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HOW UNIVERSAL ARE UNIVERSAL rDNA
PRIMERS? A CAUTIONARY NOTE FOR PLANT
SYSTEMATISTS AND PHYLOGENETICISTS

M. MOLLER*

Phylogenetic relationships are frequently inferred from rDNA ITS sequences obtained
employing universal primers. Whereas in most cases phylogenetic topologies inferred
from ITS data make good biological sense, caution has to be used when a number of
taxa vary greatly in PCR yield. The phylogenetic implications of such a scenario are
discussed.

Keywords. Internal transcribed spacer, nucleolar organizer regions, PCR, ribosomal
DNA, universal primers.

Since the invention of automated PCR and the innovation of direct cycle-sequencing,
the use of molecular data in areas such as molecular systematics and phylogenetics
has increased dramatically. Here, I would like to elaborate on an issue of a principally
technical nature, but with potential serious implications for the correct interpretation
of phylogenetic analyses.

White et al. (1990) published sequences of universal primers, designed for the
amplification of fungal ribosomal DNA (rDNA) genes and spacers, that have been
widely used, either unchanged (e.g. Baldwin, 1992; Wojciechowski et al., 1993;
Wendel et al., 1995), or modified to fit plant sequences (e.g. Sang et al., 1995; Moller
& Cronk, 1997). The rDNA gene copies, including the two internal transcribed
spacer (ITS) regions, are arranged in multicopy tandem repeat units in nucleolar
organizer regions (NOR), and are thought to be homogenized by forces such as
‘concerted evolution’ (Hillis & Dixon, 1991), thought mainly to be a result of unequal
crossing over (Smith, 1976) or gene conversion events (Arnheim, 1983). However,
recent studies have shown that this ‘molecular drive’ appears to be less efficient than
previously thought; the variation of individual copies in some cases is now un-
disputed, and can exceed interspecies variation (Karvonen et al., 1994; Smith &
Klein, 1994; Oxelman & Lidén, 1995). This may indicate past hybridization events
(Karvonen et al., 1994; Campbell et al., 1997) or the accidental amplification of
paralogues (Chaw et al., 1995; Buckler et al., 1997). The high sequence variation
between ITS copies within amplifiable repeat units of Zea may give an indication of
the possible variation of rDNA genes within a single NOR locus; out of more than
60 cloned copies none but two were identical (those belonging to different species!)
(Buckler & Holtsford, 1996).

It is widely believed or assumed, that universal primer pairs amplify all, or at least
the majority, of the existing I'TS copies present. Failure of PCR-reactions to amplify
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the desired product are usually attributed to deficiencies of DNA extractions (e.g.
low DNA concentration, DNA degradation, high salt impurities, co-precipitation of
inhibiting compounds) or unsuitable PCR conditions (e.g. annealing temperature or
time, buffer composition) and can be overcome by elimination of those inadequacies.
Buckler and Holtsford (1996) reported higher amplification of isolated ITS para-
logues with low GC base contents (putative low stability pseudogenes) as compared
with high stability functional copies with high GC contents (>70%). However, in
further PCR experiments mixing high and low stability copies (which would reflect
more realistically laboratory situations) the results were more equivocal (Buckler
et al., 1997).

In certain cases it is not possible to obtain normal ITS amplicon yields under any
PCR condition, although the amplification of other DNA fragments (e.g. chloroplast
DNA; cpDNA) from the same DNA extraction appears to be unimpaired (Fig. 1).
This could be attributable to pipetting tolerances in the set-up of individual PCR
reactions, thus in differences in the number of starting templates, which will ulti-
mately affect the PCR yield. However, an elegant method to exclude those deficien-
cies, and to introduce an internal calibration system, is to combine the amplification
of two amplicons in one PCR reaction (the simultaneously amplification of amplicons
of up to eight primer pairs have been demonstrated; Loffert ef al., 1997). A double-
check on non-complementarity across the individual pairs (to avoid primer dimer
artefacts) and a unison annealing temperature are pre-requisites of such a system.

I have used this method in my research on the Gesneriaceae. The ITS copies of a
group of Madagascan Streptocarpus species that had previously repeatedly failed to
amplify properly (despite changes in various PCR parameters) whereas a mainland
African counterpart was unproblematic in this respect. In both cases chloroplast

FIG. 1. Simultaneous PCR amplification of cpDNA (#rnL intron, 537bp) and nuclear DNA
(ITS1, 452bp) for the African Streptocarpus rexii (lane 1) and the Madagascan S. muscosus
(lane 2), S. levis (lane 3) and S. tanala (lane 4). Negative control (lane 5). Left and right
lanes are 123bp size marker.
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DNA amplified equally well in the same PCR reaction (Fig. 1). The situation in
Streptocarpus is not an isolated phenomenon. It also occurs in other, not necessarily
closely related, plant families, such as Zingiberaceae (A. Rangsiruji, personal com-
munication) and thus may present a more common but, probably unconsciously,
underestimated or neglected aspect of direct - DNA sequencing. Direct sequencing
approaches were used in the majority of molecular phylogenetic studies using multi-
copy rDNA (e.g. Baldwin, 1992; Wojciechowski et al., 1993; Sang et al., 1995; Soltis
& Kuzoff, 1995; Wendel er al., 1995). The results are in general majority rule
sequences, were individual base determination is governed by the base prevailing
amongst all templates amplified. This ‘hides’ any lower level base variation between
individual copies within an individual (see above).

What could be the explanation for the differential amplification of rDNA genes?
There are several hypothetical scenarios: 1, a bias in the DNA extraction favouring
cpDNA in some species, resulting in a higher number of starting templates of this
molecule. However, the CTAB method usually employed generally extracts total
DNA (Doyle & Doyle, 1987). Further, there is no compelling reason why the DNA
extraction in one group of species should be preferentially affected, while closely
related species are not. 2, a reflection of differences in the total number of ITS copies
assembled in the NORs. This is theoretically possible, but in the present case practi-
cally unlikely. If the number of copies amplified correlates with the number of starting
copies, comparison by fluorometric quantification with well amplified species suggest
that the Madagascan species would have only ¢.20—30% of the copies of the mainland
Africa species (Fig. 1). This low copy number seems unlikely to be sufficient to
support any organism, giving the role of ribosomes in cell function. 3, a more worry-
ing but likely explanation could be a partial amplification of the total number of
ITS copies present. There can be various reasons for partial amplification, such as
a mutation in a PCR primer site in combination with incomplete homogenization
by concerted evolutionary forces. Apparently conserved regions flanking both ITSI
and 2 can have considerable variation, enough to allow possible mutation hits in
primer sites; e.g. the 5.8S rDNA gene, the location of internal primer sites, has up
to 3.7% divergence between Brassica species (Suh et al., 1992). This has apparently
happened in the genus Alpinia where a specific internal sequencing primer had to be
designed (A. Rangsiruji, personal communication). The third scenario would effect-
ively result in a selective sampling of the total rDNA copies, introducing a ‘bias’.

The power of PCR to (theoretically) exponentially amplify DNA fragments may
disguise the extent of this bias as long as a ‘sufficiently’ high yield is obtained, and
its degree only becomes apparent when using an internal calibration system, that
allows an estimation and comparison of the effective starting templates. Thus, know-
ledge of rDNA gene organization, the exact number of NOR loci as well as an
accurate estimation of rDNA repeat numbers is necessary to approximate the extent
of the excluded rDNA copies. This is comparable with the ‘dark matter’ of the
universe; we infer it is there, but it cannot be directly detected. Approaches to clarify
the organization of rDNA within a genome may involve the physical mapping of



154 M. MOLLER

NOR loci by fluorescent in-situ hybridization (FISH) (Maluszynska & Heslop-
Harrison, 1991), and quantification of total nuclear rDNA tandem repeats by restric-
tion mapping and southern blotting (Copenhaver & Pikaard, 1996; Campbell et al.,
1997). In any case, where large discrepancies in PCR yield between samples are en-
countered, caution should be executed, and internal checks should be employed to
estimate the proportion of templates amplified.

Can this situation be rectified? When only a small subset of rDNA copies is
sampled the sequences obtained may not be representative for the taxon analysed.
Possible strategies to include a larger sample of rDNA repeats in PCR reactions
would involve lowering the stringency by decreasing the annealing temperature, or
the use of alternative conserved primer sites. The first may result in a higher amplicon
concentration, but can result in the co-amplification of non-specific products that
will cause problems during direct sequencing. The latter would create the possible
problem of strict homology between sequences if a matrix is assembled from
sequences obtained with different primer sets; different primer pairs may draw
differential sets of copies. The addition of denaturants, such as dimethylsulphoxide
(DMSO) has been suggested to improve the individual amplification of high stability
ITS copies as opposed to low stability products (presumed non-functional paralog-
ues); however, this approach was found to give inconsistent results in competition
amplifications (Buckler ez al., 1997). (Non-functional paralogues can be more effec-
tively eliminated by sequence determination from functional rRNA genes indirectly
by the extraction of total RNA, from which cDNA is synthesized; Chaw et al., 1995.)

What are the consequences for phylogenetic studies? Where multigene families are
completely homogenized (and assuming there is no between individual variation)
selective sampling would not represent a problem, as any single copy could represent
a taxon (Sanderson & Doyle, 1992; Doyle & Davis, 1998). Consequently, in cases
where primer site mutations reach fixation in an individual by concerted evolution
no PCR amplification will occur. However, in cases of incomplete homogenization
involving mutations at primer sites a smaller number of copies will be amplified.
This could be compared with lineage sorting or ‘gene extinction’. Where only very
few copies are sampled (i.e. indicated as low PCR yield), the subsequent inferred
taxic phylogenetic relationships can be compromised (Doyle & Davis, 1998). The
solution of employing several alternative primer sets in the assemblage of one matrix
will raise the problem of strict homology, as the sequences may stem from differential
sampling of ITS copies from the whole gene pool and may thus compare non-
homologous copies. The use of an alternative primer set within a defined range of
taxa, however, may be acceptable.

This paper is primarily concerned with intra-individual polymorphisms and conserv-
ation of primer sites. Of course where hybridization occurs and/or intraspecific
variability exists phylogenetic estimates can be confounded. These topics are beyond
the scope of this paper but are also other important potential error sources.

In conclusion, direct PCR-based sequencing is a convenient and rapid method to
obtain numerous characters. Whereas in most cases phylogenetic topologies inferred
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from ITS data make good biological sense and are corroborated by other lines of
evidence, caution has to be used when a number of taxa vary greatly in PCR yield.
If PCR parameters can be excluded as potential source of the problem, the choice
of an alternative gene sequence for phylogenetic analyses may be necessary.

MATERIALS, METHODS AND RESULTS

Plant material was from the living collection held at the Royal Botanic Garden
Edinburgh (RBGE), and vouchered as described previously, as were DNA extrac-
tion, PCR and eclectrophoresis (Moller & Cronk, 1997). Addition of two primer
pairs to one PCR reaction, amplifying the ITS1 (primers ITS5P+ITS2G), and the
intron of the chloroplast gene #trnL (primers c+d; Taberlet et al., 1991) resulted in
two strong bands in the African species, but one strong band (cpDNA) and one
weak band (ITS1) for the Madagascan species (Fig. 1).
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