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Abstract We have analyzed the phylogenetic and ge-
nomic relationships in the genus Setaria Beauv. includ-
ing diploid and tetraploid species, by means of the mo-
lecular diversity of the 5S rDNA spacer and chromosom-
al organization of the 5S and 185-5.8S-25S rDNA genes.
PCR amplification of the 5S rDNA sequences gave spe-
cific patterns. All the species studied here share a com-
mon band of about 340 bp. An additional band of an ap-
proximately 300-bp repeat unit was found for Setaria
verticillata and the Chinese accessions of Setaria italica
and Setaria viridis. An additional band of 450 bp was
found in the sole species Setaria faberii. Fluorescent in
situ hybridization was used for physical mapping of the
5S and 18S-5.85-25S rDNA genes and showed that they
are localized at two separate loci with no polymorphism
of chromosome location among species. Two chromo-
some pairs carrying the 5S and 18S-5.85-25S rDNA
clusters can now be unambiguously identified using
FISH. Phylogenetic trees based on the variation of the
amplified 5S rDNA seguences showed a clear separation
into four groups. The clustering was dependent on the
genomic composition (genome A versus genome B)
and confirmed the closest relationship of S. italica and
S viridis accessions from the same geographical region.
Our results confirm previous hypotheses on the domesti-
cation centers of S italica. They also show the wide
difference between the A and B genomes, and even
clarify the taxonomic position of S. verticillata.
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Introduction

Setaria Beauv. is a genus of about 125 species widely
distributed in warm and temperate parts of the world.
This genus is a member of the subfamily Panicoideae and
the tribe Paniceae. It contains crop, wild and weed spe-
cies with different breeding systems, life cycles and
ploidy levels. Setaria italica (L.) P. Beauv., the foxtall
millet, is an important grain crop used as a staple food in
China, India and Japan, and is grown for silage and hay
in North and South America, Australia and North Africa
(Wanous 1990). Native species from Eurasia include
Setaria faberii Herrm. (giant foxtail), Setaria verticillata
(L) P Beauv. (bristly foxtail), Setaria adhaerans
(Forsskal) Chiov. (bristly grass), Setaria viridis (L.) P.
Beauv. (green foxtail) and Setaria pumila (Poiret)
Roemer & Schultes (yellow foxtail). They are all aggres-
sive colonizers in their native habitats and represent the
most-widely distributed weedy foxtail species (Rominger
1962). The evolution and domestication history of S ital-
ica have been studied based on morphological data and
biochemical analysis. Three domestication centers have
been suggested: China, Europe and a geographical area
ranging from Afghanistan to Lebanon (Kawase and
Sakamoto 1982, 1984, 1987; Jusuf and Pernes 1985;
Darmency and Pernés 1987; Darmency et al. 1987; Li et
al. 1995; Schontz and Rether 1999). Observations drawn
from interspecific hybridization and hybrid pollen fertili-
ty suggest that the genus Setaria is organized into three
gene pools. The primary gene pool is composed of the
diploid species (2n = 2x = 18) S italica and its putative
wild ancestor S viridis (Harlan and De Wet 1971). A
secondary gene pool contains S. adhaerans (2n = 2x = 18)
and the two allotetraploids S. verticillata and S. faberii
(2n = 4x = 36; Li et a. 1942; Benabdelmouna et al.
2001). A tertiary gene pool contains Setaria glauca (or
S pumila, 4x to 8x) in addition to many other wild spe-
cies (Zangré et a. 1992). However, genetic relationships
among the Setaria species are still poorly understood. As
mentioned by Li et al. (1998), understanding the genetic
relationships between foxtail millet and other species of



the Setaria complex can provide a basis to secure suc-
cessful parent selection and hybridization, as well as to
organize germplasm, identify cultivars, and ensure sam-
pling from a broad range of genetic variability.
Cytogenetic studies on foxtail millet and other Setaria
species is difficult because of their flowering character-
istics, their chromosome morphology and size. How-
ever, techniques such as fluorescent in situ hybridiza-
tion (FISH) to ribosomal genes, that are very useful in
studies of systematics and evolution (Mukai et al. 1991;
Maluszynska and Heslop-Harrison 1993; Benabdelmouna
and Darmency 1997; Zoldos et a. 1999), have not been
performed on Setaria species so far. During the past de-
cade, analysis of the molecular diversity of the rDNA
genes (5S and 18S-5.85-25S rDNA) and their chromo-
somal organization have already been shown to be suit-
able for the karyological characterization of species with
small and similarly sized chromosomes as well as for es-
tablishing taxonomic and phylogenetic analysis (Appels
and Baum 1991; Maluszynska and Heslop-Harrison
1991; Baum and Appels 1992; Baum and Johnson 1994;
Schmidt et al. 1994; Kolipara et a. 1997; Scoles et al.
1988; Zoldos et al. 1999). As in al higher eukaryotes,
the 5S and 18S-5.8S-25S rDNA genes are organized into
separate loci. They are located at one or more pairs of
sites that can be visualized on chromosomes by FISH
(Castilho and Heslop-Harrison 1995; Benabdelmouna
and Darmency 1997; D’'Hont et al. 1998). The genes that
code for 5S rRNA are organized into clusters of tandem
repeats with up to thousands of copies of repeated units
(Appels and Honeycut 1986). Every repeat unit consists
of a transcribed region of approximately 120 bp and a
non-transcribed spacer region varying in size and se-
guence. This variation within the non-transcribed spacer
region was found to be useful for the phylogenetic re-
construction of species and even for cultivar identifica-
tion (Kolchinsky et al. 1991; Baum and Bailey 1997;
Baum and Johnson 1998). The 18S-5.8S-25S ribosomal
RNA genes are present in several hundreds of tandemly
repeated units of the three genes with intergenic spacers,
organized in one or more clusters within the genome
(Appels et al. 1980; Saghai-Maroof et al. 1984; Flavel
1986; Rogers and Bendich 1987). We report here the

Table 1 Origin of the plant material used, its chromosome num-
ber and its putative genome attribution. The binomials correspond
to those agreed at the present time under the International Nomen-
clature Code. The accession numbers are those of the collection
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study of the genomic and phylogenetic relationships of
five Eurasian species of the genus Setaria using the 5S
rDNA molecular diversity and the intrachromosomal or-
ganization of the 5S and 185-5.8S-25S rDNA genes by
FISH on metaphase chromosomes.

Materials and methods
Plant materias

The Setaria wild species and the S. italica lines used in this study,
as well as their characteristics, are listed in Table 1. Their taxo-
nomical status has been checked according to the International
Nomenclature Code (Kerguélen 1999) and their ploidy level and
genome structure confirmed in a recent study (Benabdelmouna
et al. 2001). Plants were grown in a greenhouse at 20°C for a 16-h
day length and 15°C during the night.

PCR amplification, Southern hybridization,
and sequence analysis of the 5S rDNA genes

Amplification of 5S rRNA was made by PCR amplification of
total genomic DNA in the presence of the 5S-specific primers
5-GTGACCTCCTGCGAAGTCCT-3 and 5'-CCCATCCGTGTA-
CTACTCTC-3 (D’'Hont et al. 1998). These primers were designed
on the basis of conserved regions of the 5S wheat and barley
sequences. The standard amplification mixture (50 pl) contained
5 ng of genomic template DNA, 0.4 M of each primer, 250 uM
each of dATRP, dCTP, dGTP and dTTP (Pharmacia), 5 pl of
reaction buffer [170 mM (NH,), SO,, 15 mM MgCl, 670 mM
Tris-HCI, pH 8.8] and 2 units of Tag polymerase (BRL). Thirty
amplification cycles were performed on a PTC 200 thermal-cycler
(MJ Research). Each cycle consisted of denaturation at 93°C for
55 s, annealing at 60°C for 25S and primer extension at 72°C for
35 s. Amplification products were separated by electrophoresis on
2% agarose gels. They were then stained with ethidium bromide
and visualized using an ultraviolet transilluminator. Verification of
the 5S rDNA nature of the amplified sequences and Southern anal-
ysis were both performed using a heterologous 5S rDNA probe
from Petunia hybrida (Benabdelmouna and Darmency 1997). The
PCR gels and the BamHI-digested total genomic DNA from the
chosen Setaria species and S. italica were transferred to nylon
membranes (Amersham, N*) according to Southern (1975). Mem-
branes were then hybridized with a heterologous 5S rDNA probe
labelled with 32P-dCTP (3000 mCi/ml) using a random primed
DNA labelling kit (Boehringer). Autoradiograms were obtained
after overnight exposure at —80°C.

Each amplification product was cloned, without further diges-
tion, in pT7 Blue T-Vector (Novagen) following the manufacturer’s

held at our laboratory. The superscripts indicate that the material
has been collected by: 1 Prof. Ph. Jauzein, Institut National Agro-
nomique; 2 M. Rougeron, Limagrain; 3 Prof. I.N. Morrison, Uni-
versity of Manitoba; 4 Prof. J. Pernés, Université Paris-XI|

Species Accession Origin Code Ploidy level Genome
S adhaerans 97.009 Spain (Catalonia)! ADH 2n=2x=18 BB

S verticillata 97.007 France (Normandy)! VERTI 2n =4x =36 AABB
S. faberii 97.008 Austrial FAB 2n=4x=36 AABB
S viridisvar. viridis 94.185 France (Charente) 2 VIR1 2n=2x=18 AA

S viridis var. pycnonoma 94.186 France (Auvergne) 2 VIR2 2n=2x=18 AA

S viridisvar. viridis 96.174 Canada (Manitoba) 3 VIR3 2n=2x=18 AA

S viridisvar. viridis 92.014 Canada (Manitoba) 3 VIR4 2n=2x=18 AA

S viridisvar. viridis 90.059 China (Heilongjiang) 4 VIR5 2n=2x=18 AA

S italicacv Amende 4 93.004 China (Heilongjiang) 4 AM 2n=2x=18 AA

S italicacv Jigu 11 93.036 China (Hebei) 4 JG 2n=2x=18 AA
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instructions and transformed into Escherichia coli XL1-blue. Re-
combinant clones were plated onto selective media and screened by
the blue/white method. Minipreparations of positive clones were
prepared according to Maniatis et al. (1989) and sequenced using
fluorescent sequencing by Genome Express (Grenoble, France) us-
ing the M13 forward and reverse universal primers. The resulting
sequences were analyzed by the GCG package (Infobiogen). The
Setaria 5S rDNA sequences were aligned against 5S rDNA from
Triticum aestivum (TASSDNAR, Baum and Appels 1992) using
CLUSTALW (Thompson et a. 1994) then were further improved
by visual examination and editing using GENEDOC (Nicholas and
Nicholas 1996). Sequences were subjected to similarity searchesin
the GenBank and EMBL (European Molecular Biology Laboratory)
databases using the National Center of Biotechnology Information
(NCBI). Phylogenetic analysis and bootstrapping (100-1,000 repli-
cations) were performed using the PHYLIP package (version 3.5,
Felsenstein 1995) and fastDNAML program (version 1.0.6; Olsen
et al. 1994). Trees were constructed by maximum-likelihood (ML),
parsimony and distance methods. ML analyses were done using the
fastDNAML program. The transition-transversion ratios of 2 (de-
fault) were used to estimate a maximum-likelihood tree with Jumble
(random sequence addition order) and global branch swapping op-
tions. Parsimony analysis used DNAPARS and the strict consensus
tree obtained after CONSENS. For distance-based analysis, a simi-
larity matrix was obtained by DNADIST, using Kimura's two-pa-
rameter model of distance estimation (Kimura 1980) to infer the
phylogeny of 5S rDNA genes. The similarity matrix was analyzed
by the FITCH agorithm and a strict consensus tree obtained using
CONSENS. The degree of support for each branch on the strict
consensus tree was assessed by bootstrap analysis (100-1,000
replicates). The strict consensus trees were edited by tree view
(Page 1996). The GenBank accession number. of all the nucleic
acid sequences used ares ADH (AF227004), AM (AF227005),
AMS (AF227006), FAB (AF227007), FABL (AF227008),
JG (AF227009), JGS (AF227010), VERTI (AF227011),
VERTIS (AF227012), VIR1 (AF227013), VIR2 (AF227014),
VIR3 (AF227015), VIR4 (AF227016), VIR5 (AF227017),
VIRSS (AF227018); see abbreviation of plant materialsin Table 1.

FISH analysis
Chromosome preparation

Chromosome preparation was done according to Benabdelmouna
and Darmency (1997) with minor modifications. Briefly, root-tips
of about 2 cm in length were treated with saturated alpha bromo-
naphthalene for 45 min to accumulate metaphases. All treatments
were performed at 27°C in the dark. After rinsing with distilled
water, the root-tips were fixed in 3:1 (v/v) 100% ethanol: acetic
acid and stored at —20°C until use. The fixed root-tips were rinsed
with distilled water and then incubated at 37°C in an enzyme mix-
ture (0.25% pectolyase Y-23, 3% cellulase onozuka R-10, 0.4 M
sorbitol, pH 5.5) for 90 min. After incubation the root-tips were
transferred to fresh cold 45% acetic acid for 15 min. A single root-
tip was transferred in adrop of 45% acetic acid onto a cleaned slide
before gentle squashing. The cover dlips were removed by immers-
ing slides in liquid nitrogen and the preparations were dehydrated
for 10 min each in a graded series of 70%, 95%, and absolute etha-
nol at room temperature. The air-dried slides were stored at room
temperature, up to 1 month, in sealed containers until use.

DNA probes

For the 185-5.85-25S rDNA probe we used the 6.1-kb EcoRI frag-
ment from sunflower kindly provided by P. Heizmann (Choumane
and Heizman 1988). This 6.1-kb EcoRI fragment carries an almost
complete 18S fragment, the IGS and a small part of the 25S
fragment. This probe was labelled by means of nick translation
(Boehringer) following the supplier’s instructions. When used
aone, labelling of the 6.1-kb EcoRI fragment was done with dig-
oxigenin-11-dUTP or by direct incorporation of tetramethylrhod-
amine-6-dUTP, when used in co-localisation experiments.

The 5S rDNA probe was a mix of the cloned PCR product ob-
tained from S. adhaerans (B genome) and S. viridis (A genome).
This probe was labelled by digoxigenin-11-dUTP either by means
of nick trandation or by PCR amplification using the described
5S-specific primers according to the supplier’s instructions.

In situ hybridization

The in situ hybridization reaction was done as described in
Benabdelmouna and Darmency (1997). The hybridization mixture
was prepared to a final concentration of 10 ng/ul of the digoxige-
nin-labelled probe, 600 ng/pl of autoclaved herring sperm DNA,
2 x SSC, 10% dextran sulfate, 0.1% SDS, 1 mM EDTA, 1 x
Denhardts and 50% de-ionized formamide. Sites of probe hybrid-
ization were detected with the immunodetection procedure using
fluorescein-conjugated anti-Dig antibody (green fluorescence) and
chromosomes were counter-stained with propidium iodide (red
fluorescence).

Co-localization of the 5S and 185-5.85-25S genes was done by
using the same 5S rDNA probe labelled with digoxigenin-11-
dUTP, detected with FITC (green fluorescence), and the same
18S-5.85-25S rDNA probe labelled with tetramethylrhodamine-6-
dUTP (red fluorescence). In this case, chromosomes were counter-
stained with DAPI (4',6-diamidino-2-phenylindole, blue fluores-
cence). For visualization, chromosome preparations were analyzed
using a Leitz epifluorescent microscope with appropriate filters,
and photographs were taken on Fujicolor 400 color slide film.

Results

PCR amplification of 5S rDNA genes
and Southern hybridization analysis

PCR amplification of the 5S rDNA produced the banding

pattern shown in Fig. 1. The same banding pattern was ob-
served when the PCR amplification products were hybrid-
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Fig. 1 PCR amplification of 5S rDNA sequences from different
Setaria species. PCR amplification products were loaded onto 2%
gel agarose and stained with ethidium bromide. L 100-bp size
marker; lane 1 S. adhaerans; lanes 2—6 five different accessions of
S viridis; lane 7 S verticillata; lane 8 S. faberii; lanes 9-10 two
different accessions of S italica. The dark arrowhead indicates the
small 5S rDNA unit of about 300 bp produced in S verticillata, the
two accessions of S italica and in only one accession of S viridis.
The arrow indicates the ““normal” 340-bp unit amplified in al the
tested species. The open arrowhead indicates the large 5S rDNA
unit of about 450 bp observed in the sole species S. faberii



Fig. 2 CLUSTALW multiple
alignment of the 5S DNA se-
quences amplified from the dif-
ferent Setaria species against
the 5S rDNA sequence from
wheat (TASSDNAR, Baum and
Appels 1992). Alignments be-
gin with the spacer sequences J1iG
followed by the coding se- FABL
guences. Spacer domains start FAB

with the block of T-rich se- VIR4
quences at the 5’ end followed 75

by coding regions that start JIGS
with the sequence GGATGC TASSDNAR
indicated by aretangular

frame. Three size classes were
obtained, ‘‘normal’’ units of
about 340 bp, small units of
about 300 bp, and alarge unit
of 450 bp. Sequence abbrevia-
tions correspond to cloned 5S VIRL
rDNA sequences obtained VIRS
from: S. adhaerans (ADH), AM

five accessions of S. viridis JI16
(VIR1, VIR2, VIR3, VIR4, FABL
VIRS5, for the normal unit, and i)
VIRSS, for the small unit), AMS

S verticillata (VERTI, for the VIRS5S
normal unit, and VERTIS, for JIGS

the small unit), S. faberii (FAB, TASSDNAR
for the normal unit, and FABL,

for the long unit), and two ac-
cessions of S italica (AM and
J G, for the normal unit, AMS
and JIGS for the small unit).
Numbers on the right indicate
sequence lengths and (-) de- VIRL
note gaps. Primary shading VIRS
(black) corresponds to 90% se- ;“‘;G
quence similarity, secondary FABL
shading (dark gray) correspond FAB
to 80% sequence similarity, and
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VIR3
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VIR1
VIRS
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JIG
FABL
FAB
VIR4
AMS
VIRSS
JIGS
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a

ized with the heterologous 5S rDNA probe from Petunia
(data not shown), which confirmed the 5S rDNA origin of
the PCR products. Different sizes of rDNA repeats were
observed. A common band of about 340 bp was produced
for al species. Additional bands were observed, of about
300 bp in S italica, S verticillata, and in one accession
only of S viridis, and of about 450 bp in S faberi.
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Southern blots obtained after BamHI digestion of
total genomic DNAs and probing with the Petunia 5S
rDNA probe showed characteristic restriction ladders in
al digests (data not shown). Each restriction ladder was
characterized with a specific periodicity which can be
clearly related to the corresponding 5S amplification pat-
terns shown in Fig. 1. A basic periodicity of approxi-
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Fig. 2 (continued)
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mately 340 bp was revealed in all the species used. An
additional periodicity of 300 bp was reveaed in the two
lines of S italica, one of the five accessions of S. viridis,
and S. verticillata. In S. faberii, an additional periodicity
of about 450 bp was observed.

Sequence analysis of 5S rRNA genes
and phylogenetic analysis

The 15 PCR-amplified bands were cloned without
further BamHI digestion and sequenced. FABL refers to
the largest band of about 450 bp, and JGS, AMS,
VIR5S and VERTIS to the smallest bands of about
300 bp. These 15 sequenced clones ranged in size from
291 to 431 bp. The sequence alignments were arranged
to start with the block of T-rich sequences at the 5" end
of the non transcribed region implicated in transcription

TEATACCAGCACTAAAGCA
TCATACCAGCACTAAAGCACC

TCATACCAGCACTAAAGCA

245
225
262
262
261
264
264
264
264
357
258
257
211
217
214
303

318
298
335
335
334
337
337
337
337
430
332
332
284
G C ;290
CC ) GTT GAG ¢ : 287

C 5C 376

TCCGAAGTTRAAGCGTGCTTGGGCGAGAGTAGTACAC
"TCCGAAGTTRAAGCGTGCTTG

termination, followed by the 5S rDNA gene. The coding
region begins with the sequence GGATGC approxi mate-
ly 90 bp upstream of the 3' end (Fig. 2). This alignment
confirms the similarity between al the sequences
studied, especialy within the coding region, starting
with the sequence GGATGC. FABL presented two inser-
tion events. The first one of 66 bp from position 200 to
position 266, and the second one of 32 bp from position
273 to position 305. In contrast, AMS, JIGS and VIRS
presented one deletion event at the 5' end. This deletion
event occurred from position 1 to position 52 for the two
S italica 5S rDNA sequences (AMS and JIGS), while it
occurred from position 1 to position 46 for VIRS S. Two
smaller deletions were found in VERTIS from position
23 to position 35, and from position 68 to position 87.
The overall sequence similarity between the analyzed se-
guences ranged from 64%, between FAB and ADH, to
99%, between VIR2 and VIR3 or between VIR1 and
VIR5 (Table 2). The strict consensus trees obtained us-
ing the distance, parsimony and ML methods were es-
sentially similar in their topology. The 5S rDNA se-
guences analyzed formed four major branches (Fig. 3).
Branch | contained ADH and VERTIS, branch Il con-
tained VIR5 S, AMS and JIGS, branch Il contained
VIR1, VIR5, AM and JIG, and branch IV contained
VIR4, FAB, VIR2, VIRS3, VERTI and FABL. These four
branches were strongly supported with bootstrap values
ranging from 89% to 100% for branch I, 87% to 88% for
branch 11, 80% to 98% for branch 111, and 60% to 80%
for branch IV. The level of 5S rDNA sequence similarity
within each branch ranged from 92% to 99% (Table 2).



Table 2 Sequence percent similarity for the cloned 5S rDNA se-
quences obtained from the different Setaria species. Values of per-
cent similarity were deduced from distances between sequences
calculated using the Kimura two-parameter method. Sequence ab-
breviations correspond to cloned 5S rDNA sequences obtained
from: S. adhaerans (ADH), five accessions of S. viridis (VIR1,

673

VIR2, VIR3, VIR4, VIRS5, for the norma unit, and VIR5S, for
the small unit), S verticillata (VERTI, for the normal unit, and
VERTIS, for the small unit), S faberii (FAB, for the normal unit,
and FABL, for the long unit), and two accessions of S. italica (AM
and JIG, for the normal unit, AMS and JIGS, for the small unit)

Sequence ADH VERTIS VIR2 VIR3 VERTI VIRL VIRS AM JG FABL FAB VIR4 AMS VIR5S JGS
ADH 100
VERTIS 92 100
VIR2 66 73 100
VIR3 67 74 99 100
VERTI 67 74 9% 97 100
VIR1 67 73 94 95 95 100
VIR5 68 74 95 9% 96 99 100
AM 67 73 95 96 96 97 98 100
JG 68 74 95 96 96 97 98 98 100
FABL 67 72 91 92 93 91 @ 92 93 100
FAB 64 71 94 94 95 94 94 94 94 91 100
VIR4 66 73 94 95 95 93 94 94 94 91 94 100
AMS 72 75 90 92 91 91 92 92 93 90 90 90 100
VIR5S 71 74 89 90 90 90 91 91 91 88 90 89 98 100
JGS 73 76 91 @ 92 92 93 93 94 90 91 91 97 98 100
_EOV'R3 Chromosomal localization of the rDNA genes by FISH
VIR2 Fluorescent in situ hybridization was carried out on all
Setaria species using as a probe the cloned 5S rDNA
VERT | ™ PCR product obtained from S. adhaerans and S viridis.
B Two sites of the 5SrDNA genes were revealed in the dip-
‘ I53 FAB loid species at a pericentromeric position on a pair of
57 VIR metacentric to sub-metacentric chromosomes. In the
tetraploid species, four sites were revealed at the same
| I FABL pericentromeric position (Fig. 4 f—). When the heterolo-
gous 18S-5.85-25S rDNA probe from sunflower was
72 VIR1 used, FISH also showed two hybridization sites in the
04 diploid species, S adhae(ans, S viridis and S italica.
VIRS These two hybridization sites were located at the end of
m onearm of apair of metacentric to sub-metacentric chro-
AM mosomes normally associated with a secondary constric-
a7 50 tion (Fig. 4 a<). The same probe revealed four hybrid-
e G ization sites in the tetraploid species S. faberii and S. ver-
ticillata. These sites were located at the end of two meta-
VIRSS centric to sub-metacentric chromosome pairs (Fig. 4 d-€).
_E Simultaneous co-locdization of the 5S and 185-5.85-25S
— AMS ' rDNA sites showed that these two gene clusters were car-
&2 ried by two distinct chromosome pairs (Fig. 4 ).
—JIGS
ADH Discussion
89 I
I—VERT.S Polymorphism of rDNA has often been used to investi-
gate phylogenetic relationships among species and to
TASSDNAR organize groups of strains within a species. Recently,

Fig 3 Phylogenetic analysis of 5S rDNA sequences amplified in
Setaria species. The tree was rooted with TASSDNAR from wheat.
The strict consensus tree presented here was constructed using the
maximum-likelihood method (fastDNAML program) with 100
bootstrap replicates. Numbers adjacent to branches indicate the per-
centage of bootstrap replicates supporting that branch. The 15 se-
quences could be divided into four groups (I to V). Trees con-
structed using distance or parsimony methods were essentialy sim-
ilar in their topology to the maximum likelihood-generated tree

RFLP analysis of 185-5.8S-25S rDNA provided interest-
ing data on the geographical distribution and relation-
ships among foxtail millet accessions (Fukunaga et al.
1997). Our study focuses on 5S rDNA, using PCR
amplification, sequence analysis, and chromosomal lo-
calization in five Setaria species of the gene pool of fox-
tail millet. The physica mapping of the 185-5.85-25S
and 5S rDNA genes showed that they are organized at
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Fig. 4a- Fluorescencein situ
hybridization with the 18S-
5.85-25S rDNA probe (a—€),
the 5S rDNA praobe (f—), or a
combination of the two rDNA
probes (j) to root-tip meta-
phases from different Setaria
species. Chromosomes were
counter-stained either with
propidium iodide (red fluores-
cence, a—g, i) or with DAPI
(blue fluorescence, h and j).
The heterologous 18S-5.8S-
25S rDNA probe from sun-
flower revealed two large yel-
low sitesin the diploid species
S adhaerans (a), S. viridis (b)
and S. italica (c), while four
large hybridization sites were
revealed in the tetraploid
species S. faberii (d) and S.
verticillata (e). All these
18S-5.8S-25S rDNA sites were
located at the end of metacen-
tric to sub-metacentric chromo-
some pairs (arrows). The ho-
mologous 5S rDNA probe from
the cloned PCR products ob-
tained from S. adhaerans (ge-
nome B) and S viridis (genome
A) revealed also two hybridiza-
tion sitesin the diploid species
S adhaerans (f), S viridis (g)
and S italica (h), whileit
revealed four hybridization
sitesin the tetraploid species

S faberii and S. verticillata (i).
These sites were |ocated at

a pericentromeric position
(arrows). Co-localization of the
two rDNA probes (185-5.85-
25S rDNA |abelled with rhoda-
mine and 5S rDNA l|abelled
with digoxigenin and revealed
with fluorescein) showed that
these two gene clusters were
carried by two distinct chromo-
some pairs (j). Arrows indicate
the 5S rDNA sites and arrow-
heads indicate the 185-5.8S-
25S rDNA sites. Photographs
a—g were taken with confocal
microscope while photographs
h— were taken with an epifluo-
rescence microscope. Bar

equals 8 um




two separate loci. No polymorphism of chromosome
location among species and genomes was observed. Two
chromosome pairs can now be unambiguously identified
using FISH: one pair carries the 5S rDNA cluster, while
another chromosome pair has the 185-5.85-25S rDNA
cluster. This will help to clarify the genetic map of fox-
tail millet that has been recently constructed (Wang et al.
1998) and to assign linkage groups to physically marked
chromosomes.

The PCR-amplified products produced in this study
were clearly shown to have a 5S rDNA origin. This was
indicated by the PCR amplifications combined with the
hybridization results with the heterologous 5S rDNA
probe from P. hybrida and also by sequencing. This am-
plification pattern was confirmed by Southern analysis
which produced different restriction ladders reproducing
the specific periodicity revealed in the PCR amplifica-
tion. One obvious cause for the ladder differences is
variation in the restriction sites. Thisis alikely possibili-
ty for sites that are in the spacer, but unlikely for a site
that is within the coding region. Variation in the restric-
tion site might be due to C-methylation, especially when
using BamHI which is known to be sensitive to C-meth-
ylation. As found in our previous work on Petunia
(Benabdelmouna and Darmency 1997) and in other
work on Triticum (Dvorak et a. 1989), maize and differ-
ent dicots (Mascia et al. 1981; Rafalski et al. 1982;
Goldsbrough et al. 1983) we conclude that the ladders
produced on the different Setaria species were caused by
C-methylation of BamHI restriction sites.

All the species studied here share a common band of
about 340 bp. S adhaerans and four of the five acces-
sions of S viridis have this unique band. An additional
band of an approximately 300-bp repeat unit was found
for S italica, one of the five accessions of S viridis, and
S verticillata. An additional band of 450 bp was aso
found in the sole species S. faberii. Comparison of these
amplified repeat units and the published T. aestivum 5S
rDNA sequences (TASSDNAr, Baum and Appels 1992)
revealed a high similarity between them, especially in the
coding region which begins with the sequence GGATGC
approximately 90 bp upstream from the 3' end. Assuming
that the size of the coding sequences of the 5S rRNA
genes is 120 bp, the length of the non transcribed spacer
sequence between the 5S rRNA genes in the genus Setar-
ia would vary in length from 180 to 330 bp.

The overall sequence similarity between the analyzed
sequences varied from 64% to 99% which indicates a
high degree of interspecific nucleotide diversity (up to
36%). This result seems to be supported by the work of
Kellog and Appels (1995) who aso found a high degree
of interspecific variation in the spacer, and even in the
gene sequence, after comparison of the 5S rDNA gene
sequences across 34 Triticeae species. Phylogenetic trees
based on the 5S rDNA sequences amplified in Setaria
species were rooted with TASSDNATr from T. aestivum.
Whatever the method, the clustering alowed us to sepa-
rate these 5S rDNA sequences into four groups. The first
one included 5S rDNA units amplified in the species that
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are thought to have genome B: S. adhaerans and S. ver-
ticillata (VERTIS). Although VERTIS shows two dele-
tions compared to the common 340-bp band, it is clearly
more similar to ADH, indicating that these deletions
probably occurred after the origin of the alotetraploid
S verticillata. In contrast, the second band of S. verticill-
ata, VERTI of 340 bp, is more similar to bands of S. viri-
dis (group 1V) and is likely to belong to the A genome.
The other allotetraploid, S. faberii, that has also one set
of chromosomes of the B genome, has two units includ-
ed in group IV, of which one, FABL, is well-separated
from the others and could belong to the B ancestor. In-
deed, it is likely that the two insertions observed in
FABL, adding up to 100 bp, could greatly modify its
similarity with the origina unit belonging to the B ge-
nome. The second group included the small unit (300 bp)
amplified in the two Chinese cultivars of S. italica and in
the Chinese accession of S. viridis (VIR5 S) which are
known to share the same A genome. This small rDNA
unit is not found in the other accessions of S viridis.
This similarity among Chinese material is in agreement
with the theory of a domestication center for the foxtail
millet in China from local Chinese S viridis (Kawase
and Sakamoto 1984; Jusuf and Pernés 1985; Li et al.
1998; Wang et a. 1998). More accessions of the wild
species from various regions should be analyzed in order
to definitely correlate the presence of the small unit to
its sole Chinese origin. If so, it could provide a useful
marker to distinguish historical seed-crop exchanges be-
tween different regions versus the independent regional
domestication processes of foxtail millet. The third
group included the “normal’” 5S rDNA unit (340 bp)
amplified in the cultivated and wild Chinese species in
addition to one French accession of S viridis (VIR1).
The “‘normal” units of the three other accessions of
S viridis are located in the fourth group, together with
those of the tetraploid species. This unit in the allotetra-
ploids certainly belongs to the A genome because it is
grouped with that of S, viridis. Separating this *‘normal”
unit into two clusters denotes the huge variability of the
5S rDNA gene spacer and confirms its value for investi-
gating phylogeny and gene flow within the gene pool of
a cultivated species. Thus, the clustering supports the
view of the closest relationship of the S italica and
S viridis accessions from the same region, and it
provides a new tool to investigate previous hypotheses
on the domestication centers of S italica. It aso
confirms the wide difference between the A and B geno-
mes, and even the taxonomic position of S. verticillata
that has been recently shown to be alotetraploid
(Benabdelmouna et al. 2001), because one rDNA unit is
close to that of species having the A genome while the
other is similar to that of species having the B genome.
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