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Cytogeography of Cenchrus ciliaris (Poaceae) in Tunisia
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Abstract Belonging to the genus Cenchrus with 16-22 species, Cenchrus ciliaris L.
(syn. Pennisetum ciliare (L.) Link, buffelgrass) is a perennial, common in warmer
regions of both hemispheres, growing as a C4 grass in a wide range of habitats. In the
present study we determined chromosome number and nuclear DNA content (2C
DNA) for 28 natural populations collected from northern to southern Tunisia. Three
ploidy levels were found: one tetraploid population (2r=4x=36), three pentaploid
(2n=5x=45), and 24 hexaploid populations (2n=6x=54). The hexaploid chromo-
some number has already been reported for Tunisian populations of C. ciliaris but
tetraploid and pentaploid (2n=45) are new for this area. The tetraploid population
was found in the semi-arid north; pentaploids were mostly on the northern side of the
arid region, while the hexaploids were located mainly in the arid southern Tunisian
and Saharan region. 2C DNA values, assessed using flow cytometry, correlated with
chromosome counts. Nuclear DNA content ranged from 2C=3.03 to 4.61 pg, reveal-
ing three ploidy levels corresponding to 4x, 5x, 6x, and mean 2C DNA amounts were
of 3.03, 3.7 and 4.48 pg, respectively. Each cytotype produced viable pollen. Flow
cytometric seed screening neither proved nor disproved apomixis. The most frequent
hexaploid populations seem best adapted to arid conditions in southern Tunisia. The
monoploid value, 1Cx, was constant. The existence of pentaploid cytotype suggests
hybridization ability between tetraploids and hexaploids. It appears that polyploid-
ization is the major evolutionary mechanism in the speciation of C. ciliaris.
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Introduction

Under arid climates, the disturbance of the natural ecosystem is often assessed
by the reduction of perennial grasses; overgrazing leads in particular to the
extinction of species of high nutritional value (Le Houérou 1993). In this
context, ecological restoration by reintroduction of extinct species should be based
on choice of taxa optimal by their large ecological amplitude and phenological
plasticity (Aronson et al. 1993; Daehler and Goergen 2005; Visser et al. 2007).
Perennial herbaceous plants promote good development of the vegetation cover and
are present in almost all seasons of the year. In several arid ecosystems, such
restoration and rehabilitation processes are currently underway. For example, two
perennial rangeland grasses such as Enteropogon macrostachyus (Hochst.) Munro
and Eragrostis superba Peyr. have been used extensively to rehabilitate semi-arid
land of Kenya (Mganga et al. 2010).

Cenchrus L., a genus belonging to the tribe Paniceae of Poaceae family, is an
important component of the world’s major grass covers, distributed throughout
the tropical and warm temperate zones (Watson and Dallwitz 1992). The genus
Cenchrus is morphologically closely related to the genus Pennisetum, and their
relationship has also been analyzed using molecular phylogenies (Martel et al.
2004; Donadio et al. 2009). These authors favor the inclusion of Cenchrus ciliaris
L. within the genus Pennisetum based on the study of chromosomal and genetic
characteristics combined with phylogenetic relationships. Therefore they propose to
reconsider the taxonomic position of Cenchrus ciliaris and treat it as Pennisetum
ciliare (L.) Link.

Species of Cenchrus are mainly distributed in Africa, Asia and Australia and have
a base chromosome number of x=9 (DeLisle 1963; Crins 1991). Most of the 22
species recognized by Clayton and Renvoize (1982) are considered undesirable and
noxious weeds such as C. echinatus L. and C. biflorus Roxb. (Correll and Johnston
1970; Clayton and Renvoize 1986; Stieber and Wipff 2003). On the contrary,
Cenchrus ciliaris is of economic significance as an important forage grass (Correll
and Johnston 1970; Clayton and Renvoize 1986; Stieber and Wipff 2003) in many of
the drier regions of the world. This species is native to the tropical and subtropical
areas of Africa (Bogdan 1977) and has been widely introduced into subtropical arid
regions of the world for its high pastoral value (Franklin et al. 2006). Following the
introduction of C. ciliaris, it has invaded extensive areas of arid and semi-arid lands
in Australia affecting fire regimes and loss of native species (Jackson 2005).

In Tunisia C. ciliaris ranges from the lower semi-arid to the Saharan limit, a broad
bioclimatic gradient (Cuénod et al. 1954; Ziegler et al. 2000). However, overgrazing
has decimated populations, and the species now contributes little to natural plant
communities. Within protected areas (such as the National parks of Bouhedma and
Sidi Toui) this species is still abundant and vigorous (Bousquet 1992). Considering its
high adaptability to bioclimatic constraints of arid zones and its high pastoral value
(Chaieb et al. 1996), C. ciliaris may be suitable for the restoration of degraded
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arid ecosystems of Tunisia and of North Africa in general (Visser et al. 2008;
Mseddi et al. 2002).

Cytoembryological investigations showed that C. ciliaris reproduces mainly by
aposporous apomixis (Ozias-Akins et al. 2003). The non-reduced apomictic embryo
sacs in this species originate mitotically from nucellar cells and contain four cells.
However, pollen grains play a role by initiating the development of endosperm and
seed (Snyder et al. 1955; Vielle-Calzada et al. 1996). Consequently C. ciliaris is
considered as a pseudogamous apomictic species (Vielle et al. 1995). Most C. ciliaris
populations are obligate apomicts but sexual forms have been occasionally identified
(Fisher et al. 1954; Bray 1978; Sherwood et al. 1980). The species shows three ploidy
levels: tetraploid (2n=4x=36), pentaploid (2rn=5x=45) and hexaploid (2n=6x=54)
(Fisher et al. 1954; Bashaw and Hignight 1990).

Given the paucity of information about genome size and chromosome number of
C. ciliaris in natural populations, we have investigated 28 populations from Tunisia.
The goals of this study were to establish the cytogeography of different ploidy levels
for C. ciliaris in Tunisia, and to evaluate its reproductive mode by flow cytometric
seed screening (FCSS). We also aimed to explore association between ploidy levels
and climatic factors.

Material and Methods
Plant Material

Twenty-eight populations of Cenchrus ciliaris were collected from different regions
in Tunisia, as listed in Table 1. These populations represent a range of climate and soil
conditions (Table 1) and are supposed to be genetically the most distant and poly-
morph, according to Mseddi et al. (2004).

Flow Cytometry: Determination of 2C DNA

The internal standard used for flow cytometric analysis was Petunia hybrida Vilm.
cv. PxPc6 (2C=2.85 pg) (seeds available from CNRS Gif-sur-Yvette) for pentaploids
and hexaploids, and Lycopersicon esculentum Mill. cv. Roma (2C=1.99 pg, Marie
and Brown 1993) for tetraploids. Leaves of one sample and an internal standard
were chopped with a razor blade in a Petri dish with 600 puL of cold Galbraith
buffer (Galbraith et al. 1983) supplemented with 1 % polyvinylpyrrolidone 10,000
and 50 pg/ml RNAse A (Sigma Chemical Co. St. Louis, USA). The nuclei suspen-
sion was then filtered through nylon mesh (pore size 48 um) to remove fragments and
large tissue debris and stained with 50 pg/ml propidium iodide (Sigma Chemical Co.
St. Louis, USA). In total 168 samples were analyzed on a flow cytometer (CyFlow
SL3, Partec, Munster, Germany) with a 532 nm laser. At least five individuals per
population were analyzed to obtain the mean DNA content. At least 5,000 to 10,000
nuclei were analyzed for each sample. The 2C DNA value was calculated using the
linear relationship between the fluorescent signals from stained nuclei of the un-
known specimen and the known internal standard.
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Cytogeography of Cenchrus ciliaris (Poaceae) in Tunisia 101

Flow Cytometric Seed Screening (FCSS)

Reproductive mode was analyzed using methods similar to those described by Matzk
et al. (2000) and Wieners et al. (2006) with slight modifications. One population for
tetraploid, two for pentaploids and ten populations for hexaploids were examined. For
each population three individuals were selected separately for analysis. Twenty seeds
per individual were chopped with a razor blade in 600 puL of cold Galbraith buffer
(Galbraith et al. 1983) as for leaves. No internal standard was added but for each
ploidy level the leaf was re-measured to confirm the 2C peak position. Accord-
ing to Matzk et al. (2000), seeds produced through sexual reproduction result in a
high 2C embryo peak and a small 3C endosperm peak resulting from the double
fertilization. Seeds produced by pseudogamous obligate apomixis present a 2C
embryo and 5C endosperm DNA peak, formed from the fusion of two unreduced
polar cells with a haploid sperm nucleus.

Statistical Analysis

For evaluating variance in 2C DNA content of the whole dataset, one-way ANOVA was
used. To assess potential differences among the populations of the same ploidy level, the
Scheffé test was applied to the data for hexaploids only (omitting JF17 which had 2rn=55).

We were interested in knowing whether ploidy level was associated with climatic
factors. A principal component analysis (PCA) was performed on the climatic
variables that characterized the collection sites of each studied population, in relation
with the ploidy level. Four climatic variables were obtained from the WorldClim data
set (www.worldclim.org) that contains records from 1950 to 2000 with a 2.5-min
resolution (Hijmans et al. 2005): annual mean temperature (AnnMT), maximum
temperature of the warmest month (MaxTWarmM), minimum temperature of the
coldest month (MinTColdM) and annual precipitation (AnnPmm).

Chromosome Preparation

Seeds from different individuals were germinated in Petri dishes at 28°C. After 3 days
the root tips were excised from germinated seedlings and treated with 8-
hydroxyquinoline solution for 3 h at 16°C and subsequently fixed in fresh ethanol :
acetic acid (3 : 1, v/v). It was difficult to obtain good and entire metaphase plates with
satisfactory spreading for precise counting of chromosomes when using classical squash
techniques. Firstly, the root tips are hard and difficult to squash, and secondly the
chromosomes of C. ciliaris tend to stick together and overlap. Therefore, we used
the air-drying technique of Geber and Schweizer (1987), with slight modifications.
After 24h—48h of fixation, root tips were washed in 0.01 M citrate buffer pH 4.6 for
10 min and then incubated in an enzyme mixture: 4 % R10 cellulase (Yakult Honsha Co.
Tokyo, Japan), 1 % pectolyase Y23 (Seishin Co., Tokyo, Japan), 4 % hemicellulase
(Sigma) for about 25 min at 37°C, depending on the root size. The protoplast suspension
was washed with the same buffer, centrifuged twice (4,000 rpm for 5 min) and finally re-
fixed in ethanol : acetic acid (3 : 1). The final pellet was resuspended in 50 pl of fixative
solution. Protoplasts were dropped on a clean slide and kept at room temperature. A
minimum of three individuals per population and about 10 cells per slide were counted.
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Estimation of Pollen Viability

The pollen grains were extracted at anthesis and stained with Alexander reagent
(Alexander 1969) that colours viable pollen red and aborted pollen green. The percent
of viable and non-viable pollen grains was determined for four individuals per ploidy
level on the basis of 100 pollen grains per individual.

Results
Genome Size Estimation

The results on nuclear DNA content are presented in Table 2. The 2C DNA value
ranged from 3.03 to 4.61 pg and revealed existence of different ploidy levels among
populations, confirmed by chromosome counts. One tetraploid population (MRO1) with
2n=4x=36 chromosomes had a mean 2C DNA content of 3.03 pg. Three pentaploid
populations with 2n=5x=45 (ME08, ME0S5 and ME(04) presented 2C DNA contents of
3.63, 3.73, and 3.74 pg, respectively. For the remaining 24 populations which were
hexaploid with 2n=6x=>54, their mean 2C DNA content ranged from 4.30 pg to 4.61 pg.

Figure 1 shows the relative nuclear DNA content found in individuals from three
populations confirmed to be tetraploid, pentaploid and hexaploid. The mean penta-
ploid 2C value (3.70 pg) was, as expected, close to the mean (3.76 pg) between the
tetraploid (3.03 pg) and the hexaploid populations (mean 4.48 pg). The insert in
Fig. 1 represents nuclei from a broader logarithmic scale, and here it is apparent that
all three individuals display endoreplication with values up to 8C.

Statistical analysis of 2C DNA content, computed for the whole dataset,
predictably showed significant differences between the tetraploid, pentaploids
and hexaploid levels (Table 2). No significant differences were observed among the
pentaploid populations (indicated by the same letter “b”). Only one significant
difference (denoted as “c” and “d”) appeared among the hexaploids: between the
aneuploid population Jeffara-17 with the highest 2C DNA content (4.61 pg) and
population Sidi Toui-26 with the lowest 2C DNA content (4.30 pg).

The Scheffé test was then applied to the most frequent and widespread hexaploid
populations (except JF17 with 2n=55). This identified two homogeneous groups.
The first one contained all populations except Jeffara-12 (with the highest mean of
2C=4.57 pg), and the second one contained all populations except Sidi Toui-26 (with
the lowest mean of 2C=4.30 pg). The only significant difference was thus between
JF-12 and ST-26 populations.

For unknown reasons the resolution of the nuclear peaks was sometimes suboptimal.
Nevertheless the peaks were symmetric and their relative position to the internal
standard was particularly stable, the intrapopulational variance being low (mean square
being of 0.005 pg). So, nuclear DNA content could be calculated with low variance. We
present here these values with the precaution that a future high-resolution analysis might
reveal marginal deviation of the absolute values from the present data and could reveal
significant differences between populations of the same ploidy level. At any rate, an
equivocal identification of the ploidy levels was possible. The monoploid value (1Cx)
showed no significant variation.
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Table 2 Chromosome number (2r), nuclear DNA content (2C) and monoploid genome size (1Cx) in the
studied populations of Cenchrus ciliaris. N — number of flow cytometric measurements

Pop.  Population 2n DNA 2CDNA  ANOVA Scheffé ICx 1Cx N Previous

code ploidy (pg) =SD* (2C test of (pg) (Mbp)* counts
level DNA)®  hexaploids® 2n°

MRO1 Morneg-01 36 4x 3.03£0.03 a - 0.75 733 8 -

SA02 Sahel-02 54 6x 4.56+0.05 cd AB 0.76 743 6 -

SA03 Sahel-03 54 6x 4.55+0.07 cd AB 0.75 733 5 -

MEO4 Mezzouna-04 45 5x 3.74+0.09 b - 0.76 743 11 8x=72
MEO5 Mezzouna-05 45 5x 3.73£0.03 b - 0.75 733 5 6x=54
MEO6 Mezzouna-06 54 6x 4.34+0.06 cd AB 0.72 704 5 -

MEOQO7 Mezzouna-07 54 6x 4.43+0.09 cd AB 0.74 723 7 4x=36
MEO8 Mezzouna-08 45 5x 3.63£0.03 b - 0.73 713 5 -

MEQO9 Mezzouna-09 54 6x 4.554£0.03 cd AB 0.76 743 5 2n=6x=54
MEI10 Mezzouna-10 54 6x 4.46+0.09 cd AB 0.74 723 7 2n=44
JRI1  Jerba-11 54 6x 4.47+0.04 cd AB 0.75 733 5 2n=6x=54
JF12  Jeffara-12 54 6x 4.57+0.05 cd B 0.76 743 5 2n=6x=54
JF13  Jeffara-13 54 6x 4.40+0.07 cd AB 0.73 713 5 -

JF14  Jeffara-14 54 o6x 4.49+0.11 «cd AB 0.74 723 11 2n=48
JF15  Jeffara-15 54 6x 4.50+0.10 cd AB 0.75 733 5 -

JF16  Jeffara-16 54 6x 4.5140.11 «cd AB 0.75 733 5 2n=60
JF17  Jeffara-17 55 o6x 4.61+0.13 d - 0.77 753 14 2n=8x=72
JF18  Jeffara-18 54 6x 4.43+0.03 cd AB 0.74 723 5 -

JF19  Jeffara-19 54 6x 4.524+0.10 cd AB 0.75 733 5 2n=6x=54
JF20  Jeffara-20 54 6x 4.51+0.08 cd AB 0.75 733 6 2n=8x=72
JF21  Jeffara-21 54 6x 4.46+0.03 cd AB 0.74 723 5 -

JF22  Jeffara-22 54 6x 4.56+0.09 cd AB 0.76 743 5 2n=48
JF23  Jeffara-23 54 6x 4.48+0.03 cd AB 0.75 733 5 -

ST24  Sidi Toui-24 54 6x 4.47+0.04 cd AB 0.75 733 5 -

ST25 Sidi Toui-25 54 6x 4.48+0.04 cd AB 0.75 733 5 -

ST26  Sidi Toui-26 54 6x 4.30+0.08 ¢ A 0.72 704 5 2n=48
ST27 Sidi Toui-27 54 6x 4.45+0.04 cd AB 0.74 723 5 -

DH28 Dhibat-28 54 6x 4.34+0.04 cd AB 0.72 704 5 -

? — mean value + standard deviation of N measurements; ® — one-way ANOVA performed on the whole

dataset, the same letter indicates no statistical differences, while different letters mean statistical differences
at P<0.05; © — Scheffé test performed on hexaploid populations with 2n=54, A and B correspond to two
homogeneous groups identified here; ¢ —1 pg=978 Mbp (according to Dolezel et al. 2003); © — Mnif et al.
(2005).

Reproductive Mode Analysis
Seed samples of all tetraploid, pentaploid and hexaploid individuals examined by
flow cytometry for their mode of reproduction yielded qualitatively the same profiles

of histograms (Fig. 2). A dominant peak of 2C somatic embryonic nuclei was coupled
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Fig. 1 Flow cytometric histogram of a propidium iodide-stained nuclear suspension prepared by
chopping one leaf from each of tetraploid, pentaploid and hexaploid individuals of Cenchrus ciliaris.
The three peaks correspond to the 2C nuclei; larger ones are off the linear scale. An inset shows data
collected on a logarithmic scale. In this case, the 2C, 4C, and 8C nuclei are evident, resulting from
endoreplication

with a smaller 3C peak corresponding to endosperm. Additional peaks with duplica-
tions of the basic values were also observed, such as 4C and 6C, resulting from
endoreduplication of 2C and 3C nuclei, respectively.

Chromosome Counting

The ploidy level of at least 84 individuals was confirmed using chromosome counting
in root tip meristems (Table 2). For each individual an average of ten mitotic
metaphase plates was scored. For all measured plants, the nuclear DNA content
completely agreed with the results obtained by chromosome counting. In this
way three ploidy levels were identified. Only one population (MRO1) was
confirmed as tetraploid (2n=4x=36) after chromosome number determination
(Fig. 3a). Three populations with mean 2C DNA content of 3.7 pg presented the
pentaploid chromosome number 2n=5x=45 (Fig. 3b). The remaining 24 populations
whose DNA content ranged from 4.30 to 4.61 pg were classified as hexaploid with 54
chromosomes (Fig. 3c). Hyper-aneuploidy was also observed for a single population
(JF17) with 55 chromosomes (Fig. 3d).

Geographical Distribution of Different Ploidy Levels

The distribution of different cytotypes of C. ciliaris in Tunisia is presented in Fig. 4.
Hexaploid populations, being the most frequent, were widely distributed from the center
to the south of the country, except two populations (SA02 and SA03) located in the
northern part (Fig. 4). Despite thorough search in the northern region we found only
one population in the extreme north, and this was tetraploid with 2n=4x=36 (MRO1).
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Fig. 2 Flow cytometric histograms of propidium iodide-stained nuclear suspensions prepared by chopping
decorticated seeds from hexaploid, pentaploid and tetraploid individuals of Cenchrus ciliaris (here without
internal standards). In each case, 2C and 4C peaks correspond to embryo tissue and the intermediate 3C
peaks are from endosperm tissue. The average frequencies of 2C, 3C and 4C nuclei were 77 %, 9 % and
14 %, respectively. The average coefficient of variation of these peaks was 3.7 %

Pentaploid populations were clustered in the north of the arid region, in the center of
Tunisia where some hexaploid populations (ME06, ME07, ME0O9 and ME10) also
occurred.

The principal component analysis (PCA) performed on the climatic variables of
the sites of collections (Fig. 5) showed that most hexaploid populations (22 out of 24)
were associated with warmer climatic conditions on the positive side of axis 1
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Fig. 3 Metaphase chromosome plates corresponding to different ploidy levels in Cenchrus ciliaris. a
Tetraploid, 2n=4x=36 (MRO1 population); b Pentaploid, 2n=5x=45 (MEO8 population); ¢ Hexaploid,
2n=6x=54 (JF14 population); d Hyper-aneuploid, 2n=6x+1=55 (JF17 population). Bar — 10 pm

(Fig. 5b), characterized by high values of thermal variables, annual mean temperature
(AnnMT) and maximum temperature of the warmest month (MaxTWarmM)
(Fig. 5a). The exceptions were two hexaploid populations (SA02 and SA03) corre-
lated with the negative side of axis 1 (Fig. 5b) representing high values for annual
precipitation (AnnPmm) and high values for the minimum temperature of the coldest
month (MinTColdM) (Fig. 5b). The occurrence of hexaploids in colder and drier
areas suggests that this cytotype can be adapted to different climatic conditions. Only
one pentaploid population (ME04) was plotted on the negative side of axis 1, clearly
separated from the other two pentaploid populations (MEO5 and MEOS) situated with
hexaploid populations on the positive side of axis 1 characterized by warmer thermal
variables. The tetraploid population (MRO1) exclusively occupied the most humid area of
the country; it was clearly associated with high annual precipitation and higher minimum
temperature of the coldest month.

Pollen Viability

Pollen viability was different for the three ploidy levels. The tetraploid cytotype had
the highest frequency of viable pollen (78 %), pentaploid had the lowest (65 %), and
the hexaploid cytotype showed intermediate frequency (76 %). Reduced pollen
viability for pentaploids is probably due to meiotic abnormalities. We observed
regular meiotic behavior generally in the tetraploid and hexaploid cytotypes, but
found occasional abnormalities in the pentaploid cytotype such as laggard chromo-
somes in anaphase I (data not shown).
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Fig. 4 Geographical distribution of different cytotypes of Cenchrus ciliaris in Tunisia. For details on
localities, see Table 1

Discussion

Chromosomes Number Variation

In this study three cytotypes were identified in Cenchrus ciliaris: the hexaploid level
(2n=6x=54) was found in 25 populations, the pentaploid one (2rn=>5x=45) in three
populations (ME04, MEO5 and MEO0S8), and only one tetraploid (2n=4x=36) popu-
lation (MRO1) was identified, for the first time in northern Tunisia. Fourteen pop-

ulations analyzed here were previously also studied by Mnif et al. (2005) (see
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Fig. 5 Principal component analysis (PCA): a Correlations and variable weights of climatic variables; b
Scatter plot of populations: hexaploid cytotype (square), pentaploid cytotype (triangle), tetraploid cytotype
(circle). AnnMT — annual mean temperature; MaxTWarmM — maximum temperature of the warmest
month; MinTColdM — minimum temperature of the coldest month; AnnPmm — annual precipitation. See
Table 1 for population codes

Table 2). Our results concord with these authors in only four cases (ME09, JR11,
JF12 and JF19), which were hexaploid (Table 2). For the other populations we found
either lower chromosome number and ploidy levels (ME0O4, MEOS, JF16, JF17 and
JF20) or higher chromosome number and ploidy levels (MEO07, ME10, JF14, JF22
and ST26, Table 2). Our counting was made on complete mitotic cells. To avoid
erroneous counts on squash preparations, especially with small chromosomes of
hexaploid C. ciliaris populations, we used a protoplast dropping technique (Geber
and Schweizer 1987). Differences in chromosome number between our results
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and those of Mnif et al. (2005) might also be attributed to the fact that the earlier
work used meiotic cells for counting. Clearly, it is more robust to determine the
chromosome number on root tip meristems than on meiotic cells (Gagnieu 1949;
Gervais et al. 1993; Brandes et al. 1997). The formation of univalents and multi-
valents in meiosis of C. ciliaris is frequent (data not shown) and it is difficult to detect
which type of multivalent (tri-, tetra- or pentavalents) occurs. For this reason the
counting of chromosomes in meiosis for C. ciliaris is problematic.

Genome Size Variation

Total DNA content determined by flow cytometry showed intraspecific differences in
C. ciliaris populations which could, however, be simply attributed to different ploidy
levels. Mean DNA content was always in accordance with chromosome number and
ploidy level. To our knowledge, this is the first report for genome size of natural
pentaploid and hexaploid populations of C. ciliaris. However, Burson et al. (2002)
analyzed the DNA amount of the 2n+n progeny of six populations (tetraploid and
pentaploid) of C. ciliaris which were self-pollinated and cross-pollinated with Bird-
wood grass (Cenchrus setigerus; 2n=36) to determine if 2n+n fertilization could be
increased by early pollination. The genome size of the tetraploid population was
estimated at 2C=3.08 pg (Burson et al. 2002), which is in agreement with the present
study (2C=3.03 pg). As expected mathematically, the natural pentaploids studied
here present 2C=3.7 pg, but this value is lower than that reported by Burson et al.
(2002). Our result for hexaploid populations (4.48 pg), again very close to a simple
mathematical extrapolation, showed lower values than those reported by Burson et al.
(4.76 pg). For the same ploidy level these authors wrote incoherently that five self-
pollinated plants had 2C=5.59 pg and were hexaploid: this DNA value would suggest
octoploids (2n=8x="72) rather than hexaploids (2n=6x=54). Moreover, these authors
used Buffelgrass (tetraploid C. ciliaris) as internal standard with 2C DNA=3.08 pg,
which has the same genome size as any tetraploid population. In our study, we started
with an internal standard (petunia) valid for pentaploid and hexaploid populations,
and took another standard (Lycopersicon esculentum) once the tetraploid group was
discovered as it was so close to petunia (although petunia nuclei can be discriminated
on their light-scattering properties). In general, any standard should have DNA
content similar but not equal to that of the sample (Roux et al. 2003).

The phenomenon of genome-downsizing (Leitch and Bennett 2004: decrease in
monoploid genome size, 1Cx, according to Greilhuber 2005) is often observed in
high polyploids. On the contrary, we did not observe this for C. ciliaris. The 1Cx
values were similar for tetraploid, pentaploid and hexaploid cytotypes (0.757, 0.746
and 0.745 pg, respectively).

In the latest phylogenetic analysis (Donadio et al. 2009) C. ciliaris was included in
the same clade as Pennisetum purpureum and Cenchrus setigerus. These species
show differences in basic chromosome number: P. purpureum is an allotetraploid
with the basic chromosome number x=7, while C. ciliaris and C. setigerus have a
basic chromosome number x=9 (Donadio et al. 2009). Unfortunately, the genome
size of Cenchrus setigerus is unknown. Tetraploid P. purpureum (2n=4x=28; 2C
DNA=4.59 pg) has a much larger genome than tetraploid C. ciliaris (2n=4x=36; 2C
DNA=3.03 pg): P. purpureum has fewer but twice larger chromosomes.
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Cytogeography of Different Ploidy Levels of Cenchrus ciliaris in Tunisia

The distribution of C. ciliaris cytotypes in Tunisia seems to follow a north-south
bioclimatic gradient. The hexaploid cytotype has a wide ecological amplitude
because it is observed from the North African Saharan regions (case of Tuni-
sia), where annual rainfall is below 100 mm, to the semi-arid region where
annual rainfall is about 350 mm. The pentaploid populations have a more
restricted occurrence, being situated in the center of the country (Mezzouna
region near the National Park of Bou Hedma) and particularly in a region
where rainfall is between 100 and 200 mm. The occurrence of hexaploids from
the semi-arid to the Saharan limits suggests that this cytotype is better adapted
to different environmental conditions. This is reflected in the current adaptive
capacity of C. ciliaris to various habitats worldwide (Arriaga et al. 2003). Indeed,
the results of the principal component analysis (PCA) performed on the climatic
variables of the collection sites (Fig. 5) indicate that the hexaploid cytotype can be
adapted to different climatic conditions. Although no single strong correlation
emerges between ploidy level and a climatic factor, hexaploid were most frequent
in the warmer climatic conditions.

During our field investigations we noted that the tetraploid population was morpho-
logically different from the other ploidy levels in terms of its purple inflorescence, in
contrast to the other populations that had yellowish inflorescence. Recently we mea-
sured several phenotypic traits associated with productivity in a common garden
environment to study the morphological variability between pentaploid and hexaploid
plants of diverse provenance (Kharrat-Souissi et al. 2011). A considerable and signif-
icant variation was observed according to provenance for the morphological traits
without, however, any relation to ploidy levels (Kharrat-Souissi et al. 2011).

The existence of pentaploid cytotype suggests hybridization ability between tetra-
ploids and hexaploids. The pentaploids are morphologically more similar to hexa-
ploids than to tetraploids. Although most C. ciliaris populations are obligate apomicts
(Fisher et al. 1954; Snyder et al. 1955), sexual forms have also been reported (Bray
1978; Sherwood et al. 1980). Accordingly, we recently observed differences among
individuals descending from the same mother plant for the Tunisian C. ciliaris by
using AFLP markers (Kharrat-Souissi et al. 2011). This unexpected level of variabil-
ity for an apomictic species suggests that the sexual mode of reproduction is not rare
in native populations of C. ciliaris.

Mode of Reproduction

The apomictic mode of reproduction known as apospory is displayed by most Cenchrus
ciliaris genotypes, but rare sexual individuals have been identified (Bashaw 1962;
Bray 1978). The pseudogamous Cenchrus ciliaris forms an embryo sac of the
Panicum type with only four unreduced nuclei at maturity (Snyder et al. 1955), as
does Panicum maximum Jacq. (Warmke 1954). Matzk et al. (2000) concluded that for
facultative apomictic species like C. ciliaris and P. maximum, flow cytometric seed
screening (FCSS) could not differentiate sexual from apomictic genotypes. As the
endosperm cells of both the aposporous and sexual plants yield 3C values, our
observations using FCSS (high 2C embryo peak with a smaller 3C endosperm peak,
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Fig. 2) do not clarify the reproductive mode of the investigated individuals from
native Tunisian C. ciliaris populations. As expected, the distinctive obligate apomic-
tic profile with 2C embryo and 5C endosperm DNA peak was never observed in our
work, but both sexual and apomictic modes probably coexist. The traditional cyto-
logical technique of dissecting immature ovaries would appear more suitable to detect
aposporous apomixis in the case of C. ciliaris, because the aposporous plants of the
Panicum type, which produce a 4-nucleate sac(s) per ovule, can be easily differenti-
ated from sexually reproducing plants that display a solitary 8-nucleate sac.

Concluding Remarks

Our cytogenetic analyses of native C. ciliaris populations shed light on the evolu-
tionary and phytogeographic history of this species in arid regions of Tunisia.
According to our investigations of nuclear DNA amounts and determination of
chromosome number, the following conclusions can be reached. The hexaploid
populations (2n=6x=54) with the highest 2C DNA value (4.48 pg) were in general
the most frequent and are particularly representative in the southern region of Tunisia.
It seems that individuals of this ploidy level can adapt to different conditions,
especially arid environments. Consequently, this cytotype would seem best for the
restoration of the degraded habitats in arid areas rather than the other ploidy levels.
One tetraploid (2n=4x=36; 2C=3.03 pg) population occurred uniquely in the north,
and pentaploids were only in the center. Flow cytometric seed screening could not
discriminate between sexual and apomictic reproduction in our case.

The present results indicate that cytogenetical analyses should be broadened, involving
more populations of all three ploidy levels, especially for the seemingly rare tetraploids.
In this way it would be possible to elucidate to what extent the Tunisian populations
remain microgeographically differentiated in overlapping zones of two ploidy levels as is
the case for hexaploid and pentaploid populations. Thereafter, a solid explanation of the
interpopulation differentiation in general and of the intrapopulation variation of genome
size and chromosome number (aneuploidy) could be developed. The hypothesis of
hybridization ability between tetraploids and hexaploids to give rise to a pentaploid
cytotype should also be verified by laboratory crosses between these two ploidy levels.

These cytogenetic approaches should improve our understanding of the origin and
phytogeographic significance of ploidy level changes as well as the relationships
between the Tunisian and other Mediterranean populations of C. ciliaris.
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