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Abstract:

Buffelgrass [Pennisetum ciliare (L.) Link syn. Cenchrus ciliaris L.] is a polyploid fodder grass that reproduces mostly via apomixis.
e wide genomic and cytological diversity present in the species indicates that the active field collection at Instituto de Fisiología
y Recursos Genéticos Vegetales (IFRGV) of the National Institute of Agricultural Technology (INTA) might contain individuals
with different ploidy levels. is researche aimed to determine nuclear DNA content and ploidy level of introduced apomictic
germplasm of buffelgrass. Cytological studies showed different ploidy levels in the germplasm. Genetic resources include tetraploid
(2n = 4x = 36) and aneuploid (2n = 43 and 44) individuals. e 10 materials that exhibited 2C values ranging between 3.04 and
3.17 pg were tetraploid cytotypes. e values of the four aneuploid individuals with 43 chromosomes ranged between 3.83 and
3.86 pg, whereas aneuploid individual with 44 chromosomes had a 2C value of 3.94 pg. Number of chromosomes and nuclear
DNA content were correlated. In addition, a model equation was obtained to estimate DNA ploidy value in buffelgrass genotypes.
Keywords: Cenchrus ciliaris, germplasm bank, flow cytometry, fodder species, polyploid.

Resumen:

Buffelgrass [Pennisetum ciliare (L.) Link syn. Cenchrus ciliaris L.] es una gramínea forrajera, poliploide, donde la mayoría de
sus miembros se reproducen por apomixis. La amplia diversidad genómica y citológica existente en la especie hace prever que
individuos con diferentes niveles de ploidía podrían ser parte de la colección activa mantenida en campo que se encuentra en el
Instituto de Fisiología y Recursos Genéticos Vegetales (IFRGV) del Instituto Nacional de Tecnología Agropecuaria (INTA). Los
objetivos del presente trabajo fueron determinar el contenido de ADN nuclear y el nivel de ploidía en un germoplasma apomíctico
introducido de buffelgrass. Los estudios citológicos demostraron que el germoplasma presenta diferentes niveles de ploidía. La
constitución genética está representada por individuos tetraploides (2n = 4x = 36) y aneuploides (2n = 43 y 44). Los 10 materiales
que presentaron valores 2C comprendidos en un rango entre 3.04 y 3.17 pg fueron citotipos tetraploides. Los cuatro materiales
aneuploides con 43 cromosomas tuvieron valores que oscilan entre 3.83 y 3.86 pg, mientras que el individuo aneuploide con 44
cromosomas tiene valor 2C de 3.94 pg. Se encontró una correlación entre el número de cromosomas y el contenido de ADN
nuclear. Conjuntamente se obtuvo una ecuación modelo que podría utilizarse para estimar el valor de ploidía en genotipos de
buffelgrass.
Palabras clave: Cenchrus ciliaris, banco de germoplasma, citometría de flujo, especies forrajeras, poliploides.

INTRODUCTION

Buffelgrass [Pennisetum ciliare (L.) Link syn. Cenchrus ciliaris L.] is a forage grass species naturally
distributed in subtropical and semiarid areas in Africa and India (Goel et al., 2011). e species has been
incorporated into genetic breeding programs in several subtropical regions world-wide, due to its drought
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tolerance and forage aptitude. Buffelgrass reproduces mainly via apomixis (Ozias-Akins and van Dijk,
2007); hence, many cultivars are derived from the selection of natural ecotypes from their site of origin
(Hanselka et al., 2004). However, the detection of a source of sexuality (Quiroga et al., 2013) and the use
of biotechnological tools (Carloni et al., 2014; López et al., 2013) have enabled novel strategies in breeding
programs.

In Argentina, there is an active field collection of buffelgrass held by the Instituto de Fisiología y Recursos
Genéticos Vegetales (IFRGV), Centro de Investigaciones Agropecuarias (CIAP) and Instituto Nacional
de Tecnología Agropecuaria (INTA). ese genetic resources of buffelgrass have been the basis for the
development of new materials with higher tolerance to water and salt stress, and with higher dry matter
productivity (Griffa et al., 2010; López et al., 2013).

Buffelgrass belongs to a polyploid agamic complex, with the base chromosome number x = 9, and with rep-
resentative tetraploid (2n = 4x = 36), pentaploid (2n = 5x = 45), hexaploid (2n = 6x = 54) and septaploid
(2n = 7x = 63) cytotypes (Burson et al., 2015; Hignight et al., 1991; Kharrat-Souissi et al., 2013; Visser
et al., 1998). While most individuals are characterized as euploid, there are also aneuploids with different
number of chromosomes (2n = 32, 40, 43, 48) that do not coincide with an exact multiple of the basic
number (Burson et al., 2012). e wide genomic and cytological diversity present in the species suggests that
individuals with different ploidy levels might be part of the buffelgrass collection.

Several studies have demonstrated the usefulness of flow cytometry (FCM) in taxonomic studies. is
technique is used to quantify the nuclear DNA content of a plant (2C value) and to infer the ploidy level
using that value (Doležel et al., 2007). e interpretation of results in terms of ploidy is based on the study
of nuclear DNA content (2C value) obtained from the analysis of both an unknown sample and a reference
standard (Galbraith et al., 2001; Loureiro et al., 2006).

Six different ploidy groups have been identified using FCM in buffelgrass, with four of them corresponding
to euploid and two to aneuploid cytotypes (Burson et al., 2012; Kharrat-Souissi et al., 2013). For aneuploids,
Burson et al. (2012) established a range from 3.43 to 3.78 pg of nuclear DNA for individuals with 37 and 44
chromosomes, respectively. However, the analyses conducted by Kharrat-Souissi et al. (2013) showed that
pentaploid individuals (2n = 5x = 45) exhibited similar 2C values (3.63 to 3.74 pg). erefore, the present
study aimed to determine and compare the nuclear DNA content and ploidy level of apomictic genotypes
of buffelgrass.

MATERIALS AND METHODS

Plant material

Table 1 lists the apomictic buffelgrass genotypes used in this study. All materials are part of an active buffel-
grass collection held at Instituto de Fisiología y Recursos Genéticos Vegetales (IFRGV) of the Instituto
Nacional de Tecnología Agropecuaria (INTA), Córdoba, Argentina (600 masl, 31º 24' South latitude, 61º
11' West longitude). Seeds were collected from plots established at the IFRGV-INTA field in January-March
2014 and stored in paper bags at 6ºC (to avoid loss of viability) until the time of the analyses.

Flow cytometry analysis (FCM)

FCM analyses were performed using fresh tissue of leaves from the active collection of buffelgrass. Samples
were processed following the protocol of Doležel et al. (2007), with small modifications. Buffelgrass leaf
segments of 4 to 6 cm2 and of the reference standard [Zea mays CE-777 (2C = 5.43 pg DNA)] (Lysák and
Doležel, 1998) were chopped together in 1 mL Otto I buffer (0.1 M citric acid monohydrate, 0.5 % Tween
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20). Samples were filtered through a 30 µm mesh sieve and centrifuged at 1500 rpm for 5 min; all but 100
µL of the supernatant was removed, and the remainder le in a 1.5 mL tube. Samples were re- suspended
in 100 µL Otto I buffer with mild agitation and incubated into a cold chamber (4 ºC) for 24 h. en, 1
mL Otto II buffer (0.4 M Na2HPO4 .12H2O), 50 µg mL-1 of prop- idium iodide (PI) (Sigma-Aldrich®, St.
Louis, MO, USA), and 50 µg mL-1 of RNase (Sigma-Aldrich®, St. Louis, MO, USA) were added. Samples
were incubated for 10 min at room temperature and run in a BD FACSCantoTM II FCM cytometer (BD
Biosciences, San Jose, California, USA).

For each genotype, a minimum of six repetitions, obtained on 3 d (two repetitions per individual per day)
were performed, as recommended by Doležel et al. (2007) to avoid potential differences between the analyses
performed on different days (Loureiro et al., 2006). Relative nuclear DNA content of plants was expressed
using a DNA fluorescence index (DI), considering the reference standard (DI = 2C buffelgrass / 2C Z. mays).

Genome size was estimated for each individual in pg (2C value) using the following formula:

Where 5.43 is the nuclear DNA content in pg of Zea mays CE-777 (Lysák and Doležel, 1998).

Cytogenetic Analysis

Mitotic chromosome count was performed in squashed cells of the meristematic tissue of the root, using
an adapted version of the protocol of Negritto et al. (2008). Roots were collected from germinated seeds in
Petri dishes in the growth chamber. Culture conditions were 27 and 25 ºC with a photoperiod of 16 h light
and 8 h dark, respectively. Lights in the growth chamber were turned on at 06:00 p.m. Under these growth
conditions, mitotic cells could be obtained by collecting roots between 10:30 and 11:00 p.m.

Polymerization of microtubules of the mitotic spindle was prevented by treating roots with 8-
hydroxyquinoline (2 mM) for 3 h at room temperature and 3 h at 4 ºC. Aer this period, the microtubule
inhibitor was removed, and the plant material was immersed in fixative [1:3 glacial acetic acid:absolute ethyl
alcohol (v/v)] for at least 48 h. Before squashing, roots were treated with a 2 % pectinase-cellulase solution.
Root tips were removed with histological needles under a stereoscopic microscope and placed on a slide.
Squashing was performed with a drop of 60 % acetic acid, and the coverslip was removed aer freezing the
material with liquid air. Slides were dried using a heater for 72 h. Finally, plant material was stained with 2 %
GIEMSA solution and mounted with Entellan. Chromosomes were observed under an optical microscope
and photogra- phed using 60 x 1.5 lenses under an inverted microscope (Nikon®, Eclipse Ti-E).

Statistical Analysis

e relationship between chromosome number and nuclear DNA content was explored via simple linear
regression analysis: the dependent variable was chromosome number of each individual and the regression
variable was nuclear DNA content (pg). e analysis was performed using InfoStat statistical soware (Di
Rienzo et al., 2012).
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RESULTS

Flow cytometry analysis

Histograms of relative fluorescence intensity of the three buffelgrass materials analyzed along with Z. mays
L. as reference standard are shown in Figure 1. e analysis of vegetal samples showed four peaks, two of
them corresponding to nuclear DNA content of buffelgrass and the other two corresponding to maize. e
dominant peaks correspond to the nuclei at the G0/G1 phase (nuclear DNA content, 2C), whereas the
minor peaks correspond to nuclei at the G2 phase of the cell cycle (nuclear DNA content, 4C). e absence
of peak overlap indicated that the internal standard was adequate.

In general, the coefficient of variation (CV) of the peaks generated in the G0/G1 phase was below 3 %. In
maize, mean CV was 2.25 ± 0.41 (n = 119), and the CVs had values between 0.97 and 2.98 %. In buffelgrass,
considering all the measurements of the different genotypes (n = 119), the mean of CV values was 2.69 ±
0.56. Out of all measurements, 76 % had CVs values ≤ 3 % and 24 % showed CVs between 3 and 4 %. e
analysis of the mean of each genotype separately showed that only two genotypes had CVs of 3.04 % (RN
153) and 3.13 % (RN 62) (Table 1).

FIGURE 1
Histograms of relative fluorescence intensity obtained from the simultaneous analysis of isolated
nuclei of leaves of buffelgrass and the reference standard Zea mays CE-777 (2C = 5.43 pg DNA).
Peaks 1 and 2 correspond to the nuclei in G0/G1 phase of buffelgrass (1) and Zea mays (2). Peaks

3 and 4 correspond to the nuclei in phase G2 of buffelgrass (3) and of Zea mays (4). Micrographs of
somatic chromosomes of apomictic buffelgrass genotypes with 2n = 4x = 36 [(A) RN 49], 2n = 43

[(B) RN 136] and 2n = 44 [(C) RN 145] chromosomes. Bar: Scale correspond to 5 µm for all figures.

Mean DI value (2C buffelgrass /2C Z. mays) was variable, with values ranging between 0.559 (RN 148)
and 0.726 (RN 145). Nuclear DNA content (2C value) of each genotype was calculated with these indices
(Table 1).
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Cytogenetic analysis

All the genotypes were polyploids, with 10 of them being tetraploids (2n = 4x = 36) and five aneuploids (2n
= 43 and 2n = 44 chromosomes). ese results confirm that the different 2C values determined by FCM
correspond to individuals of different ploidy levels (Figure 2). e 10 genotypes with 2C values within a
range between 3.04 and 3.17 pg were considered as tetraploid cytotypes. e four aneuploid genotypes with
43 chromosomes had values ranging between 3.83 and 3.86 pg, whereas aneuploids with 44 chromosomes
had 2C value of 3.94 pg.

e scatter plot shows a positive relationship between the number of chromosomes observed in each
individual and estimations of nuclear DNA content (Figure 3). In addition, the linear regression analysis
showed a linear relationship between the number of chromosomes (dependent variable) and nuclear DNA
content (regression variable) (P< 0.0001) with an R2 = 0.9841. Accordingly, the following equation of the
model is proposed: y = 7.2464 + 9.2856x.

DISCUSSION

e results of this work indicate that the apomictic genotypes present in the active buffelgrass collection
possess different ploidy levels. e genetic resources of the IFRGV collection are represented by tetraploids
(2n = 4x = 36) and aneuploids (2n = 43 and 2n = 44); these cytotypes were already mentioned for this
species (Burson et al., 2012; Hignight et al., 1991; Kharrat-Souissi et al., 2013). e most frequent cytotypes
are those with 2n = 4x = 36, and the number of chromosomes coincides with the most commonly observed
in buffelgrass (Hignight et al., 1991).

TABLE 1.
DNA fluorescence index (DI), nuclear DNA content (2C value), coefficients of variation (CV)

determined by flow cytometry and chromosome number (CN) in 15 apomictic buffelgrass genotypes.
†: 2C value is the average of the number of times that the sample (n) was analyzed, expressed
in picograms (pg). e values were obtained by analyzing the nuclei isolated from buffelgrass
and Zea mays CE-777 (2C = 5.43 pg DNA) as reference standard; † †: Mean of coefficient of

variation and standard deviation (CV ± S.D.) of fluorescence intensity of nuclei in the G0/G1
phase of buffelgrass. S.D.: Standard deviation; RN: Number of registration assigned by IFRGV.
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FIGURE 2
Micrographs of somatic chromosomes of apomictic buffelgrass genotypes with 2n: 36 [(A)
RN 148, (B) RN 64, (C) RN 157, (D) RN 153, (E) RN 66, (F) RN 63, (G) RN 52, (H) RN

62, (I) RN 67 and (J) RN 49], 2n: 43 [(K) RN 50, (L) RN 136, (M) RN 147 and (N) RN
51] and 2n: 44 [(O) RN 145] chromosomes. Bar: Scale corresponds to 5 µm for all figures.

FIGURE 3
Linear regression analysis between the number of chromosomes

and nuclear DNA content in each buffelgrass genotype.

Cytological and molecular studies showed that cytotypes with 36 chromosomes are segmental
allotetraploids, showing at the average of two to four quadrivalents and 10 to 14 bivalents during diakinesis
and metaphase I (Hignight et al., 1991; Jessup et al., 2003; Visser et al., 1998). Aneuploid cytotypes with 43
and 44 chromosomes might have originated from a combination of events, such as fertilization of a sexual
genotype with unbalanced pollen or from hybridization of an unreduced gamete (hybrids BIII, 2n + n)
(Bashaw and Hignight, 1990; Burson et al., 2012; Hignight et al., 1991). ese events, whichever their origin,
might increase the ploidy level of the species in their habitat, which is maintained through the apomictic
mode of reproduction observed in buffelgrass (Burson et al., 2002; Hignight et al., 1991).
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e range of nuclear DNA content in tetraploids (3.04 to 3.18 pg) is consistent with previously mentioned
values (Burson et al., 2012; Kharrat-Souissi et al., 2013). However, the 2C values obtained in individuals
with 2n = 43 and 44 chromosomes differ from those of their aneuploid relatives from other international
collections. Accordingly, Burson et al. (2012) observed that materials with 37 to 44 chromosomes are within
the 2C value range of 3.43 to 3.78 pg. In this study, 2C values were higher, ranging between 3.83 and 3.94
pg in individuals with 43 and 44 chromosomes, respectively.

e small differences in the values obtained by using FCM compared with those reported by Burson et al.
(2012) may be due to methodological differences between laboratories (Doležel et al., 1998). Hence nuclear
DNA content determination requires an internal standardization with the standard material of known
genome. It is generally recommended that the peak generated by the standard be as close as possible to the
peak of the unknown individual. If this is not possible, in order to avoid potential linearity errors (Doležel et
al., 2007), the size of the selected standard should not differ more than twice with respect to the study sample.

Burson et al. (2012) used common buffelgrass (T-4464) as internal standard and quantified nuclear DNA
content using PI; they determined a nuclear DNA content in common buffelgrass of 3.08 pg (Burson et
al., 2002). In contrast, we used maize (Zea mays CE-777) as internal standard (Lysák and Doležel, 1998).
e nuclear DNA content of maize is 5.43 pg, a size that complies with the suggested requirement to avoid
linearity problems.

Another parameter used here, which differs from those ones used in other laboratories, is the fluorochrome
employed to estimate nuclear DNA content. Burson et al. (2012) used DAPI (4’, 6-diamidino-2-
phenylindole) and incorporated a correction factor to the values obtained from the combined analysis of the
internal standard (common buffelgrass) with Sorghum bicolor (L.) Moench line ATx623, both stained with
PI. In this study we directly used PI to stain nucleic acid. e difference between fluorochromes is that DAPI
preferentially binds to adenine-thyminerich DNA regions, whereas PI is an intercalating agent in doublé
stranded DNA, recommended for measuring nuclear DNA (Doležel et al., 1998).

e nuclear isolation buffer is another parameter that might cause divergences between laboratories
(Loureiro et al., 2006). Burson et al. (2012) used a commercial staining solution supplied by Partec (Münster,
Germany), whereas we used Otto buffer nucleus release. Loureiro et al. (2006) used four different buffers
and seven plant species and concluded that there is no universal buffer for that purpose. Likewise, the quality
parameters obtained with Otto buffer used as universal buffer were outstanding (Loureiro et al., 2006).
Accordingly, the nuclei had good fluorescence intensity and consequently, the CVs were low.

In fluorescence histograms, CV is a measure of nuclear integrity and variation in staining of nuclear DNA.
is parameter is used to evaluate the quality of the method and should be presented in all publications
(Loureiro et al., 2007). In general, histograms with CV below 3 % are considered acceptable, however in some
woody species, CVs ≤ 5 % are accepted (Galbraith et al., 2001). In most of the analyses conducted in this study
(76 %), the materials exhibited CV values of 3 % or lower. Only a small proportion (24 %) exceeded those
values, but were never above 3.8%. Moreover, to avoid possible differences observed in the CVs obtained on
different squashing dates (Loureiro et al., 2006), a minimum of six independent measurements were taken
(two runs a day), as recommended (Doležel et al., 2007). With this strategy, the mean of CV did not exceed
3% in any of the aneuploid materials.

As discussed above, here we used several recommended methods aimed at obtaining accurate estimations
in nuclear DNA content. Accordingly, we consider that the method applied at the IFRGV-INTA laboratory
was appropriate. Moreover, we consider that if differences are due to any methodological variable (reference
standard, buffer, fluorochrome or CV), it is difficult to identify one of them as an underlying single factor.
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CONCLUSIONS

Our results provide important reference data on nuclear DNA content in buffelgrass and generate a baseline
for future studies involving FCM. e model equation generated in this study might be used for predictive
purposes in new buffelgrass materials. In addition, while the simplicity of the FCM technique makes it an
attractive option, it is important to perform a parallel cytological study for a complete evaluation of results.
Accordingly, if 2C values obtained in our collection had been compared only with those provided by other
laboratories, interpretation of results might have been inaccurate.
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