Protosmart®, with
resolution of 98 dpi. The seedling images were then analysed by the Seed Vigor Image
Seedlings (SVIS®) software to obtaining the mean values of vigour index (VI), growth
(GI) and uniformity (UI) indices and the length of seedlings (SL) for every seed lot
(Marcos Filho et al., 2009).

Flow cytometry: The embryos of dried and hydrated (24 hours at 25°C) seeds were
dissected into embryonic axis and cotyledons, and analysed by flow cytometry. Samples
of individual seed parts were prepared as previously described (Rewers et al., 2009),
using nuclear isolation buffer (0.1 M Tris-Cl, 2.5 mM MgCl, - 6H,0, 85 mm NaCl, 0.1%
v/v Triton X-100, pH 7.0), supplemented with 4’, 6-diamidino-2-phenylindole (DAPI;
2 mg mL") and 2% (w/v) polyvinylpyrrolidone-10 (PVP-10). Analyses were performed
on 10 biological replicates, using logarithmic amplification of the signal. For each sample,
at least 7000 nuclei were analysed using a Partec CCA (Partec GmbH, Miinster, Germany)
flow cytometer, equipped with an HBO lamp. Histograms were evaluated using the DPAC
v. 2.2 programme (Partec GmbH, Miinster, Germany). The proportion of nuclei with
different DNA contents and the 4C + 8C/2C ratio were calculated.

Statistical analysis: The results were analysed statistically using a one-way analysis of
variance and the Tukey’s test (P =0.05). The percentage data from the germination tests
were subjected to ANOVA after angular transformation; actual percentages are presented
in the tables.
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Results

Germination and vigour tests revealed differences in seed quality between the seed lots
(table 1). Lots 1 and 2 demonstrated higher germination in the standard test (G) and after
accelerated ageing (AA) than lots 3 and 4. They also exhibited higher seedling emergence
in sand (SES). However, the electrical conductivity test (EC) revealed that seeds of lot 1
had lower membrane integrity (high conductivity), similar to lots 3 and 4. The evaluation
by SVIS® revealed that lot 4 possessed a higher vigour index (VI) and growth index (GI)
than lot 3, while lots 1 and 2 were similar to both other lots for these parameters. The
uniformity index (UI) and the seedling length (SL) did not exhibit differences between
seed lots. Thus, lots 1 and 2 can be considered as possessing high vigour (although lot 1
was slightly poorer because of lower membrane integrity), and lots 3 and 4 as possessing
lower vigour, with lot 4 being slightly better.

Table 1. Germination in a standard test (G) and after accelerated ageing (AA), seedling emergence in sand
(SES), electrical conductivity (EC), and parameters analysed by the Seed Vigor Imaging System (SVIS®), vigour
index (VI), growth index (GI), uniformity index (UI) and seedling length (SL), of four soya bean seed lots. CV
- coefficient of variation.

Seed lot G (%) AA (%) SES (%) EC (uS em™ g
1 95 a* 99 a 99 a 41.04 a
2 97 a 98 a 97 ab 29.49 b
3 90 b 93b 96 b 33.32ab
4 90 b 93b 94 b 35.77 ab
CV (%) 3.21 2.02 2.30 13.35
SVIS
Seed lot
VI Gl Ul SL (mm)
1 683.0 ab 599.5 ab 880.0N 59N
2 654.5 ab 562.0 ab 868.5 56
3 642.0b 542.5b 877.0 52
4 762.5a 688.8 a 874.3 64
CV (%) 8.94 13.53 311 16.03

*values for a particular parameter (in columns) followed by the same letter are not significantly different at
P =0.05 (Tukey’s test)
NS no significant difference

Flow cytometric analysis revealed that in the embryo axis, only 2C and 4C nuclei were
present, while in the cotyledons, endopolyploid 8C nuclei also occurred (table 2). In both
organs, the majority of the nuclei possessed 2C DNA; in the embryo axis they comprised
95% of total and in the cotyledons about 70%. In dry seeds the proportions of nuclei with
2C and 4C DNA as well as the 4C + 8C/2C ratio were similar for all lots; however, in
the cotyledons of lots 1 and 2 there were more 8C nuclei (about 7%) than in lots 3 and 4
(about 5%). Upon hydration the proportions of nuclei with higher DNA content increased,
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but to different extents in different lots, which allowed distinction between seed lots in
regard to advancement of germination after 24 hours from the start of imbibition. In the
embryo axis of lots 1 and 2, a higher proportion of 4C nuclei occurred than in lots 3 and
4, which is indicative of higher cell cycle activity in the lots that were considered to be of
high-vigour. In the cotyledons a similar tendency was observed regarding nuclei with the
highest DNA content (8C); their proportion was higher in high-vigour lots. Consequently,
the 4C +8C/2C ratio was also higher in both organs of lots 1 and 2.

Table 2. Percentage of nuclei with different DNA contents and the 4C + 8C/2C ratio in the axis (A) and coty-
ledons (C) of dry (D) and 24-hour-hydrated seeds at 25°C (H) of four soya bean seed lots. CV - coefficient of
variation.

Percentage of nuclei with DNA content

4C+8C/2C ratio

Seed lot 2C 4C 8C
A C A C A C A C
1 95.1% 68.9%8 4.9n8 24288 0 6.9 a 0.051™ 0.451%s
2 95.5 67.6 4.5 25.0 0 74 a 0.047 0.479
3 P 95.1 69.8 4.9 25.7 0 45b 0.051 0.432
4 95.0 71.0 5.0 23.9 0 520 0.053 0.409
CV(%) 2.25 4.34 17.23 9.20 - 423 16.7 18.4
1 90.8 c* 616D 92a 27.8N 0 I1.1a 0.101 a 0.636 a
2 q 91.1bc 60.6 b 89a 27.1 0 124 a 0.098 a 0.651 a
3 92.8ab 669 a 72b 26.1 0 7.0b 0.078 b 0.495 b
4 932 a 66.4 a 6.8 b 25.6 0 79b 0.073 b 0.505 b
CV(%) 1.77 6.76 20.30 10.85 - 36.37 22.57 20.46

*values for a particular germination stage (in columns) followed by the same letter are not significantly different
at P = 0.05 (Tukey’s test)
NS no significant difference

Discussion

Flow cytometry has been used for the estimation of seed quality and advancement of
germination since the 1990s, and initially the radicle or radicle tip was considered to be
the most suitable material for analysis (Bino ef al., 1992, 1995; de Castro et al., 1995;
Sliwinska and Jendrzejczak, 2002; Pawlowski et al., 2004; Faria et al., 2005; Gendreau et
al., 2008). However, current research reveals that during germination the most intensive
DNA synthesis occurs in the radicle / hypocotyl transition zone and in the hypocotyl,
and these embryos regions should be included when conducting molecular research on
germination (Sliwinska et al., 2009; Rewers and Sliwinska, 2014). Therefore, the whole
embryonic axis rather than just the radicle was used in this study for flow cytometric
analysis. Since cotyledons in the Fabaceae family are the major storage organs in a mature
seed, and cell cycle/endoreduplication intensity can mark germination stages (Rewers and
Sliwinska, 2014), they were also included in the analyses.
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Different seed vigour tests applied here yielded comparable results and allowed
classification of seed lots into two groups: 1 and 2 were considered as high-vigour and 3
and 4 as lower-vigour. However, such standard tests take a long time to be completed (up
to 8-14 days) and sometimes they are not sensitive enough to detect vigour differences
between seed lots. Therefore, there is a need to develop faster and more accurate methods;
flow cytometry is a useful alternative.

The embryo of quiescent mature seeds predominantly contains nuclei possessing a 2C
DNA content, indicating the arrest of the cell cycle at the G,/ G, stage (Sliwinska, 2009).
During germination the cell cycle resumes and DNA in some cells replicates, reaching
4C (Véazquez-Ramos and de la Paz Sanchez, 2003). This is also evident for soya bean
embryo axes in all seed lots analysed here. When seeds were subsequently imbibed in
water for 24 hours, the proportion of 4C cells (at the G, phase of the cell cycle) increased,
in preparation for cell division, which usually occurs after germination is completed
(Nonogaki et al., 2010). However, as reported before (Rewers and Sliwinska, 2014), later
during germination, some of the 4C axis cells in soya bean seeds leave the mitotic cycle
and undergo endoreduplication. This coincides with cell enlargement and therefore is one
of the mechanisms participating in axis elongation and completion of germination. The
present results confirmed those obtained for sugar-beet seeds, which revealed that in high-
vigour lots the increase in the proportion of 4C nuclei during germination was much faster
than in low-vigour lots (Sliwinska and Pedersen, 1999). High-vigour seeds need a shorter
period for DNA repair than low-quality seeds (Osborne, 1977).

The pattern of DNA synthesis was different in the cotyledons because of endore-
duplication, which is typical for this organ in the Fabaceae family (Rewers and Sliwinska,
2012, 2014). Nevertheless, also in the cotyledons, an increase in the proportion of nuclei
with the highest DNA content (8C) was evident. This increase in the cotyledons, as in
the axis, was greater in lots 1 and 2 then in lots 3 and 4. Since endopolyploid cells
usually have an increased volume, the present results suggest that in high-vigour seeds
cotyledons can more efficiently synthesise the compounds necessary for germination and
early seedling growth.

Similar to the proportion of the nuclei with different DNA contents, the 4C +8C/2C
ratio, which gives an indication of changes of the proportion of 2C nuclei in relation to
nuclei possessing higher DNA contents (activation of cell cycle and/or endoreduplication),
was suitable to distinguish between low- and high-vigour lots. In both seed parts, the
axis and cotyledons, this ratio was higher in lots of higher quality. To the best of our
knowledge, the relation between endoreduplication intensity and seed vigour has not been
reported previously.

In conclusion, flow cytometry performed on soya bean seeds as early as after 24 hours
from the start of imbibition provides information on seed vigour, and the data obtained
are in agreement with other tests that take a much longer time, such as the standard
germination test (eight days), accelerated aging test (48 hours of treatment and eight
days of germination), and some of the parameters obtained using the Seed Vigor Imaging
System (three days). Thus, flow cytometry has potential to be used for soya bean seed lot
vigour screening.

222



FLOW CYTOMETRY AND SOYA BEAN SEED VIGOUR

Acknowledgements

To FAPESP for the scholarships and resources for research development. The authors
thank Professor J. Derek Bewley (University of Guelph, Canada) for critical comments
on the manuscript.

References

Bewley, J.D. and Black, M. (1994). Seeds: Physiology of Development and Germination, 2™ Edition, Plenum
Press, New York.

Bino, R.J., De Vries, J.N., Kraak, H.L. and Pijlen, J.G. (1992). Flow cytometric determination of nuclear
replication stages in tomato seeds during priming and germination. Annals of Botany, 69, 231-236.

Bino, R.J., Lanteri, S., Verhoeven, H.A and Kraak, H.L. (1993). Flow cytometric determination of nuclear
replication stage in seed tissues. Annals of Botany, 72, 181-187.

Bino, R.J., Bergervoet, J.H.W. and Lanteri, S. (1995). The use of cell cycle activity as an early indicator of the
start of the germination process. IV International Symposium on Seed, Transplant and Stand Establishment
of Horticultural Crops, Davis USA.

Brasil (2009). Regras para Analise de Sementes. [Rules for Seed Analysis], 1* Edition, Ministério da Agricultura,
Pecuaria e Abastecimento, Secretaria de Defesa Agropecuaria, Brazil.

Breuer, C., Braidwood, L. and Sugimoto, K. (2014). Endocycling in the path of plant development. Current
Opinion in Plant Biology, 17, 78-85.

Custodio, C.C. and Marcos Filho, J. (1997). Potassium leachate test for the evaluation of soybean seed physio-
logical quality. Seed Science and Technology, 25, 549-564.

de Castro, R.D., Zheng, X.Y., Bergervoet, J.H.W., De Vos, C.H.R. and Bino, R.J. (1995). B-Tubulin accumulation
and DNA replication in imbibing tomato seeds. Plant Physiology, 109, 499-504.

Da Silva, E.A.A., Toorop, P.E., Lammeren, A.A.M. and Hilhorst, H-W.M. (2008). ABA inhibits embryo cell
division events during coffee (Coffea arabica ‘Rubi’) seed germination. Annals of Botany, 102, 425-433.
Faria, J.M.R., Buitink, J., van Lammern, A.A.M. and Hilhorst, H-W.M. (2005). Changes in DNA and micro-
tubules during loss and re-establishment of desiccation tolerance in germinating Medicago truncatula seeds.

Journal of Experimental Botany, 56, 2119-2130.

Forti, V.A., Cicero, S.M., Inomoto, M.M., Sliwinska, E., Van der Shoor, R. and Jalink, H. (2015). Meloidogyne
Jjavanica infection on soybean plants: plant response, seed quality and green seeds occurrence. Seed Science
and Technology, 43, 409-420. https://doi.org/10.15258/sst.2015.43.3.08

Gendreau, E., Romaniello, S., Barad, S., Leymarie, J., Benech-Arnold, R. and Corbineau, F. (2008). Regulation
of cell cycle activity in the embryo of barley seeds during germination as related to grain hydration. Journal
of Experimental Botany, 59, 203-212.

ISTA (1993). International rules for seed testing. Seed Science and Technology, 21, Supplement.

ISTA (1995). Handbook of Vigour Test Methods, International Seed Testing Association, Switzerland.

Marcos Filho, J., Kikuti, A.L.P. and Lima, L.B. (2009). Métodos para avaliagdo do vigor de sementes de
soja, incluindo a analise computadorizada de imagens. [Procedures for evaluation of soybean seed vigour,
including an automated computer imaging system]. Revista Brasileira de Sementes, 31, 102-112.

Nonogaki, H., Bassel, G.W. and Bewley, J.D. (2010). Germination — still a mystery. Plant Science, 179, 574-581.

Osborne, D.J. (1977). Nucleic acids and seed germination. In The Physiology and Biochemistry of Seed
Dormancy and Germination, pp. 319-333, North Holland Biomedical Press, Amsterdam.

Pawlowski, T.A., Bergenvoet, J.H.W., Bino, R.G. and Groot, S.P.C. (2004). Cell cycle activity and B-tubulin
accumulation during dormancy breaking of Acer platanoides L. seeds. Biologia Plantarum, 48, 211-218.
Rewers, M. and Sliwinska, E. (2012). Endoreduplication intensity as a marker of seed developmental stage in

the Fabaceae. Cytometry Part A, 81A, 1067-1075.

Rewers, M. and Sliwinska, E. (2014). Endoreduplication in the germinating embryo and young seedling is
related to the type of seedling establishment but is not coupled with superoxide radical accumulation.
Journal of Experimental Botany, 65, 4385-4396.

223



VICTOR A. FORTI, C. DE CARVALHO, E. SLIWINSKA AND SILVIO M. CICERO

Rewers, M., Sadowski, J. and Sliwinska, E. (2009). Endoreduplication in cucumber (Cucumis sativus) seeds
during development, after processing and storage, and during germination. Annals of Applied Biology, 155,
431-438.

Sliwinska, E. (2009). Nuclear DNA replication and seed quality. Seed Science Research, 19, 15-25.

Sliwinska, E. and Jendrzejczak, E. (2002). Sugar-beet seed quality and DNA synthesis in the embryo in relation
to hydration—dehydration cycles. Seed Science and Technology, 30, 597-608.

Sliwinska, E. and Pedersen, H.C. (1999). Determination of nuclear replication stages during germination of
sugar-beet seeds differing in vigour. Electronic Journal of Polish Agricultural Universities, 2.

Sliwinska, E., Bassel, G.W. and Bewley, J.D. (2009). Germination of Arabidopsis thaliana seeds is not completed
as a result of elongation of the radicle but of the adjacent transition zone and lower hypocotyl. Journal of
Experimental Botany, 60, 3587-3594.

Vazquez-Ramos, J.M. and de la Paz Sanchez, M.P. (2003). The cell cycle and seed germination. Seed Science
Research, 13, 113-130.

Vieira, R.D., Bittencourt, S.R.M. and Panobianco, M. (2003). Seed vigor — an important component of seed
quality in Brazil. Seed Testing International, 126, 21-22.

Wendt, L., Gomes Junior, F.G., Zorato, M.F. and Moreira, G.C. (2014). Avaliagdo do potencial fisiologico de
sementes de soja por meio de imagens. [Evaluation of the physiological potential of soybean seeds by image
analysis]. Pesquisa Agropecudria Tropical, 44, 280-286.

224



