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Abstract The structure and organization of the 5S ribo-
somal DNA units of the silver fir, Abies alba Mill., as well
as their position in the chromosome complement were
investigated. PCR amplification of the gene and non-
transcribed spacer region, sequence analysis and Southern
hybridization, using a homologous probe, detected DNA
sequences of approximately 550 bp and 700 bp. Sequence
analysis of the spacers revealed that the difference in
length between the sequences occurred in the middle
spacer region as a result of the amplification of a 75-bp
sequence of the short unit class, which is organized in four
54- to 68-bp tandem repeats in the long spacer unit. The 5S
rDNA transcribed region is 120 bp long and shows high
sequence similarity with other gymnosperm species. The
comparative analysis of 5" and 3’ flanking sequences of 5S
rRINA genes of silver fir and other gymnosperms indicates
that A. alba spacer units have the same rate of evolution
and are more closely related to Larix and Pseudotsuga
than to Pinus and Picea. Southern hybridization and
fluorescence in situ hybridization of metaphase chromo-
somes of A. alba suggest that the short and long
spacer units are organized as separate tandem arrays at
two chromosomal loci on chromosomes V and XI.
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Introduction

Silver fir (Abies alba Mill.) belongs to the genus Abies,
which together with the genera Picea, Keteleeria, Cat-
haya, Pseudotsuga and Tsuga, is grouped in the sub-
family Abietoideac. Although more than 70 fir species
have been described, only between 39 and 55 species are
currently recognized (Liu 1971; Rushforth 1987; Farjon
1990; Vidakovic 1982). Of these, six species, including
silver fir, grow in Europe. Silver fir is distributed in the
mountainous regions of southern Europe, in both the
east and west. This species, together with Picea abies, is
a dominant component of forests in the mountain region
of central and southern Croatia. The present geo-
graphical distribution of silver fir in Europe is the result
of postglacial recolonization, which began about
11,000 years ago from warm refugia in southern Europe,
where the species survived the last glaciations, and
reached the limits of its present range 6,000 years BP
(Vendramin et al. 1999). During the last decade, the
genetic structure of silver fir populations has been more
precisely studied in order to obtain the geographical
pattern of genetic variation due to the genetic differen-
tiation in the glacial refugia. The results obtained from
chloroplast DNA and mitochondrial DNA (mtDNA)
provide evidence that even a species with a very long
lifespan and heavy pollen grains, such as 4. alba, was
able to establish highly efficient pollen-mediated gene
flow between refugia. On the basis of the maternal
inheritance of mtDNA, Liepelt et al. (2002) identified
Croatia as an introgression zone between eastern and
western A. alba lineages. Contact between these lineages
was established approximately 7,000-7,500 years ago. In
comparison with other gymnosperm species, little is
known about the structure and organization of the A.
alba nuclear genome and its genetic divergence.

The ribosomal 5S rRNA and 185-5.85-26S rRNA
(18S rRNA) multigene families are the most widely used
gene families in the determination of phylogenetic rela-



tionships between plant and animal species. In plants, as
in most higher eukaryotes, 5S rRNA genes are organized
in tandem repeats and the number of repeats varies from
less than 1,000 to over 75,000 (Campell et al.1992; Sastri
et al. 1992). 5S rDNA arrays are located at one or more
chromosomal loci, which in most species are separated
from 18S rDNA loci. 5S rRNA tandem units consist of
the 5S rRNA gene and an intergenic, nontranscribed
spacer (NTS). The 120-bp 5S rRNA gene sequence is
highly conserved across species, while the NTS region
exhibits variation in base composition and length
(ranging from 100 bp to over 800 bp) from species to
species. The high level of conservation of the 5S rRNA
gene is associated with the precise function of 5S rRNA
as a component of the large ribosomal subunit in all
eukaryotic organisms. Some regions of the gene are
more conserved than others, which are explained by the
regulation of 5S rRNA transcription. In eukaryotic cells,
the transcription of the 5S rRNA gene depends on the
binding of transcription factor TFIIIA to DNA se-
quences Box A and Box C located within the gene
(Szymanski et al. 1998). Alterations in the DNA se-
quence within either box as well as changes in the dis-
tance between boxes can prevent or reduce transcription
(Hayes and Tullius 1992). Studies on the structure of 5S
rRNA arrays indicate that the region 10-40 bp up-
stream of the gene also has a regulatory function (Scoles
et al. 1988, Gottlob-McHugh et al. 1990).

Because the 5S rRNA genes are highly conserved,
their sequence analysis is used for inferring phylogenetic
relationships among deep branches of eukaryotes (Soltis
et al. 1998). The spacer region is more informative for
the study of phylogenetic relationships at the interspe-
cific and intergeneric levels due to the faster rate of
divergence in comparison to the highly conserved coding
region. Differences in spacer regions appear as a result of
duplication and/or deletion accumulated mostly in the
middle spacer region (Scoles et al. 1988; Sastri et al.
1992).

Multiple copies of 5S rRNA gene families, as other
multigene families, can undergo concerted evolution due
to homogenizing forces that lead to the high level of
identity of all gene copies within the species. Differences
in the sequences are the result of normal levels of diver-
gence between the orthologous genes in different species.
Molecular processes that lead to concerted evolution are
unequal crossing-over, gene conversion and replication
slippage, but the rate at which the variant repeat types
become homogenized depends upon other factors such as
the number of repeats in an array, intensity of natural
selection and effective population size (Smith 1976;
Basten and Ohta 1992; Schlétterer and Tautz 1994).

In contrast to angiosperms, the structure and orga-
nization of the 5S rDNA locus has only been charac-
terized in a few gymnosperm species in genera: Pinus
(Van de Peer et al. 1990; Mashkova et al. 1990; Gorman
et al. 1992; Moran et al. 1992; Liu et al. 2003b), Larix
(Trontin et al. 1999), Picea (Brown and Carlson 1997)
and Pseudotsuga (Amarashinge and Carlson 1998). In all

731

the species investigated, the 5S rDNA repeats have a
conserved 120-bp transcribed region and an NTS that
varies not only in size (from 101 bp in Picea glauca to
880 bp in Pseudotsuga menziesii) but also in the number
of different size classes. In Asian pines, the length of the
NTS varies from 382 bp to 401 bp in P. bungeana and
from 538 bp to 608 bp in four diploxylon pines (Liu
et al. 2003b). Intragenomic and interspecific heteroge-
neity in five Asian pine species has been explained to be
a result of the action of ‘stronger’ concerted evolution
following the diversification of the two subgenera, Pinus
and Strobus, and very ‘weak’ concerted evolution fol-
lowing the speciation of four diploxylon pines (Liu et al.
2003b). In Pinus radiata, the 5S rRNA genes occur in
two size classes of about 525 bp and 850 bp in length
(Gorman et al. 1992; Moran et al. 1992). Moran et al.
(1992) have found that all 11 species in the subgenus
Strobus have only a short 5S rDNA size class. The same
study showed that New World species of the subgenus
Pinus have both short and long size classes, whereas Old
World species only have the longer size class. Two highly
divergent size classes of 5S rDNA were identified in
larch species (Trontin et al. 1999) and in P. glauca
(Brown and Carslon 1997).

Chromosomal localization and physical mapping of
5S rDNA loci in most gymnosperm species investigated
so far revealed a single 5S rDNA locus (Doudrick et al.
1995; Lubaretz et al. 1996; Brown and Carlson 1997,
Amarasinge and Carlson 1998; Hizume 1999; Siljak-
Yakovlev et al. 2002; Liu et al. 2003a). In some Pinus
species, one to three loci were detected (Liu et al.
2003b), whereas in P. radiata, Gorman et al. (1992)
found 5S rRNA genes spread on all chromosomes.
There is no information on the chromosomal distribu-
tion of the two size classes of 5S rDNA in Larix de-
cidua and Larix kaempferi (Trontin et al. 1999). One 5S
rDNA locus detected in the chromosome complement
of L. decidua by Lubaretz et al. (1996), however, sug-
gests that both size classes may be present at the same
locus. Sequence heterogeneity among repeats within
individual arrays (loci) is probably the case in P. gla-
uca, in which Brown and Carlson (1997) also found
only one 5S rDNA locus. These results demonstrate
that concerted evolution forces in those species were
not strong enough to overcome the forces generating
variation.

In this paper, the 5S rDNA unit structure and orga-
nization in A. alba are described in terms of amplifica-
tion patterns, nucleotide sequence, composition of
tandem arrays and position of 5S rRNA genes in the
chromosome complement.

Materials and methods
Plant material and DNA isolation

The analyses of 5S rDNA were performed on two A.
alba Mill. genotypes (DD1 and DD2) collected from the
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Donja Dobra population in the Gorski Kotar region
(central part of Croatia). Total DNA was extracted from
young needles, using the cetyltrimethyl ammonium
bromide method described by Doyle and Doyle (1987).
For chromosome preparations, silver fir seedlings were
provided by the Forestry Research Institute ‘Jastrebarsko’.

Polymerase chain reaction amplification of 5S rDNA,
cloning and sequencing

Polymerase chain reaction (PCR) amplification was car-
ried out in a 25-ul reaction containing 5-10 ng silver fir
DNA, 0.4 uM of primers P3 and P4 or primers P2 and P5,
200 uM dNTPs, 10 mM Tris-HCL (pH 8.3), 50 mM KCl,
2 mM MgCl, and 2 U Tag DNA Polymerase (Fermen-
tas). Two primers, P3 (5-GAGTTCTGATGGGATC
CGGTG-3) and P4 (5-CGCTTGGGCTAGAGCAG-
TAC-3’), used by Brown and Carlson (1997) for 5S rDNA
amplification in P. glauca, were chosen for amplification of
the entire spacer region and partial amplification of the 5S
rRNA gene (Fig. 1a). Primer P2 (5-GGGTGCAA-
CACTAGGACTTC-3"), described by Brown and Carlson
(1997), and primer PS5 (5-ACGGTGCGTAGAT
CCCCTCGG-3'), designed according to the conserved
part of the nontranscribed spacer of the short spacer class
of A. alba 558 rDNA, were used for the amplification of the
entire 5S rRNA gene (Fig.1a). After an initial denaturing
step at 94°C for 3 min, 20 amplification cycles were per-
formed on a Gene Amp PCR System 2400 (Applied Bio-

Fig. 1 Position of primer pairs,
polymerase chain reaction
(PCR) amplification pattern
and sequence comparison of
Abies alba 5S TRNA gene
clones. a Schematic drawing
shows position and orientation
of the two primer pairs, P3/P4

systems) thermal cycler, each consisting of denaturation at
94°C for 1 min, annealing at 58°C for 10 s and primer
extension at 72°C for 30 s. Amplification was ended by a
final extension step at 72°C for 10 min. Amplified frag-
ments were separated on 1% (w/v) agarose gels. For
cloning purposes, the amplified fragments were gel-puri-
fied using a DNA Extraction Kit (Fermentas) and cloned
into the pCR 2.1 plasmid (TA Cloning Kit, Invitrogen)
according to the manufacturer’s instructions. Chemically
competent Escherichia coli TOP10 cells (Invitrogen) were
transformed, and plasmid extractions from recombinant
clones were performed using a Qiagen Miniprep Kit. Di-
deoxy chain-terminating sequencing reactions were carried
out by VBC-Genomics Bioscience Research (Vienna,
Austria).

Southern hybridization

Genomic DNA (1-2 pg) was digested overnight at
37°C with 10-20 U/pg of the restriction enzyme Scal
(Fermentas), separated by electrophoresis on a hori-
zontal agarose gel (1% w/v) and transferred to a nylon
membrane (Amersham Biosciences) by capillary blot.
The probe, a 694-bp fragment corresponding to the
longer spacer class of A. alba, was cut out of clone
IKS702, using the enzyme EcoRI (Fermentas), gel-
purified using a QIAEX II purification kit (Qiagen) and
radioactively labelled using [¢x—**P]JdATP and a Kle-
now fragment (Fermentas). The labelled probe was

bp

and P2/P5, used for the 1375 ~1000 bp
amplification of 4. alba 58 947 ~650 bp
rDNA repeat units. The 5S 564 ~500 bp
rRNA genes are shown as boxes
and the nontrascribed spacer A
(NTS) as a line. b Products of P4
PCR amplification of the 5S = b5
rRNA gene together with the —:l—;_'—
middle and upstream spacer P3 P2 B
region with the P2/P5 primer
pair separated by agarose gel
electrophoresis. Lane M /.DNA * 20 * 40 * 60
HindIll/EcoRV marker, lanes 1 Cons GGGTGCGATCATACCAGCGTTAATGCACCGGCTCCCATCAGaACTCCGCAGTTAAGCGCG 1 60
and 2 A. alba, lane 3 negative BREEE . omwmssriissy e S a0 o7y 75 50 S 60
control (no DNA template). ¢ IKS503  s.cicursersscasavsnarananssorasnnsnnnsnns Gevsssraransnonanns 160
. TKS504 o teeaeaaeea e s e e ea e et e a e e e eaaaaans 60
Sequence comparison of five A. TKS50B et eueeaeneeneenennennaneeneseneenesnenesnesaesennns Couen. 160
alba 58 TRNA gene clones. The 1 60
recognition sequence of the
Scal restriction enzyme used in * 80 * 100 * 120
Southern hybridization analysis Cons CTTGGGCTAGAGTAGTACTGGEATGGETGACCTCCCGGGAAGTCCTAGTGTTGCACCCTC 120
is underlined. Periods represent IRSS03 Lo e
identical residues 1111 120
TKS506  wuuvennenvrnnnsnnsuesncancannns Gavenrennennanasnaaaanaanaen 120
C  TRsS07T LIl 120



purified using a nucleotide removal kit (Qiagen).
Hybridization was carried out at 65°C overnight in
0.25 M phosphate buffer, 7% (w/v) SDS and 0.1% (w/
v) BSA. The blot was washed twice at 65°C for 10 min
in 2x SSC, 0.1% SDS and once for 20 min in 1x SSC,
0.1% SDS. Blots were autoradiographed and recorded
using Molecular Imager FX and Quantity One soft-
ware (Bio-Rad).

Chromosome preparation and 5S rDNA in situ
hybridization

Root tips were obtained from seedlings germinated on
moist filter paper at 25°C in a thermostat germinator
after 1 month of stratification at 4°C. Following pre-
treatment with 0.05% (w/v) colchicine (Sigma) for 16—
20 h at room temperature, roots were fixed in 3:1 (v/v)
ethanol-acetic acid at 4°C for 2448 h and stored in 70%
(v/v) ethanol. Root tips were rinsed with 0.01 M citrate
buffer and digested with a mixture of 2.5% (w/v) cellu-
lase (Calbiochem) and 2.5% (w/v) pectolyase (Sigma) in
0.01 M citrate buffer for 1-2 h at 37°C or in an enzyme
solution containing 1% (w/v) pectolyase Y23 (Seishin
Corporation), 4% (w/v) cellulase R10 (Onozuka) and
4% (w/v) hemicellulase (Sigma) in 0.05 M citrate buffer
at 37°C for 1-1.5 h. Root tips were macerated and
squashed in 45% (v/v) acetic acid.

The position and number of 5S rDNA sites were
determined by fluorescence in situ hybridization (FISH),
following Liu et al. (2003a), with slight modifications.
Clone IKS702 (Table 1), which contained a 694-bp 5S
rDNA fragment of A. alba, was used as a probe and
labelled with digoxigenin-11-dUTP (DIG-dUTP)
(Roche) in a PCR according to Schwarzacher and He-
slop-Harrison (2000). Prior to hybridization, the chro-
mosome preparations were treated with Pepsin (10 pg/
ml, Sigma) or Proteinase K (100 pg/ml, Sigma) and fixed
with 4% paraformaldehyde. Fifty microlitres of
hybridization mixture containing the DNA probe at a
final concentration of 40-60 ng/ml in 50% (v/v) form-
amide, 10% (w/v) dextran sulphate, 0.1% (w/v) sodium-
dodecyl sulphate, 250 pg/ml salmon sperm and 2x SSC
buffer was added to each slide and denaturated at 85°C
for 15 min. After overnight hybridization at 37°C, slides
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were washed stringently at 42°C for 10 min in 40%
formamide in 0.1x SSC, followed by subsequent washing
in 2x SSC and 4x SSC/Tween 20. After incubation with
anti-DIG-FITC (Roche), slides were washed three times
for 8 min in 4x SSC/Tween 20 at 40°C. Slides were
counterstained with DAPI (2 pg/ml) and mounted in
antifade solution (AF1 citifluor). For the simultancous
localization of both 5S and 18S rDNA, an additional
probe was used. A 2.4-kb HindIIl fragment (entire 18S
rDNA) from Cucurbita pepo cloned into pUCI19
(Toress-Ruiz and Hemleben 1994) was labelled with
Cy3-dCTP (Amersham Biosciences) by nick translation
according to the manufacturer’s protocol. Preparations
were examined under an Olympus BX51 microscope
with an appropriate filter set. Hybridization signals were
imaged by the highly sensitive digital camera (Olympus
DP70), and images were merged using Adobe Photo-
shop, version 6.0.

Sequence alignment and phenetic analysis

Silver fir 5S rDNA sequences were subjected to a simi-
larity search against the nonredundant nucleotide se-
quence database, using the National Centre for
Biotechnology Information BLAST network service.
Sequence alignments were performed by using the
Clustal X program and edited by hand. For phenetic
analysis, multiple sequence alignments were done using
the BioEdit program. Phenetic analyses were carried
out on the alignment data, using PAUP, version 4.0
(Swofford 1998).

Results

PCR amplification and sequence analysis of the 5S
rRINA gene

Primers P2 and P5 were used for PCR amplification of
the 5S rRNA gene. Three fragments of approximately
500, 650 and 1,000 bp, consisting of the entire 5S rRNA
gene as well as upstream and middle spacer regions of
the NTS were obtained (Fig. 1b). Two fragments of
500 bp and 650 bp in length were expected according to

Table 1 Accession number, length of the entire 5S rDNA and nontranscribed spacer (NTS), G+ C content and pairwise comparison of
the short (IKS560, IKS561, IKS565) and long (IKS700, IKS702) unit clones sequenced in Abies alba

Accession no. Length® (bp) G+ C content® (%) Clone Similarity score® (%)
1K S560 IKS561 IKS565 1KS700 1KS702
AY830934 557/437 59.3/59.5 1K S560 100
AY830935 552/431 58.7/58.9 IKS561 91/89 100
AY830936 548/428 58.6//58.5 IKS565  90/88 98/97 100
AY830937 705/585 56.3/56.1 IKS700 63/57 63/56 62/55 100
AY830938 706/586 56.5/56.3 1K S702 63/57 63/56 62/55 100/100 100

*Values for entire clone sequence/values for NTS region
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* 20 * 40 *
Cons
IKS501
P.densata
P.yunnanensis
P.massoniana
P.tabuliformis
P.bungeana
P.sylvestris
P.radiata
P.contorta
P.glauca
Ps.menziesii
L.decidua
T.baccata
E.kokanica
G.biloba
A.thaliana

Fig. 2 Sequence comparison of the 4. alba 5S rRNA gene clones
with the 14 gymnosperm 5S rRNA genes published to date. The
clones with the highest match scores in the BLAST search and
those from the 5S ribosomal RNA database (Szymanski et al. 1998;
http://rose.man.poznan.pl/5Sdata/SSRNA html) were compared

the position of the PS5 primer in the short and long
spacer classes. The fragment of approximately 1,000 bp
probably occurred as a consequence of unspecific primer
annealing. A 500-bp fragment was cloned into the pCR
2.1 cloning vector, and five clones were chosen for fur-
ther analysis. All clones were obtained from silver fir
genotype DD?2.

The alignment of 5S rRNA gene sequences of five
clones (IKS501, IKS503, IKS504, IKS506 and IKS507)
obtained by amplification with primers P2 and PS5, as
well as five clones (IKS560, IKS561, IKS565, IKS700
and IKS702) obtained by amplification with primers
P3 and P4, confirmed a conserved 120-bp coding
region, beginning with GGG and ending with CTC
(Fig. 1c). This is in agreement with the previously
identified 5S rRNA genes in other gymnosperm species
(Van de Peer et al. 1990; Gorman et al. 1992; Moran
et al. 1992; Brown and Carlson 1997; Liu et al. 2003b).
The sequence similarity among clones was 98-100%.
Three clones (IKS501, IKS504 and IKS507) were
identical, while in clones IKS503 and IKS506, one and
two substitutions were observed, respectively (Fig. Ic).
The sequence of the silver fir 5S rRNA gene (clone
IKS501) was compared with 14 previously sequenced
gymnosperm 35S rRNA genes (Fig. 2). The clones with
the highest match scores in the BLAST search and
those from the 5S ribosomal RNA database (Szy-
manski et al. 1998; http://rose.man.poznan.pl/5Sdata/
5SRNA . .html) were compared with the silver fir clone.
In order to compare the sequence similarity of the 5S
rRNA genes between gymnosperm and angiosperm
species, Arabidopsis thaliana was included. The se-
quence comparison revealed high sequence identity
among gymnosperm species (from 93% identity with
Taxus baccata to 100% identity with some Pinus spe-
cies, Picea glauca, Pseudotsuga menziesii and Ephedra
kokanika) with only 21 variable positions, of which 17
were substitutions (Fig. 2). Most substitutions were
transitions (88%). A high similarity score (86-91%)
was also recorded between gymnosperm species and
A. thaliana.

60 * 80 * 100 * 120

GggTGCGATCATACCAGCgtTaaTGCACCGGATCcCcATCAGAACTCCGCAGTTAAGCYCGCTTGGGCtaGAGtAGTACTgGGATGGGTGACCTCCCGGGARAGTCCtaGTGTtGCACCCte~ 120

:12C
:12C
:12¢C
:12C
:12C
:118
:11¢
:12C
:12C
:12C
:12C
:12C
:11¢
:12C
:12C
1121

with the silver fir clone IKS501. Only 21 variable nucleotide
positions with 17 substitutions were found. Periods represent
identical residues to those of the A. alba clone IKS501 120-bp
sequence, and dashes indicate alignment gaps

PCR amplification and sequence analysis
of 5S rDNA NTS

In order to amplify the intergenic NTS, the primer pair
P3 and P4 was used. PCR amplification produced two
fragment classes, a prominent one of approximately
550 bp and a faint one of approximately 700 bp (Fig. 4c).
The 550- and 700-bp fragments consisted of an entire
repeating unit, with the exception of 12 bp between the 5
ends of P3 and P4 primers, as was expected according to
the results of Brown and Carlson (1997) obtained in P.
glauca with the same primer pair. Three clones contain-
ing the short spacer class (IKS560, IKS561 and IKS565)
and two clones with the long spacer class (IKS700 and
IKS702) were sequenced. Clone IKS560 originated
from the DDI1 genotype, whereas the remaining four
clones originated from the DD2 genotype.

The accession number of the clones (AY830934-
AY830938); the entire sequence length derived from the
5S rRNA gene sequence of the five clones IKS500—
IKS507 and the NTS clones IKS560, IKS561, IKS565,
IKS700 and IKS702: the length of NTS; G+ C content;
and pairwise similarity scores are shown in Table 1.
After correction for the 5S rRNA gene sequence, the
length of the NTS sequences was measured to be 427 bp
in clone IKS565, 431 bp in clone IKS561 and 437 bp in
clone IKS560, while in clones IKS700 and IKS702, the
NTS length was 585 bp and 586 bp, respectively. The
difference in G+ C content between the two spacer
classes was low, varying from 56.1% in clone IKS700 to
59.5% in IKS560, and the values are similar to those
found in other gymnosperm species (Liu et al. 2003b;
Trontin et al. 1999).

Within each size class, alignment was straightforward
and pairwise comparison resulted in high similarity
scores. However, lower sequence similarity, 62% and
63% in the entire 5S rDNA sequences and 55-57% in
the NTS, between short and long unit classes was re-
corded. The number of variable sites was found to be
higher between short unit clones obtained from different
silver fir genotypes (88 and 89%). Between clones



IKS561 and IKS565, obtained from the DD2 genotype,
only five substitutions were present, while in clone
IKS560, obtained from the DD1 genotype, 41 substitu-
tions with a trasition/trasversion ratio of 19/22 were
observed in comparison to DD2 genotype clones
IKS561 and IKS565 (data not shown). In addition, some
short deletions and duplications were also present. In
two short unit class clones, IKS561 and IKS565, as well
as in both long unit class clones, IKS700 and 1KS702
obtained from the same silver fir genotype, the 4-bp
alignment gap was observed at position —204 (—1) bp
upstream of the 5" end of rRNA gene (Fig. 3b). This gap
probably occurred as a consequence of CGCA sequence
duplication in clone IKS560. In clone IKS565, another
4-bp alignment gap appeared at the end of GA-rich re-
peat motifs (Fig. 3b). Such repeating motifs could be
involved in slippage and looping out of the parental
strand during replication (Scoles et al. 1988) and,
therefore, the 4-bp gap in this clone could be considered
as a deletion.

The alignment of the two unit classes showed that
deletions/duplications and base pair changes appeared
more frequently in the middle spacer, closer to the
upstream region of the 5S rRNA gene (Fig. 3a, b).
Small 3-bp and 5- to 6-bp gaps were present upstream
at positions —175 (—1) bp and —123 (—1) bp in the
GA-rich regions of the short unit class and could be
accounted for as deletions. Three of the largest gaps in
the long unit class were observed downstream at
position 15 (—1) (11-bp gap) and upstream at positions
—-37 (—=1) (8-bp gap) and —-79 (—1) (10-bp gap)
(Fig. 3a, b) and could also be accounted for as dele-
tions. These deletions probably did not disturb the
function of regions involved in the transcriptional
regulation of the 5S rRNA genes. In the upstream
region, the gaps appeared after the AT- and GA-rich
putative regulatory elements, sequences which were
highly conserved in all clones. The same situation was
observed downstream of the 5S rRNA gene, where a
T-rich element involved in termination of replication
was preserved.

Diagrammatic representation of the two unit classes
(Fig. 4a) shows that the length difference occurred as a
consequence of the four tandemly arranged repeated
elements (A, B, C and D) located in the middle region of
the long unit class. Sequence comparison showed a 59—
73% similarity of these elements, with the 75-bp se-
quence located in the middle spacer region of the short
unit class (Fig. 4a, b). When compared with the 75-bp
sequence of the short unit class, elements A and D had
the highest similarity score (67% and 73%, respectively).
Generally, the sequence comparison demonstrated that
these elements have accumulated mutations such as
deletions and base pair changes, but a 25-bp long se-
quence upstream of the 3’ end seems to be more pre-
served than other parts of the repeated sequences
(Fig. 4b, underlined).

Encouraged by results obtained by Trontin et al.
(1999) in larch species, we compared the silver fir short
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unit class with the short unit class of radiata pine. Sur-
prisingly, we found 100 bp of a mostly TC-rich middle
spacer sequence at position 135, downstream of the
radiata pine 5S rRNA gene, 66% similar to the sequence
at position 105/106, downstream of the 5S rRNA gene in
the short unit class of silver fir (Fig. 5). This 100-bp
silver fir-radiata pine common sequence was interrupted
by a 20-bp insertion in silver fir clones. Moreover, a 75-
bp sequence of the silver fir short unit class that was
amplified in the long class clones is part of a 100-bp
sequence of radiata pine shown in Fig. 5 (underlined).
Immediately downstream of this region, GA-rich se-
quences were found as a characteristic of silver fir short
and long unit classes (Fig. 3b).

The organization of 5S rDNA units

In order to confirm two distinct classes of 5S rDNA in
genomic DNA of silver fir, we performed Southern
hybridization, using a 694-bp fragment from the longer
unit class of clone IKS702 as a probe. Different amounts
of genomic DNA was digested with the Scal restriction
enzyme, for which there is a single recognition site
within the 5S rDNA gene region in 4. alba. Whereas
partial digestion with Scal produced a ladder-like pat-
tern of hybridization fragments (data not shown) char-
acteristic of DNA sequences organized in tandem
arrays, complete digestion resulted in two strongly la-
belled bands of approximately 550 bp and 700 bp
(Fig. 4d, lane 1). Additional weak bands of approxi-
mately 1,100 bp and 1,400 bp were obtained when larger
amounts of DNA were digested (Fig. 4d, arrows in lanes
2 and 3). These bands correspond to dimers of the
respective repeat units, and the double-ladder pattern
suggests that the two 5S rDNA units are organized
tandemly at separate loci in the genome. The difference
in signal strength between the two unit arrays suggests
that the short spacer units are more abundant than the
long ones in the silver fir genome.

Chromosomal localization of the 5S rDNA sites

The chromosome complement of silver fir consists of
24 metacentric and submetacentric chromosomes. The
corresponding haploid chromosome complements are
shown in Fig. 6a and b. The chromosomal location of
5S rDNA was determined by FISH with digoxigenin-
labelled probe, clone IKS702, and detected with anti-
DIG-FITC. The green fluorescent signals were found
on two chromosome pairs (Fig. 6b). One 5S rDNA
locus was located on the long arm, close to the sec-
ondary constriction, of metacentric chromosome pair
V, and the second had an intercalary position on
submetacentric chromosome pair XI (Fig. 6b). The
double FISH with both 5S and 18S rDNA probes
confirmed that the 5S rDNA locus on chromosome
pair V is positioned close to the 18S rDNA locus
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Fig. 3 Comparison of the A
a downstream (149-bp) and TKS561
b upstream (215-bp) spacer IKS565
regions of silver fir short IKS560
(IKS560, IKS561 and IKS565) e
and long (IKS700 and IKS702)
unit classes. The nucleotides are
numbered relative to the 5S 1KS561
rRNA gene region. Periods IKS565
represent residues identical to TKS560
those of the IKS561 short unit IKS700
class clone sequence. The IKS702
putative regulatory elements
involved in the regulation of IKS561
gene expression (AT- and GC- IKS565
rich region upstream of the 5 ii;?gg
end of the 5S rRNA gene) and IKS702
the termination of transcription
(T-rich region downstream of
the 3’ end of the 5S rRNA gene) B
as well as the 5" and 3" ends of IKS561
the 5S rRNA gene are boxed. ii;ggg
Note the higher variability of IKS700
the upstream region visible as IKS702
the number of deletions/
msertlons.and subst_ltutlons IKS561
increases in comparison to the TKS565
downstream region. The largest IKS560
deletions appeared after and IKS700
IKS702
before regulatory elements
IKS561
IKS565
IKS560
IKS700
IKS702
IKS561
IKS565
IKS560
IKS700
IKS702

(Fig. 6e). This facilitates distinguishing between the two
nonhomologous 5S rDNA loci in interphase nuclei
(Fig. 6d). We also noticed that 5S rDNA nonhomolo-
gous loci are usually found at separate locations in
interphase cells, which may suggest a lack of interlocus
exchange (Fig. 6d). In most of the analysed prophase
and metaphase chromosomes (Figs. 6¢ and e¢), differ-
ences in FITC signal strength within and among loci
were observed and could indicate an unequal content
of 5S rDNA repeating units.

Sequence comparison with other gymnosperm
species 5S TDNA spacers

The short and long unit clone sequences of A. alba
were compared with seven gymnosperm species of the
subfamilies Abietoideae (Picea glauca and Pseudotsuga
menziesii), Laricoideae (Larix decidua) and Pinoideae
(Pinus massoniana, P. densata, P. tabuliformis and
P. yunnanensis). Due to the high diversity of the spacer
regions among the selected species, we found that only
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5 and 3’ flanking sequences of the 5S rRNA gene
could be used for phylogenetic analysis. We therefore
compared 78-bp sequences of the upstream and
downstream spacer regions that were unambiguously
aligned without gaps, except for those characteristics of
the silver fir long spacer class. Parsimony analysis as
implemented in PAUP, version 4.0 (Swofford 1998),
was used to infer phylogenies based on nucleotide
substitutions in aligned sequences. Parsimony analysis
generated an unrooted tree with a tree length of 88, a
constancy index of 0.80 and a retention index of 0.85.
The phenetic tree was obtained on the basis of 37
parsimony informative characters and as expected,
showed that both the short and long spacers of 4. alba
fall into one group (Fig. 7). The phenetic tree also
showed the clustering of investigated spacer sequences.
P. menziesii and L. decidua form one cluster, and Pinus
species form another more distant one, while silver fir
clones were grouped separately but closely to Larix and
Pseudotsuga. The position of P. glauca in the phenetic
tree showed that this species is closer to the Pinus
group than to 4. alba.
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Fig. 4 Diagrammatic representation of the structure of A. alba 5S
rDNA short and long unit classes, their PCR amplification and
Southern hybridization pattern. a Diagrammatic representation
shows the largest deletions (d;;, djo and dg) within the long unit
class as interruptions, and the 75-bp element in the middle spacer
region of the short unit class and tandemly repeated elements (A, B,
C and D) in the middle spacer region of the long unit class that
occurred as duplications of the 75-bp element of the short unit class
(labelled boxes). b Sequence comparison of the tandemly duplicated
elements identified in the long unit class showed differences
between elements, which occurred as a consequence of deletions
and base pair changes. The most conserved region in all sequences

Discussion
The 5S rRNA gene

PCR amplification and sequencing of the coding region
of the 5S rDNA repeat unit of 4. alba showed that it is
120 bp, beginning with GGG and ending with CTC. A
high level of identity (93-100%) was found when these
sequences were compared with the corresponding

is underlined. ¢ PCR-amplified short (550 bp) and long (700 bp) unit
classes (entire NTS and part of the 5S rRNA gene) with primer pair
P3/P4. Lane M Tenebrio molitor 142-bp DNA ladder. Lane 1 A.
alba. d Two unit classes revealed by Southern hybridization.
Different amounts of genomic DNA were digested with the Scal
restriction enzyme and hybridized with a [**P]-labelled longer
spacer fragment derived from clone IKS702. Complete DNA
digestion revealed two strongly labelled bands of approximately
550 bp and 700 bp that represent short and long unit classes,
respectively. Two bands of approximately 1,100 bp and 1,400 bp,
which are indicated by arrows, correspond to the dimers of the

sequences reported for other gymnosperm species (Hori
et al. 1985; Melekhovets et al. 1988; Mashkova et al.
1990; Van de Peer et al. 1990; Gorman et al. 1992;
Moran et al. 1992; Brown and Carlson 1997; Liu et al.
2003b). In this highly conserved region, the rare muta-
tions observed were mostly base pair transitions. Se-
quence comparison between gymnosperms and an
angiosperm species (A. thaliana) also revealed the sig-
nificant level of conservation of the 5S rDNA coding
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Fig. 5 Sequence comparison of 120-bp sequences identified in the
middle spacer region of silver fir and radiata pine short unit classes.
The positions in each spacer are indicated in italics. The 75-bp

sequence (86-91% identity, Fig. 2) as well as preserved
intragenic control regions (Box A and Box C). The high
level of transitions versus transversions suggests that
homogenizing forces were acting strongly across the 5S
rDNA transcribing region, thus preserving the ribosome
function.

Upstream and downstream spacer regions flanking
the 5S rRNA gene involved in regulation and termina-
tion of transcription were found to be conserved among
the investigated A. alba clones. In gymnosperm species,
two putative AT- and GA-rich elements upstream of the
5S gene are recognized to be involved in the unwinding
of DNA and the transcriptional regulation of the 5S

Fig. 6 Haploid chromosome
complement of 12 metacentric
and submetacentric
chromosomes of 4. alba.

a Haploid karyogram obtained
under the phase-contrast
microscope and b the same
karyogram after fluorescence in
situ hybridization (FISH) with A
digoxigenin-labelled probe
IKS702, detected with anti-
DIG-FITC and counterstained
with DAPI. The green
fluorescent signals represent the
5S rRNA loci located on the
long arm, near the secondary
constriction of metacentric
chromosome V and on the short
arm of submetacentric
chromosome XI. ¢ Prophase
with four green fluorescent
signals. d, e Double FISH with
5S rDNA (green signals) and
18S rDNA (red signals) probes
revealed the proximity of the 5S
rDNA loci on chromosome V
to 18S rDNA in interphase
(arrowheads) and metaphase
(arrowheads). Differences in the
FITC signal strength indicate
different amounts of 5S rDNA
units within and among loci

sequence of the short unit class that amplified in the silver fir long
unit class is underlined. Note the 20-bp insertion characteristic of
silver fir clones

gene (Gorman et al. 1992; Brown and Carlson 1997;
Trontin et al. 1999). The upstream regulatory elements
recognized as pentanucleotide, TTTAA/TTAAA, and
hexanucleotide, AGGAGG/CCTCCT, core sequences
in both the short and long spacer class of silver fir lo-
cated at position 14-29 are slightly different from those
described in P. glauca (Brown and Carlson 1997), Larix
(Trontin et al. 1999) and Pinus species (Gorman et al.
1992; Moran et al. 1992; Liu et al. 2003b). As these
elements are highly conserved among the clones inves-
tigated, it seems that such changes did not disturb their
regulatory function. The T-rich region located 7-11 bp
downstream of the gene, which functions as an RNA
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TKS560

TKS700
TKS702

Pseudotsuga
menziesii

Larix Picea glauca

decidua
Pinus massoniana

P. yunnanensis P. densata

P. tabuliformis

Fig. 7 Unrooted phenetic tree (parsimony tree: tree length 88,
constancy index = 0.8, retention index = 0.85) generated from
assembled upstream and downstream 78-bp unambiguously
aligned sequences of 5SS rDNA of six gymnosperm species taken
from the National Centre for Biotechnology Information data base
and Amarasinghe and Carlson (1998), and A4. alba clones 1IKS560,
IKS561, IKS565, TKS700 and TKS702

polymerase III termination signal, was also conserved
among the clones, with only one transition (T — C)
mutation observed in the long unit class sequence.

5S rDNA NTS

PCR amplification, sequence analysis and Southern
hybridization revealed two size classes of 5S rDNA
spacers in the A. alba genome: a short spacer consisting
of 427-437 bp and a long spacer of 585-586 bp. The
presence of two size classes of 5S rTDNA spacers seems to
be a common feature in Pinaceae, since two size classes
were revealed in species of the subgenus Pinus (Gorman
et al. 1992; Moran et al. 1992), P. glauca (Brown and
Carlson 1997), L. decidua and L. kaempferi (Trontin
et al. 1999). Scoles et al. (1988) and Sastri et al. (1992)
clearly showed that duplications and deletions are the
main sources of 5S rDNA unit size variations. In L.
decidua, the difference in short and long spacer classes
appeared as a consequence of duplication events that
occurred in the middle spacer region, close to both the
upstream and downstream spacer regions. In P. radiata,
for example, the difference is mainly due to a 330-bp
insertion in the middle spacer region (Moran et al. 1992).
In contrast to Larix species, in which two spacer classes
are highly divergent, parsimonious analysis in silver fir
showed that both unit classes have the same rate of
evolution. The length difference between the short and
long spacer regions of A. alba occurred due to the
amplification of four 54-68 bp tandem repeats (A, B, C
and D, see Fig. 3a) in the long spacer class. A high
similarity score (59-73%) was obtained when these four
tandem elements were compared to the 75-bp sequence
of the short spacer class (see Fig. 3a, b). Interestingly,
this 75-bp sequence characteristic of both the short and
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long spacer classes of silver fir also forms part of a 100-
bp silver fir-radiata pine common element. These 100-bp
common elements, recognized as TC-rich regions, of the
short spacer classes of silver fir and radiata pine showed
66% identity. A 20-bp insertion (part of the 75-bp se-
quence), characteristic of silver fir, into the 100-bp silver
fir-radiata pine common element suggests that this
change appeared after and/or during differentiation of
the two species. This could provide additional evidence
for our interpretation of the evolution of the long spacer
class from the short one. In addition, it is interesting that
larch and radiata pine also share a 63-71 bp common
element (Trontin et al. 1999), but this element is located
upstream of the TC-rich element common to radiata
pine and silver fir. On the basis of this, it seems that
larch, silver fir and radiata pine share ancestral sequence
of a hypothetical common ancestor.

The chromosomal location of the 5S rDNA
repeat units

FISH of A. alba metaphase chromosomes, using the
long unit spacer class as a probe, revealed two loci of 5S
rDNA positioned on chromosomes V and XI. The
question is whether each of these loci is composed of a
single 5S rDNA unit class or whether composite tandem
arrays of both unit classes are present at both loci. FISH
could not fully answer this question due to the high se-
quence similarity between the two spacer classes. How-
ever, the position and behaviour of 5S rDNA loci in
interphase nuclei is very informative and may indicate
whether interlocus exchanges between the two 5S rRNA
loci take place (Cronn et al. 1996; Fulnecek et al. 2002;
Shibata and Hizume 2002). Interlocus gene conversion
as a mechanism for interlocus homogenization is rec-
ognized in species where multigene families are termi-
nally located and associated during interphase, when
they are decondensed and, therefore, active. Such
homogenization is a common feature of 18S-26S rDNA,
i.e. nucleolar organizer regions (Cronn et al 1996; Vol-
kov et al. 1999) that often associate during interphase.
The intercalary position of both 5S rDNA loci in the
silver fir karyotype as well as the absence of any asso-
ciations among the loci during interphase, as shown by
FISH, suggest that interlocus recombination does not
occur in silver fir. Using FISH, different unit size classes
of 5S rDNA loci positioned on different chromosomes
were shown not to associate in interphase nuclei in
Nicotiana and Allium species (Fulnecek et al. 2002;
Shibata and Hizume 2002).

Regarding the position of the two 5S rDNA repeat
units in the silver fir genome, at least two different sce-
narios of chromosomal evolution could be proposed.
The first scenario, in which both 5S rDNA repeat units
were together in the composite tandem arrays and
present at both chromosomal 5S rDNA loci, would
imply the primary existence of only one chromosomal
locus inside which duplication and deletions gradually
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led to the evolution of the long spacer unit. Transloca-
tion or transposition of this composite tandem array to
another chromosome could have led to the establish-
ment of the second chromosomal locus in the silver fir
genome. This scenario is, however, not very likely as
Southern hybridization did not reveal such a composite
5S rDNA unit.

The second scenario implies the existence of two
chromosomal loci each bearing short 5S rDNA unit size
arrays at the beginning. If this were the case, duplica-
tions and deletions probably have occurred in one 5S
rDNA locus, leading to the evolution of the long unit
classes, which were accumulated due to weak selection
forces and fixed through generations. We could not,
however, exclude the presence of a small amount of
short spacer class in the long spacer’s locus, despite the
fact that Southern hybridization did not detect com-
posite tandem arrays.

The Southern hybridization results, which confirmed
the presence of two 5S rDNA unit classes as well as a
double-ladder pattern and no composite tandem arrays,
the position of 5S rDNA loci on chromosomes and their
behaviour in interphase, which indicates a lack of in-
terlocus exchange, rather support the second scenario,
suggesting that the long and the short 5S rDNA units
are organized tandemly at separate chromosomal loci.
This interpretation also supports our hypothesis that
short spacer units are more ancient in origin or, in other
words, that the long spacer units were derived from the
short ones. In addition, the preservation of control re-
gions upstream and downstream of the 5S rDNA gene in
long spacer units, despite large deletions occurring in
this region, indicates that 5S rDNA genes are active at
both loci.

Phylogeny of 4. alba and related gymnosperms

The phylogenetic position of silver fir among other
gymnosperm species in our study was based on the
comparative sequence analysis of conserved upstream
and downstream (78-bp) sequences of the 5S rRNA
genes. The middle spacer region appeared to be too
variable and unsuitable for sequence comparison. Phe-
netic analysis indicates that both silver fir unit classes
have the same rate of evolution. The genetic distance
between the short and long unit classes occurred, be-
cause the long unit class sequences containing deletions
were included in the phylogenetic analysis. Although we
are aware that regions containing deletions and inser-
tions cannot be used for the accurate estimation of ge-
netic distance and phylogenetic reconstruction, using
standard algorithms, we included such sequences in our
calculation in order to avoid the loss of valuable infor-
mation, such as deletions characteristic of the silver fir
long unit class. An unrooted phenetic tree, even when
short sequences were used, clearly showed that silver fir
is genetically distant from all the species included in this
study, but is more closely related to Larix and Pseud-

otsuga than to Pinus and Picea. Our results partially
agree with those obtained by Wang et al. (2000), based
on the nuclear, chloroplast and mitochondrial sequence
data of the Pinaceae family. Wang et al. (2000) showed
that Abies is more closely related to Cedrus, Keteleeria,
Pseudolarix and Tsuga, which form the Cédrées group,
than to Larix, Picea, Pinus and Pseudotsuga, which be-
long to the Pinées group as classified by the number and
position of resin canals in the central vascular cylinder of
the young taproot. The central position of Abies, Larix
and Pseudotsuga species in the phylogenetic trees
obtained by Wang et al. (2000), however, suggests that
these species are more related than Picea and Pinus,
which is in agreement with our results. Unfortunately,
studies of 5S rDNA sequences to date have only been
performed on a limited number of gymnosperms, which
prevents the extension of this phylogenetic study based
on 5S rDNA spacer sequence to other species belonging
to different subfamilies.

A more detailed study of 5S rDNA unit structure and
organization has to be extended to other species in order
to elucidate the evolution of species not only of the
genus Abies but also in the subfamily Abietoideae.
Preliminary results obtained by PCR amplification show
the presence of both, short and long spacer units of
similar size in other fir species.
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