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Abstract

Cires, E., Cuesta, C., Fernandez, M.A., Nava, H.S., Vazquez,
V.M. & Fernandez, J.A. 2011. Isolation of plant nuclei suitable
for flow cytometry from species with extremely mucilaginous
compounds: an example in the genus Viola L. (Violaceae). Ana-
les Jard. Bot. Madrid 68(2): 139-154.

Flow cytometry analysis has been widely applied in the determi-
nation of nuclear DNA content and ploidy level in many organ-
isms. Despite being the most appropriate method for DNA con-
tent measurement, flow cytometry also presents some limita-
tions. A fairly common, but little-studied problem is the effect
on measurements of the presence of secondary metabolites. A
good example is the genus Viola, which is composed of 525-600
species distributed worldwide. These species have proved to be
problematic for flow cytometric analyses due to the release of
extremely mucilaginous compounds into the nuclear suspen-
sion. In this work, the genome size of 13 species of Viola using
flow cytometry are presented for the first time. Despite obtain-
ing histograms with high coefficients of variation, we here pre-
sent an optimized protocol to remove cytoplasmic compounds,
particularly mucilaginous ones, from plant nuclei that pave the
way for its application to estimate the genome size of other
species exhibiting similar problems. Statistical analyses revealed
significant differences between sections Viola and Melanium,
and within each section (P < 0.001). Furthermore, statistically
significant differences were not detected among samples of the
same species.

Resumen

Cires, E., Cuesta, C., Fernandez, M.A., Nava, H.S., Vazquez,
V.M. & Fernandez, J.A. 2011. Aislamiento de nucleos para cito-
metria de flujo en plantas con alto contenido de compuestos
mucilaginosos: un ejemplo en el género Viola L. (Violaceae).
Anales Jard. Bot. Madrid 68(2): 139-154 (en inglés).

El anélisis mediante citometria de flujo ha sido aplicado de modo
general para determinar el contenido de ADN nuclear y el nivel
de ploidia en muchos organismos. A pesar de ser el método mas
adecuado para medir la cantidad de ADN, esta técnica también
presenta algunas limitaciones. Un problema bastante comun,
aunque poco estudiado, es el efecto de los metabolitos secun-
darios en los resultados obtenidos. Un ejemplo respecto a la pre-
sencia de estos compuestos se encuentra en el género Viola,
compuesto por 525-600 especies distribuidas por todo el mun-
do. Las especies de este género ya han sido previamente descri-
tas como problematicas en los anélisis de citometria de flujo de-
bido a la presencia de compuestos extremadamente mucilagi-
nosos en las suspensiones de nucleos. En el presente trabajo se
analiza por primera vez el tamafio gendémico de 13 especies del
genero Viola mediante el empleo de citometria de flujo. A pesar
de los altos valores mostrados en los coeficientes de variacion de
los histogramas, se presenta un protocolo optimizado para eli-
minar compuestos citoplasmaticos, y mas concretamente muci-
laginosos de las suspensiones nucleares, siendo de aplicacion en
la estimacién del tamafno genémico de plantas con problemas
similares. Los analisis estadisticos mostraron diferencias signifi-
cativas entre las secciones Viola y Melanium, asi como dentro de
cada secciéon (P < 0,001). Ademas, no se encontraron diferencias
significativas entre aquellas muestras pertenecientes a la misma
especie.
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Introduction

Flow cytometry (FCM) is a fast, sensitive technique
for measuring specific components in large numbers
of cells and organelles. Plant scientists have been at-
tracted by the numerous advantages of this technique
(e.g. ease of sample preparation, speed of analysis,
and no requirement for dividing cells) and the num-
ber of articles related to this technique has been con-
tinuously increasing over the years (DoleZel & al.,
2007a). Estimation of DNA content in cell nuclei is
one of the most important applications of FCM in
plant sciences. In most plants, analyses of relative
DNA content of nuclei isolated from young tissues
yield histograms with good resolution. In principle,
every tissue containing vital nuclei should be suitable
for measurement of nuclear DNA content with FCM.
However, the presence or absence of endogenous flu-
orescence inhibitor substances and coatings of debris
influences the quality of the results (Greilhuber & al.,
2007). Plant cells produce a vast array of secondary
metabolites which may interfere with staining of par-
ticular cell constituents and/or exhibit autofluores-
cence, thus hampering quantification of signals from
fluorescent probes (Dolezel & al., 2007b). Although
the interference of secondary metabolites with stain-
ing procedures had been recognized for some time in
cytophotometry (e.g. Greilhuber, 1986), it was not un-
til Noirot & al. (2000, 2002, 2003, 2005) and Price &
al. (2000) published their findings that this effect was
taken seriously in plant FCM. Moreover, some species
contained mucilaginous compounds which interfered
with analysis, affecting overall histogram quality and
nuclear fluorescence stability (e.g. Betulaceae, Vio-
laceae, Lythraceae, Malvaceae, Orchidaceae and sub-
merged plants) (Suda, 2004; Loureiro, 2007; Greilhu-
ber, 2008). Besides hampering the release of nuclei,
these compounds confer a high viscosity to the nu-
clear suspension, which makes the filtration step diffi-
cult to accomplish and consequently results in the re-
covery of a low volume of nuclear homogenate. Some
authors have found great difficulty in using FCM due
to these compounds (e.g. Morgan & Westoby, 2005;
Talent & Dickinson, 2005; Loureiro & al., 2007a). To
give an example, Morgan and Westoby (2005) found
for many species of Myrtaceae and Rutaceae that the
ineffective nuclear isolation was due to mucilaginous

Palabras clave: Nimero cromosomatico, citometria de flujo,
tamafo gendmico, compuestos mucilaginosos, contenido de
ADN nuclear, niveles de ploidia, seccion Melanium, seccion
Viola.

compounds. On the other hand, Loureiro & al.
(2007b), in the study of the genera Ulnus L. and
Celtis L., presented a protocol which ensured high
quality analyses with a low coefficient of variation and
minimal background debris as well as nuclear fluores-
cence stability. However, even Loureiro & al. (2007b)
found similar problems in leaves of Ulnzus species,
where they got poor results and had to use an alterna-
tive tissue (samaras) characterized by lower concen-
tration of mucilaginous compounds.

The genus Viola L. includes examples of several
species with extremely mucilaginous compounds. This
genus, the largest of the Violaceae family, comprises
525-600 species distributed throughout most frost-
free regions of the world (Ballard & al., 1999; Yock-
teng & al., 2003; Karlsson & al., 2008). It is divided
into ca. 14 sections and many infrasectional groups
(Becker 1910a, 1910b, 1925) (for a review of infra-
generic classification see Ballard & al., 1999). Five of
those sections are present in Europe: Chamaeme-
lanium Ging., Melanium Ging., Xylinosium W. Bec-
ker, Delphiniopsis W. Becker and Viola (Valentine &
al., 1968); all of which have also been described in the
Iberian Peninsula (Fernandez Casado, 1982; Muioz
Garmendia & al., 1993).

In the present work, the samples selected belong to
2 of these sections: Melanium, which includes the so-
called pansies and is a morphologically well-defined
group of about 80-100 species; and Viola, which is a
Eurasian group of about 25 species with several sub-
sections described (Valentine & al., 1968; Karlsson
& al., 2008), of which the following were studied:
Viola, Rostratae Kupffer and Stolonosae Kupffer
[=Plagiostigma Godr.]. Taxa of these sections are well
known for their taxonomic complexity, apparently
caused by several factors: (a) scarcity of reliable diag-
nostic morphological characters; (b) high phenotypic
plasticity; (c) frequent interspecific hybridizations;
and (d) assumed past reticulate evolution within the
section and subsection (Ballard & al., 1999; Yockteng
& al., 2003; Hodalova & al., 2008; Mered’a & al.,
2008; Van den Hof & al., 2008).

A high diversity of chromosome numbers has been
proposed within genus Viola (Moore, 1982; Castro-
viejo & Valdés-Bermejo, 1991) by showing different
ploidy levels (Miyaji, 1930; Karlsson & al., 2008). The
basic chromosome number approved for genus Viola
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is x = 6, although recently x = 7 has been suggested as
an equally likely chromosome base-number, mainly
based on counts of those plants considered as primi-
tive (Sanso & Seo, 2005; Karlsson & al., 2008). Of the
groups considered in the present study, the section
Melanium is aneuploid, and the base chromosome
number has been ambiguously established, with pro-
posals of x = 11 (Erben, 1996) or x = 5, 6 and 10, by
Ballard & al. (1999). Section Viola is allotetraploid
(Nordal & Jonsell, 1998; Marcussen & Nordal, 1998)
with secondary base-numbers of x = 10-13 depending
on the subsection (Karlsson & al., 2008): x = 10 in
subsections Viola and Rostratae, and x = 12 and 22 in
subsection Stolonosae.

Although there are several studies that have ap-
proached genome size analysis of various species of
genus Viola using FCM (Ajalin & al., 2002; Mar-
cussen, 2003; Hodalova & al., 2008; Mered’a & al.,
2008), only two nuclear DNA content values have
been found in the literature: V. anagae 2.61 pg/2C
with unknown ploidy level (Suda & al., 2005) and
V. riviniana 2.70 pg/2C also with unknown ploidy lev-
el (Grime & al., 1985), although tetraploidy is as-
sumed by the “Angiosperm DNA C-values database”
(Bennett & Leitch, 2005) for the last species. Cyto-
metric data gaps in this genus may be primarily due to
the extreme difficulty in obtaining readable histo-
grams due to the presence of mucilaginous com-
pounds in nuclear suspensions that prevent the accu-
rate reading of the data.

Viola alba

Viola canina

Viola hirta

Viola laricicola

Viola reichenbachiana
Viola rupestris

Viola riviniana
Viola palustris

>DOOOrhbeHO

In this study, the nuclear DNA content of 13 spe-
cies of the genus Viola were estimated for the first time
using FCM. Due to the recognized problems in isolat-
ing nuclei from such species, the objective was to de-
velop a reliable protocol to isolate nuclei in good con-
dition from different tissues (leaves, leaf petioles and
flowers) containing mucilaginous compounds.

Materials and methods

Plant material from the northwest of the Iberian
Peninsula, the Pyrenees and the Alps (Figs. 1, 2) were
used for nuclear DNA content estimations in the
genus Viola (Table 1). Plants collected in the field
were cultivated in the experimental garden of the
Botany Area, Oviedo University. Additionally, vouch-
er specimens were collected and kept in the Her-
barium of the University of Oviedo (FCO: 31933-
31962). Ploidy levels were determined by FCM and
by chromosome counting, if it was required. Chromo-
some counts were performed on root tips pretreated
with melting ice water at 4 °C for 24 hours. Then, they
were fixed in ethanol: acetic acid (3 : 1) for two days
and finally preserved in ethanol (70%) at low temper-
ature. The staining was done with aceto-orcein 1%
and the slides were prepared using the squash tech-
nique (Tjio & Levan, 1950).

Genome size was estimated using FCM. The plant
standards were derived from newly expanded leaves of
young greenhouse-grown plantlets of tomato (Sola-

Fig. 1. Geographic distribution of the plants analysed in section Viola from genus Viola.
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® Viola bubani

B Viola calcarata
® Viola lutea

O Viola cornuta

O]

Viola saxatilis

Fig. 2. Geographic distribution of the plants analysed in section Melanium from genus Viola.

num lycopersicum ‘Stupicke’ 2C = 1.96 pg; Dolezel &
al., 1992), maize (Zea mays CE-777 line 2C = 5.43 pg;
Lysdk & Dolezel, 1998) and pea (Pisumz sativum ‘Cti-
rad’ 2C =9.09 pg; Dolezel & al., 1998). These internal
reference standards were provided by Prof. Jaroslav
Dolezel, Laboratory of Molecular Cytogenetics and
Cytometry, Institute of Experimental Botany, Olo-
mouc, Czech Republic.

To release plant nuclei from Viola species, tissues
from leaves, leaf petioles and flowers were used. Pre-
liminary experiments tested four nuclear isolation
buffers: LBO1 [15 mM Tris, 2 mM Na,EDTA, 0.5 mM
spermine tetrahydrochloride, 80 mM KCI, 20 mM
NaCl, 15 mM R-mercaptoethanol, 0.1% (v/v) Tri-
ton X-100, pH 7.5] (DoleZel & al., 1989); Otto’s
[Otto I: 100 mM citric acid monohydrate, 0.5%
(v/v) Tween 20 (pH approx. 2-3); Otto II: 400 mM
Na,HPOy,- 12H,0 (pH approx. 8-9)]1 (Otto, 1990;
Dolezel & Gohde, 1995); and Tris.MgCl2 [200 mM
Tris, 4 mM MgCl, - 6H,0, 0.5% (v/v) Triton X- 100,
pH 7.5] (Pfosser & al., 1995). Additionally, we also
tested Tris.MgCl, lysis buffer supplemented with
PVP-10, to a final chemical composition of 200 mM
Tris, 4 mM MgCl,-6H,0, 0.5% (v/v) Triton X- 100,
1% (w/v) PVP-10, pH 7.5. This buffer, recommend-
ed by Loureiro & al. (2007b) for mucilaginous spe-
cies, contains a higher detergent concentration than
standard Tris.MgCl, buffer, which is important in re-
ducing sample viscosity and minimizing the negative
effect of mucilaginous compounds. From all these

buffers, LBO1 and Tris.MgCl, + PVP-10 were select-
ed for their superior results with the majority of Viola
species used in the assays.

Nuclear suspensions were obtained following the
protocol developed by Galbraith & al. (1983). Plant
tissues of the problem species (the weight depended
on the type of plant material and the protocol used,
see explanation in Fig. 3) and 50-150 mg of internal
reference standard were chopped with a sharp scalpel
in a glass Petri dish containing 1 mL of LBO1 lysis
(Dolezel & al., 1989) or Tris.MgCl, + PVP-10 buffer
(Loureiro & al., 2007b). Different strategies were em-
ployed during the processing of samples in order to
obtain high-quality histograms (see details in Fig. 3).
A column of cosmetic cotton made of 100% cotton
was used for nuclei filtration. The cotton ball filters
were cut into 5 X 1-cm pieces, moistened with LB01
or Tris.MgCl, + PVP-10 buffer, and loosely rolled
into a cylindrical shape. The cotton balls were gently
inserted into the middle of a 1-mL pipette tip to re-
move floating cotton fibers. The cotton ball filters out
the particles on the basis of differences in their physi-
cal structure, and the position of the cotton ball af-
fects both the efficiency of filtration and the yield of
nuclei. We increased the amount of tissue used for ex-
traction of nuclei when using cotton ball filters, as the
nuclei yield is reduced using this filtration process.
Leaf samples were also used as controls, with no fil-
tration process.
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Tissue sample

Standard PHASE |

143

Dark conditions R N F . -
i = \' Leave . Sofanum lycopersicum
I Petiole = Zea mays
P -
~ ADDITIONAL COMPOUNDS
N S % = B-Mercaptoethanol (R-ME)-15mM
LYSIS BUFFER 4 « Dithiothreitol (DTT)-6.5mM
‘ g . Polyvinylpyrrolidone-10 (PVP-10)-2.5mM
= LBO1 —_— ~ 7« Polyvinylpyrrolidone-40 (PVP-40)-2. 5mM
: ?rtit:&gcm = Sodium metabisulphite (SMB)-10mm

= Tris.MgCl2 + PVP-
ris.MgClI2 + PVP-10 Co-chopping l / Razor blade or sharp scalpel

—

| = PHASE I
I FILTERING ==
e : Cosrlnetlc cotton \ 5//
: v Woo
: = Pipette tip FILTERING
Nyl h o
| = Cotton ball ks () Cosmetic cotton wool
I x2 N
l____ ————--'——->
@ . FILTERING U 2umnyonmesh
Nylon mesh

250 pL

4-——---"1 PHASE I

- / g:SO pg mL - propidium iodide
Centrifugation » H:
850 uL @ 1 \ B:S

PHASE IV

0 pg mL -' RNase

FLOW CYTOMETER

Phase I. Preparation of nuclear suspension. Place a small amount of plant tissue (50 mg if filtering with nylon mesh and 150 mg if filtering with cosmetic cotton wool) and
internal reference standard in the centre of a plastic Petri dish. Add 1 mL ice-cold nuclei isolation buffer (LBO1, Otto's buffer, Tris.MgCl, or Tris.MgCl, + PVP-10). Compound
antioxidants such as B-ME, DTT, PVP-10 PVP-40 and SMB can be added. FCM in plants after a period of darkness at 4 °C was also tested. Then, immediately chop the tis-
sue in the buffer with a new razor blade or a sharp (disposable) scalpel. Phase II. Filter the homogenate using one-step protocol (filtering with nylon mesh) or two-step pro-
tocol (filtering with cosmetic cotton wool and nylon mesh). Insert the cotton wool ball into a 1-mL pipette tip to form a filtration column, and then add 250pL of nuclei iso-
lation buffer. Leave in the buffer for a 15-min incubation period before filtering to reduce the viscosity. Next, filter the homogenate through a 42-mm nylon mesh into a la-
belled collection tube. Phase lll. Addition of a stock solution of a DNA fluorochrome. Add propidium iodide (50 pg mL™") simultaneously with RNase (50 pg mL™') and shake
gently. Optionally, the homogenate can be centrifuged at 120 g for 10 min. at 4 °C. The supernatant is then carefully decanted (to remove 750 pL), and the pellet gently
resuspended in 850 pL of new extraction buffer. Incubate the samples in the dark, for 15 min at 4 °C, before flow cytometric analysis. Phase IV. Analysis of nuclear DNA
content. Introduce the suspension of stained nuclei into the flow cytometer.

Fig. 3. Procedure for preparing suspensions of intact nuclei in several species of genus Viola. Dashed lines indicate optional steps.
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Table 1. (Continuation).

40: V. canina subsp. canina DE (Schofer, 1954); ES-J (Love & Kjellgvist, 1974); ES-S, ES-Za (Aldasoro, 1992); V. canina subsp. montana DE (Schofer, 1954); ES-O (Fernandez Ca-

sado, 1984); V. canina subsp. schultzii DE (Schofer, 1954).

3Viola canina: 2n

20: FR (Col de Vars, Col de Lauteret) (our data); FR (Marcussen, 2003).

*Viola laricicola: 2n

20: FR (Larsen, 1954); ES-O (Garcia Fernandez & al., 1990); ES-O, ES-S (Aldasoro, 1992).

5Viola reichenbachiana: 2n

¢Viola riviniana: 2n

35: NL (Gadella & Kliphuis, 1963); ES-Le (Fernandez Casado, 1984).

40: NL (Gadella & Kliphuis, 1963); ES-J (Love & Kjellgvist, 1974).

45; 46; 47: NL (Gadella & Kliphuis, 1963).

2n

2n

20: V. rupestris subsp. relicta NO (Knaben & Engelskjon, 1967); V. rupestris subsp. rupestris DE (Schofer, 1954); ES-O (Fernandez Casado, 1984).
48: V. palustris subsp. juressi: ES-O (La Espina) (our data); ES-O (Fernandez Casado, 1984); V. palustris subsp. palustris: FR (Cantal, Puy Mary) (our data); BE, NL (Gadella & Kli-

"Viola rupestris: 2n
¢ Viola palustris: 2n

phuis, 1963).
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34: PT, ES-Or, ES-Pa, ES-Za, ES-Lu (Aldasoro, 1992).

°V. bubanii: 2n

52: ES-B (Merxmdiller & Lippert, 1977); ES-O (Fernandez Casado, 1984); FR, ES-Vi, ES-O, ES-B, ES-Bu, ES-S, ES-Pa (Aldasoro, 1992).

68: ES-0, ES-Le (Aldasoro, 1992).
2n = ¢. 128: FR, ES (Schmidt, 1964).

V. calcarata: 2n
V. cornuta: 2n
2V, lutea: 2n

2n

2n

40: V. calcarata subsp. calcarata CH, IT (Schmidt, 1961); V. calcarata subsp. zoysii AT (Schmidt, 1961).

22: ES-O (Merxmdiller, 1974); ES-O (Fernandez Casado, 1984).

48: UK (Pettet, 1964).

26: PL (Skalinska & al., 1966) (sub. Viola tricolor subsp. subalpina); ES-O (Fernandez Casado, 1984) (sub. Viola tricolor subsp. subalpina); AD, ES-Le, ES-Lu, ES-Pa, ES-Za (Aldasoro,

V. saxatilis: 2n =

1992).

In addition, antioxidants such as §-mercaptoetha-
nol (B-ME), dithiothreitol (DTT), sodium metabisul-
phite (SMB) and low-molecular weight polyvinyl-
pyrrolidones (PVPs), such as PVP-10 and PVP-40,
were also added to the isolation buffer to improve the
quality and fluorescent intensity of preparations.
Some samples were also analysed after a 5-day period
in darkness at 4 °C, to check the possible effect of
darkness on reducing the viscosity of the samples and
its effect on the quality of the histograms.

To minimize the release of cytosolic compounds,
chopping was quick (about 45 sec) and not very in-
tense, and a 15-min incubation period in the buffer
before filtration was necessary to reduce the viscosity
of the sample and increase nuclei yield (a modification
of Loureiro & al., 2007b). The nuclear suspension was
filtered through a 42 pm nylon mesh and nuclei were
stained with 50 ng mL™" propidium iodide (PI, Sig-
ma). Also, 50 pg mL™" RNase (Sigma) was added to the
nuclear homogenate to avoid PI staining of double
stranded RNA. Samples were kept on ice throughout
the process and analysed, after an additional 15-min
incubation period, using a Cytomics FC 500 (Beck-
man Coulter) with 488-nm excitation from an argon
ion laser. Data analysis was carried out using Cytomics
RXP Analysis (Beckman Coulter, Inc. 2006). At least
three replicates were performed per species on three
different days in order to avoid the effect of instru-
ment fluctuations.

The holoploid genome size (2C; sensu Greilhuber
& al., 2005) of Viola species was estimated according
to the following formula:

2C nuclear DNA content (pg) =

= Viola sp. GO/G1 peak mean x nuclear DNA content of
reference standard GOk/G1 peak mean ~ oference standard

Genome size data were analysed using a one-way
ANOVA on ranks, and the Dunn’s method was ap-
plied for pair-wise comparison (SigmaStat for Win-

dows Version 3.1, SPSS Inc., USA).

Results

A first study was developed in leaf tissue of differ-
ent species of Viola using Otto’s buffers (the same
buffer employed in previous studies; i.e. Suda & al.,
2005; Hodalova & al., 2008; Mered’a & al., 2008).
The samples were simply filtered through a nylon
mesh of 42 ym but the contaminants that cannot be
removed probably interfered with peaks and led us
to an incorrect determination of nuclear DNA con-
tent. Due to a pronounced slime production, the
FCM signal was not detected in the samples prepared
from leaf laminas. The quality of histograms obtained
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was discouraging, since, just like other researchers re-
sults were completely masked by the presence of slime
(Pavol Mered’a, Institute of Botany, Slovak Academy
of Sciences, Slovak Republic; pers. comm.).

Nuclear DNA content estimations for each species
with the different treatments and chromosome counts
are presented in Table 1. These data are presented fol-
lowing the systematics relating to sections and subsec-
tions of this genus. The mean value genome size of
V. alba Besser was estimated as 1.48 = 0.037 pg/2C;
of V. bubanii Timb.-Lagr. as 6.78 + 0.068 pg/2C; of
V. calcarata L. as 5.77 + 0.106 pg/2C; of V. canina L. as
2.39 pg/2C; of V. cornuta L. as 2.52 + 0.345 pg/2C; of
V. hirta L. as 1.07 pg/2C; of V. laricicola Marcussen
as 1.16 + 0.054 pg/2C; of V. lutea Huds. subsp. lutea
as 6.26 pg/2C; of V. palustris L. as 4.32 £ 0.236 pg/2C;
of V. reichenbachiana Jord. ex Boreau as 1.33 + 0.099
pg/2C; of V. riviniana Rchb. as 2.79 + 0.132 pg/2C;
of V. rupestris EW. Schmidt as 1.20 + 0.059 pg/2C and
finally of V. saxatilis FW. Schmidt as 2.87 pg/2C

>

E. Cires & al.

(Table 1, Figs. 4, 5). Statistical analyses revealed sig-
nificant differences between the section Viola and sec-
tion Melanium as well as statistically significant differ-
ences within each subsection (P < 0.001). The large
differences in values (pg) among the subsections stud-
ied indicate possible genome size variation within this
genus, being consistent with chromosome counts.
Statistically significant differences were not detected
between samples of the same species. A comparison
of the present results with the few previous determi-
nations for the genus Viola (Grime & al., 1985; Suda
& al., 2005), shows that our data are very similar
(Table 1), despite the high CV and the quality assess-
ment given by the DNA index (DI, ratio between the
mean channel position of sample and standard
G0/G1 peaks) of peaks. Finally, our results demon-
strate that the use of antioxidant compounds and/or
absolute darkness conditions did not improve the
quality of the histograms (Table 1), and sometimes
even masked the results (data not shown).

280 125
1 Peak Mean DI CV (%) 1 Peak Mean DI CV (%)
§ 1 192 1.00 5.16 g 1 202 1.00 9.24
t B 2 266 1.38 3.59 € 3 2 122 0.60 1092
@ @
8| g 3| § g
Q 1] Q
Q Q [3)
3 S g
% 3 g 2
2 § > w
3
X 3 4
0 Pl fluorescence (channels) 1023 0 Pl fluorescence (channels) 1023
C D
130 175
1 Peak Mean DI CV (%) 1 Peak Mean DI CV (%)
1 166 1.00 8.57 1 201 1.00 5.82
|5 2 252 151 799 |5 2 152 0.75 7.20
3 3

S. lycopersicum

)
V. riviniana

T f T T

0 Pl fluorescence (channels)

" 1023
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V. alba
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1023

Fig. 4. Flow cytometric histograms obtained for different species of Viola. The peaks marked with 1 and 2 indicate nuclei at the GO/G1
phase of the internal standard and the GO/G1 phase of the sample, respectively. The mean channel number (Pl fluorescence), DNA in-
dex (DI = mean channel number of sample/mean channel number of reference standard) and coefficient of variation value (CV, %) of
each peak are also given. Numbers 3 and 4 correspond to G2/M peaks of the internal standard and of the sample, respectively.
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Discussion
About the protocol

The protocol presented here shows great potential
for its application in the estimation of genome size of
species with similar problems. Despite the high varia-
tion of CVs, all replicates made in the present study
show similar values with respect to the amount of
DNA. However, further research still needs to be car-
ried out with the aim of reducing the CV obtained. As
has been described for the analyses of old herbarium
vouchers or tiny silica samples (Suda & Travnicek,
2006), where not all requirements on peak quality,
such as CV values and number of nuclei, achieve the
same levels as when using fresh plant material, our re-
sults lead us to state that mucilaginous tissue require-
ments should be evaluated in each specific case. For
example, collection of fluorescence intensities for
5000 nuclei may not be possible. Nevertheless, a
smaller number of nuclei (e.g., 1000 to 3000) may still
yield useful information, particularly if the screening
for differences in ploidy level is the main concern. Ac-
cording to DoleZel & Bartos (2005), the CV of DNA
peaks quantifies the precision of individual measure-
ments but says nothing about the reproducibility of
DNA content estimation. Therefore, guidelines for
peak CVs, replication within individuals, and similar-
ity in DNA content of the target species and the stan-
dard, all depend on the importance of distinguishing
small differences in DNA content. For differences on
the scale of whole sets of chromosomes, CV values
around 10% are a common consequence, and can be
tolerated especially when using problematic tissues
(Suda & al., 2007). Furthermore, when fine scale dis-
tinctions are not required, the non-coincidence of re-
sults between replications is acceptable (Suda & al.,
2007). However, the use of cosmetic cotton wool ball
filters to form a mesh network that inhibits the pas-
sage of irregularly shaped contaminants leads to an
improvement in CV (at least in leaf material). The cos-
metic cotton wool ball filters have already been suc-
cessfully used with mature orchid leaves to remove
calcium oxalate crystals (Lee & Lin, 2005).

Section Viola

In subsection Viola of section Viola, according to
our counts in the radicular apices, the samples from V.
alba (1.41-1.54 pg) are characterized by the chromo-
some number of 27 = 20. Several authors have de-
scribed the same chromosome number in V. alba s.1.
from European and Spanish localities: V. a/ba subsp.
alba in Germany (Schofer, 1954) and Romania (Me-
red’a & al., 2008); V. alba subsp. scotophylla (Jord.)

Nyman in Austria (Schmidt, 1961); and V. a/ba subsp.
debnbardtii (Ten.) W. Becker in the Spanish localities
of Barcelona (Schmidt, 1961), Asturias (Fernandez
Casado, 1984), Zaragoza (Gonzalez Zapatero & al.,
1986), Jaén (Merxmiiller & Lippert, 1977) and Ma-
llorca (Schmidt, 1961). It is worth noting the treat-
ment of the problems associated with these plant
groups in the Cantabrian Mountains (Lainz, 1962,
1967; Montserrat, 1992), and additionally, the lack of
the presence of V. a/ba in Cantabria and in the western
part of the Cantabrian Mountains (Mufioz Garmen-
dia & al., 1993). With reference to V. hirta, the DNA
content of the single analysed sample (1.07 pg) seems
to be consistent with the chromosome number de-
scribed for this species (272 = 20), counted in plants
from Germany (Schofer, 1954), Slovakia (Mered’a
& al., 2006), Ukraine and Romania (Mered’a & al.,
2008) and, within Spain, in Asturias (Fernandez Casa-
do, 1984) and Cantabria (Aldasoro, 1992).

In subsection Rostratae of the section Viola, sam-
ples from 5 different species were analysed: V. canina,
V. laricicola, V. reichenbachiana, V. riviniana and V. ru-
pestris. The 2C-value was measured in one sample of
V. canina (2.39 pg), a result consistent with a chromo-
some number (27 = 40) described in plants of differ-
ent subspecies of V. canina such as: V. canina subsp.
canina from Germany (Schofer, 1954) and, in Spain,
from Jaén (Love & Kjellgvist, 1974), Asturias, Canta-
bria and Zamora (Aldasoro, 1992); V. canina subsp.
montana (L.) Hartm. from Germany (Schofer, 1954)
and, in Spain, from Asturias (Fernandez Casado,
1984); and finally V. canina subsp. schultzii (Billot)
Kirschl. from Germany (Schofer, 1954).

DNA measurements of many samples from the
alpine endemic V. laricicola (1.05-1.27 pg) seem to be
consistent with the chromosome number of samples
of the same species belonging to Col de Vars and Col
du Lautaret (France): 27z = 20 (our data and those
from Marcussen, 2003). We would also like to high-
light that this species was collected in siliceous
substrates (Fig. 5A), not in limestone as Marcussen
(2003) indicates in his description.

Additionally, DNA measurements of those samples
identified as V. reichenbachiana (1.18-1.49 pg) sup-
port the chromosome count of 27 = 20 for plants of
this species from many different territories: France
(Larsen, 1954), Slovakia (Mered’a & al., 2006), Fin-
land (Stork, 1971), and Spain, more specifically in As-
turias (Garcia Fernandez & al., 1990; Lainz, 1992; Al-
dasoro, 1992) and Cantabria (Aldasoro, 1992; Lainz,
1992).

Those plants identified as V. riviniana showed
DNA content ranging from 2.55 to 2.98 pg; matching
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the data obtained by Grime & al. (1985): 2.70 pg. Pre-
vious chromosome counts have reported diverse re-
sults: 272 = 40 from Denmark (Clausen, 1927), 2z =35,
40, 45, 46 and 47 from Holland (Gadella & Kliphuis,
1963); 22 =30 and 27 = ¢. 40 from Finland (Harmaja,
2003); 2# = 40 from Slovakia (Mered’a & al., 2006),
2n = 36, 40 and 42 from France (Dizerbo, 1972),
21 = 40 and 46 from England (Valentine, 1941); and
from Spain 27 = 35 in Ledn (Ferndndez Casado,
1984); 212 = 40 in Jaén (Love & Kjellqvist, 1974) and
in Almeria, Asturias, Avila, Cantabria, Salamanca and
Zamora (Aldasoro, 1992). In numerous plants from

Asturias identified as V. rwiniana (Garcia Fernandez
& al., 1990) the most frequent chromosome numbers
reported were 272 = 35 and 40, though the less fre-
quent count of 27z = 30 was also identified. This count
of 27 = 30 was also detected in Slovakia (Mered’a &
al., 2006), corresponding to V. x bavarica Schrank (V.
reichenbachiana x V. riviniana). Therefore, the DNA
amount data of samples from V. rzviniana established
in the present work fit within the diverse data found
for this species.

In the case of V. rupestris, the published chromo-
some count is 27z = 20, both in the Norwegian samples

100 100
Peak Mean DI CV (%) 1 g Peak Mean DI CV (%)
o 1 g 1 189 1.00 10.61 & a 192 1.00 13.19
- = - Q ~
g S 8 2 114 0.60 14.35 £ g 2 2 109 0.56 16.80
3| © % ol © 2
o < | & Q
8 8 S S
N Q > 2
Q .
Y 1)
7}
0 T T T T 1023 0 T T T 1023

Pl fluorescence (channels)

Pl fluorescence (channels)

The peaks marked with 1 and 2 indicate nuclei at the GO/G1 phase of the internal standard and the GO/G1 phase of the sample, respectively. The mean
channel number (PI fluorescence), DNA index (DI = mean channel number of sample/mean channel number of reference standard) and coefficient of

variation value (CV, %) of each peak are also given.

Fig. 5. Viola laricicola, alpine endemism: A, general appearance between blocks of siliceous substrate (silicate-dwelling); B, flower detail
with white spur; C, histogram obtained from the population of Col du Lautaret; D, histogram obtained from the population of Col de Vars.

Anales del Jardin Botanico de Madrid 68(2): 139-154, julio-diciembre 2011. ISSN: 0211-1322. doi: 10.3989/ajbm: 2273



Tsolation of suitable plant nuclei from species with mucilaginous compounds 151

of V. rupestris subsp. relicta Jalas (Knaben & En-
gelskjon, 1967), and the German samples of V. ru-
pestris subsp. rupestris (Schofer, 1954). The same re-
sult was obtained in samples of V. rupestris subsp.
rupestris from Asturias (Fernandez Casado, 1984).
These results are consistent with the DNA estima-
tions for the plants of this species (1.13-1.27 pg) with-
in this study.

The DNA measurements from the species of sub-
section Stolonosae (section Viola) studied in the pre-
sent work, V. palustris, ranged from 4.00 to 4.61 pg. In
this species, the chromosome count described for
V. palustris subsp. palustris in Belgium and Holland
(Gadella & Kliphuis, 1963) and Poland (Kuta, 1990)
is 217 = 48; we obtained the same value for the sample
from Puy Mary (France). In the Asturian plant identi-
tied as V. palustris subsp. juressi (Link ex Wein) Cout.,
Fernandez Casado (1984) also found 27 = 48 chro-
mosomes.

Section Melanium

In section Melanium of genus Viola, samples from 5
different taxa were analysed: V. bubanii, V. calcarata, V.
cornuta, V. lutea subsp. lutea and V. saxatilis. In the
Pyrenean-Cantabrian endemic V. bubanii, the genome
size data were quite similar in all the samples analysed,
that is, between 6.71 and 6.89 pg. Chromosome counts
of the same species, including samples from the same
central-western Cantabrian sampling localities were:
i.e. 27 = ¢ 128 in the Pyrenees by Schmidt (1964) and
Merxmiiller (1974), results which have never been
reproduced; and more frequently, 27 = 52, both in
the Pyrenees (Merxmiiller & Lippert, 1977; Aldasoro,
1992) and in the Cantabrian Mountains in Asturias
(Fernandez Casado, 1984; Aldasoro, 1992), Alava,
Burgos, Cantabria and Palencia (Aldasoro, 1992). This
last author (Aldasoro, 1992) obtained counts of
27 =34 in plants of this same species from Orense, Pa-
lencia, Zamora (all in Spain) and Tras-os-Montes (Por-
tugal), and counts of 22 = 68 in Cantabrian plants from
the area of Puerto de Pajares (Asturias-Leodn). It is like-
ly that the DNA data of the plants analysed in this
study correspond to plants of 272 = 52.

The single alpine plant analysed of V. calcarata
showed a 2C-value of 5.70-5.85 pg. All previous chro-
mosome counts of this species were 27 = 40, both in
V. calcarata subsp. calcarata from Switzerland and
Italy (Schmidt, 1961), and in V. calcarata subsp. zoysit
(Wulfen) Merxm. from Austria (Schmidt, 1961).

The 2C-value of Cantabrian samples from V. cornu-
ta ranged from 2.04 to 2.83 pg, and the chromosome
counts registered 27z = 22, not only in plants from As-
turias (Merxmiiller, 1974; Fernandez Casado, 1984)

but also those from other provenances (Clausen,
1927; Griesinger, 1937).

The unique sample analysed of V. [utea subsp. lutea
showed a 2C-value of 6.26 pg, a value close to that
to be expected, considering the chromosome count of
27 =48 in plants from Great Britain (Pettet, 1964).

Finally, the value for V. saxatilis (= V. tricolor L.
subsp. subalpina Gaudin) was 2.87 pg from the Can-
tabrian sample, which belonged to the same locality of
a previous chromosome counting (Fernandez Casado,
1984); the chromosome number described for this tax-
on (272 = 26), was consistent with the value determined
in samples from Poland (Skalinska & al., 1966), An-
dorra (Aldasoro, 1992) and diverse localities, both
Pyrenean (Lérida; Aldadoro, 1992) and Cantabrian
(Leén, Palencia and Zamora; Aldasoro, 1992).

Conclusion

We are aware that a single reliable C-value should
be established using a method yielding absolute
amounts of DNA for each plant standard. This is a
sensitive point, because in fact only one C-value is
generally accepted. However, FCM research to un-
cover the effects of secondary metabolites on mea-
surement results has begun only recently and should
be one of the priority areas for future research (Greil-
huber, 2008).

We believe that future research should focus on
ways of reducing CV and some lines of investigation
might be:

I) The use of other isolation and/or staining
buffer(s). The different buffer characteristics and the
cytosolic compounds released upon chopping up the
tissue can affect sample and measurement quality.
Comparative analyses of buffers are therefore re-
quired, though such studies have seldom been under-
taken (Greilhuber & al., 2007). Cytosolic compounds
can have a profound effect on genome size estima-
tions, leading not only to the false identification of in-
traspecific variation, but also to erroneous determina-
tions of absolute genome size. Investigations into the
diversity and mode of action of such compounds are
still at an early stage but their potential presence and
effect is something to which researchers should
always be alert (Leitch & Bennett, 2007). The use of
different buffers, such as woody plant buffer (WPB;
Loureiro & al., 2007a), Galbraith’s buffer (Galbraith
& al., 1983), etc. or even the generation of new buffers
specifically for highly viscous samples with the inten-
tion of getting clearer peaks and high fluorescence sta-
bility, should be investigated.

IT) Inclusion of antioxidants or chemical
compounds which preserve the nuclei integrity
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(e.g. B-ME, DTT, SMB, PVPs, etc.). It is obvious that
the content of detergent, reductants, polyvinylpyrroli-
done (PVP) and chromatin stabilizers (such as sper-
mine or magnesium ions) can influence the quality of
measurements; however, we found no improvement
in the quality of the histograms attributable to the
adding of different antioxidants or the centrifuge-
resuspend to the different samples of Viola (see
Table 1).

III) Selection of different plant tissues with the low-
est viscosity (leaf petioles, young stems, cotyledons,
inflorescence axes, dry seeds, etc.). Nuclear DNA es-
timations of Viola were done using the leaves, flowers
and petioles, providing similar results and the first
data on the genome size of the group.
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