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I ntroduction

Ribosomal DNA (rDNA) codes for the RNA component of the ribosome. The rDNA is a mul
family with nuclear copies in eukaryotes arranged in tandem arrays (Figure 1). They are or¢
in nucleolus organiser regions (NORSs), potentially at more than one chromosomal location.
unit within a single array consists of the genes coding for the small and large rRNA subunit
and 28S). The 5.8S nuclear rDNA gene lies embedded between these genes but separatec
internal transcribed spacers: ITS1 and ITS2. The external transcribed spacer (ETS) and the
intergenic spacer (IGS) separate the large and small subunit rDNAs. The copy numbers of
18S-5.85-28S rRNA genes in diploid genome®udrcus cerris, Q. ilex, Q. petraea, Q. pubescens
andQ. robur have been estimated to be in the range of 1300-4000 (Zsildios1999).
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Figure 1: Organisation of one rDNA array. Single repeat units (arrows) are tandemly organi
Each of them consists of the rRNA genes: 18S, 5.8S and 28S. Spacers separate these ger
the external transcribed spacer (ETS), the internal transcribed spacers (ITS 1 and ITS 2) ai
intergenic spacer (IGS).




Different selective forces are acting on the rDNA region with the consequence of varying de
of sequence conservation across single repeat units. Therefore, each part can be employe:
specific phylogenetic questions across a broad taxonomic spectrum (Hills and Dixon 1991)
small subunit is highly conserved and has been used to shed light on deep evolutionary bre
e.g. for relationships betweedr chaebacteria andEubacteria, while the more conserved domain
within the 28S region have been used to cover evolutionary time through the Paleozoic anc
Mesozoic eras. The faster evolving ITS regions, however, have been employed for populat
congeneric phylogenies.g. Bayeret al. 1996). The smallest rDNA gene of the cluster, the 5.¢
too short to provide a robust phylogenetic signal.

Why should we use theinternal transcribed spacer (ITS) asa marker ?

PCR amplification of the ITS region has become a popular choice for phylogenetic analysis
closely related species and populations. This popularity stems from the derivation of univer
primers located in the coding regions flanking the ITS. Both direct sequencing and cloning «
products can be used for ITS analysis. Their deployment depends on the hierarchical scale
guestion. Direct sequencing generates a consensus sequence for phylogenetic analysis. Fi
population questions, additional profit is gained from information among single repeat units
PCR products need to be cloned and sequenced.

Ribosomal DNA genes evolve cohesively within a single species and exhibit only limited se
divergence between rDNA copies within single individuals (Arnhetiah. 1980). In contrast,
comparisons between species show normal levels of sequence divergence. The combinatit
these two observations is referred to as concerted evolution (Dover 1982). The mechanism
concerted evolution are unequal crossing over and gene conversion. Irrespective of the ex:
mechanism, the degree of homogenisation is a result of the interplay between homogenisa
mechanisms and mutation processes (Schlétterer and Tautz 1994). The rDNA clusters are
frequently distributed on several chromosomes. A potential problem is understanding to wh
concerted evolution is obstructed by the different chromosomal locations of the arrays. The
of this study was to ask whether the ITS could be employed as a universal marker, using o
model. Can the rDNA be treated as a single geiQuencus petraea ?

Materialsand Methods
DNA extraction

Total genomic DNA was extracted from leaves using Nucleon Phytopure (Amersham) acco
manufacturer’s instructions. The internal transcribed spacers (ITS1 and ITS2) and 5.8S of t
rDNA repeat array were sequenced from a siQylercus petraea individual. The species was
identified using morphology (Claphaghal. 1981) and microsatellite analysis (Mairal .,
unpublished data).

PCR Amplification

Initially, universal primers 18S, TCG TAA CAAGGT TTC CG and 28S, GTT RGT TTC TTT
TCC TC (Schltttereet al. 1994) were used, but they amplified non-plant ITS sequences.

Therefore, plant-specific primers were designed with the following sequences: 18S, CCT T
CAT YTA GAG GAA GGA G and 28S, CCG CTT ATT KAT ATG CTT AAA. A 40 pl reactior
was prepared with 100 ng of genomic DNA, 1.5 mM Mg@ImM dNTPs, 20 uM of each prime

and 0.5 UTag polymerase. The cycling profile consisted of an initial denaturation step of 3 n



followed by 40 cycles of 60 seconds at 94°C, 60 seconds at 56°C and 90 seconds at 72°C,
final extension. These PCR products were blunt-ended using Klenow DNA Polymerase |

(GibcoBRL) and subsequently cloned
Cloning and Sequencing

The standard 20 pl ligation mix contained 20-100 ng of phosphorylated PCR product, 100 r
mpl9 (Messingt al. 1977), 1 U T4 ligase (Promega) and 1x T4 ligation buffer (Promega).

Ligation was carried out at 18°C overnight. Clones carrying inserts were identified with blue
selection. Sequencing templates were prepared from overnight cultures of positive clones t
standard protocols. Clones were sequenced using ABI Dye Terminator chemistry (Perkin E
according to manufacturer’s instructions and run on a Perkin Elmer ABI 377 automated sec

Data Analyses

Sequences were edited in Sequence Navigator (Perkin Elmer) and aligned using CLUSTAI
(Thompsoret al. 1994). The alignment was adjusted manually in SEQPUP and the phylogel
computed using a Maximum Likelihood approach as implemented in PUZZLE 4.0 (Strimme
von Haeseler 1996). The HKY (Hasegastal. 1985) model of base substitution with rate
heterogeneity was used. The phylogenetic tree was displayed using TREEVIEW (Page 19¢
clone fromQuercus cerris, a close relative dD. petraea, was used as an outgroup. Tables of
polymorphic sites were produced using SITES (Hey and Wakeley 1997).

Results

The use of universal primers for amplification from oak leaf material resulted in the preferer
amplification of endosymbiont and endoparasitic ITS sequences. DNA preparations from n:
populations are often contaminated with primitive eukaryotic DNA containing shorter ITS re
which may amplify more efficiently. Consequently, without prior sequence information, it is |
to misclassify the amplified ITS sequences.

Plant specific primers were designed by hand from a published alignment of 18S and 28S
sequences (Schlotterer 1998). In response to polymorphisms in the alignment, wobbles we
incorporated to recognise all plant ribosomal targets in principle. The primers amplified
successfully and showed only one defined band on an agarose gel. To verify the origins of
PCR products, we conducted a GenBank BLAST search (Altsthlul1990) which showed
significant sequence homology with otl@guercus rDNA sequences.

Table 1 gives the polymorphic sites in the 5.8S (161 bp) and the ITS2 (228bp)JopaBaeca
clones and the singl@. cerris clone used as an outgroup. The surveyed clones showed an a
pairwise distance of 0.0405 in the 5.8S coding region. No insertions or deletions of nucleoti
(indels) were observed in this region (Table 1a). In contrast to those findings, in the ITS2, v
supposed to be evolving at a faster rate, the average pairwise distance among clones is O.!
indels range from one to four base pairs (Table 1b). The nucleotide distribution is balanced
5.8S, while in the ITS2 the GC content is higher.

(@) position 11111 A=25.0%
position 135567899 02346 C =24.3%
position 4132407667 81361 G =27.9%



190/3.2 GGGCAGGCCG CCGCG T =22.8%
190/3.5  --m--eeem —oee-
190/1.9  ------emm -
190/1.8  ---------- -oo--
190/2.7  ------mmnm -
190/2.0  ---------- -oom-
190/1.6  ---------- -----
190/2.5  --memmeem -
190/3.0 AA-TG-TTT- ATA-A
190/1.3 AA-TG-TTT-TTA-A
190/1.7 --AT-A---A ---T-
190/3.6 --AT-A---A ---T-
190/3.1 --AT-A---A ---T-
Cerris7.6 --A--A--A- TT-T-

(b) position 11111111 11711111111 222222 A = 14.5%

position 111123344 6667777778 8900112345 5777778888 001112 C = 37.9%

position 5567897824 6890134590 5548374726 8167894579 010120 G = 27.6%

190/3.5 GC**GCGCG GTCCCCACCG GGGCGCCGCT CGAACGCCAA GTGGCA
20.1%

190/2.7  ==-=-m=mms mmmmmmemes ceeemeeeee meemeeees ceeeee

190/3.2  —m-mmmmemm e e e

190/2.0  -m-mmmmm mmmmeen e e s

190/1.9  —--m-mmmme e e e

190/1.6  -----=-mmm mmmmmeen e e e

190/1.8  -=-m-mmmms mmmmmmeme e e —eeeee

190/2.5  -m-mmmmmmm e e e

190/3.0 -*----TATA C****-G-T- AAATAT-T-C T-**TTGG **ATTC

190/1.3 -*---ATATA C***-G-T- AAATAT-T-C T-**TTGG **ATTC

190/1.7 A-CCAAT-TA C***T-T-T -AA--TTA-C TT***-TGG **-ATC

190/3.6 A-CCAAT-TA C***T-T-T -AA--TTA-C TT***-TGG *-ATC

190/3.1 A-CCAAT-TA C***T-T-T -AA--TTATC TT***-TGG **-ATC

Cerris7.6 --CCCA-A-- C***-GT-- -A--T--ATC T-***-T-G **---C

Table 1: Polymorphic sites between the surveyercus petraea clones (190): (a) 5.8S (161 by
and (b) ITS2 (228 bp). The three divergent clades in Figure 1 are readily apparent in the tal
Nucleotide frequencies are also given. Invariant sites are marked with a dash, asterisks ref
indels.

In light of the previous discussion on concerted evolution, it is worth restating what we expe
see for a rDNA phylogeny based on sequenced PCR clones. As a result of homogenisatior
conversion and/or recombination, little if any nucleotide divergence is expected among sinc
units, regardless of whether they belong to one or several arrays, within axiagles petraea

individual. In contrast to expectation, substantial sequence divergence of 4% and 7% in the
and ITS2, respectively, is apparent (Table 1). This suggests the presence of more than one
array in single individuals. The phylogenetic tree based on the 5.8S and ITS2 further confiri
Rather than displaying only one clade, derived from the homogeneous units of the array(s).
shows three clades, highly divergent and all co-occurring within one individual (Figure 2).
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Figure 2: Maximum Likelihood tree of 5.8S (161 bp) and ITS2 (228 bp) PCR clones from a:
Quercus petraea individual. 13 clones were sequenced from one PCR amplification. Support
guartet puzzling values{rimmer and von Haeseler 1996).

Discussion

The sequenced clones from a sinQleoetraea individual reveal that there are at least three
haplotypes within the genome. This indicates that there may be three independent loci (nuc
organiser regions NORS). Quercus petraea, the presence of NORs on independent chromos:
has also been documented using fluorescensé&u hybridisation (Zoldo®t al. 1999). Consistent
with these results are observations in other speegsarbuscular mycorrhizal fungi (Hoseyal.



(1999), platyhelminths (Carranehal. 1996) and aphids (Fentehal. 1998). The three clades al
highly divergent and probably can be viewed as three independent phylogenetic entities rai
resulting from a low rate of concerted evolution. If incomplete concerted evolution were
responsible for the observed differences between rDNA clades, then the same nucleotide ¢
between and within clades would be expected.

The presence of divergent clades will result in an ambiguous consensus sequence when st
PCR products directly for phylogenetic analysis. Similarly, for population studies, if membel
any array are absent in the cloning, the phylogenetic analysis will be suspect. These result:
underline that the use of the ITS as a universal marker should be evaluated on a case by ¢
The use of ITS sequences as molecular marker relies on the mechanisms of concerted evc
ensure the rDNA array is evolving as a single molecule. Because the three divergent clade
this study most likely predate events at the population level, they cannot be used reliably tc
guestions at this hierarchical level.

Conclusions

® Plant-specific primers are required in order to avoid spurious ITS-like sequences.

® The analysis of the ITS relies on the assumption of single gene status. This is a crucie
and one that underlines the results here. If each array is not homogeneous, then the t
rDNA genes or spacers is invalid. Three rDNA genes were present within theQuegbes
petraea individual investigated, and those genes represent multiple phylogenetic entiti
such, their utility for questions regarding populations or closely related species is susg
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