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Abstract
One of the most popular sequences for phylogenetic inference at the generic and infrageneric levels in plants is the internal
transcribed spacer (ITS) region of the 18S–5.8S–26S nuclear ribosomal cistron. The prominence of this source of nuclear DNA
sequence data is underscored by a survey of phylogenetic publications involving comparisons at the genus level or below, which
reveals that of 244 papers published over the last ﬁve years, 66% included ITS sequence data. Perhaps even more striking is the fact
that 34% of all published phylogenetic hypothesis have been based exclusively on ITS sequences. Notwithstanding the many important contributions of ITS sequence data to phylogenetic understanding and knowledge of genome relationships, a number of
molecular genetic processes impact ITS sequences in ways that may mislead phylogenetic inference. These molecular genetic processes are reviewed here, drawing attention to both underlying mechanism and phylogenetic implications. Among the most prevalent
complications for phylogenetic inference is the existence in many plant genomes of extensive sequence variation, arising from ancient
or recent array duplication events, genomic harboring of pseudogenes in various states of decay, and/or incomplete intra- or interarray homogenization. These phenomena separately and collectively create a network of paralogous sequence relationships potentially confounding accurate phylogenetic reconstruction. Homoplasy is shown to be higher in ITS than in other DNA sequence
data sets, most likely because of orthology/paralogy conﬂation, compensatory base changes, problems in alignment due to indel
accumulation, sequencing errors, or some combination of these phenomena. Despite the near-universal usage of ITS sequence data
in plant phylogenetic studies, its complex and unpredictable evolutionary behavior reduce its utility for phylogenetic analysis. It is
suggested that more robust insights are likely to emerge from the use of single-copy or low-copy nuclear genes.
Ó 2003 Elsevier Inc. All rights reserved.

1. Introduction
As testiﬁed by the launching of the journal in which
these words appear, molecular sequence data have revolutionized phylogenetic analysis. Since the late 1980s
but at a seemingly ever-increasing pace over the last
decade, molecular phylogenetic hypotheses are being
forwarded for nearly all groups of organisms. In plants,
the majority of sequenced-based molecular phylogenetic
studies, particularly in the early years, were based exclusively on genes and spacers from the plastid genome
(Catal
an et al., 1997; Clegg, 1993; Olmstead and Palmer,
1994; Olmstead and Reeves, 1995; Soltis et al., 1998),
most notably rbcL (Chase et al., 1993). With increasing
recognition of the dangers inherent in relying exclusively
on what typically are uniparentally inherited sequences
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for phylogenetic inference (Rieseberg and Soltis, 1991;
Rieseberg and Wendel, 1993), widespread enthusiasm
developed in the plant systematics community for the
inclusion of sequence data from nuclear markers. For
reasons enumerated below but accelerated by sociological factors, a single kind of nuclear locus experienced a
meteoric rise in popularity, becoming almost a sine qua
non for phylogenetic inference at generic and infrageneric levels in plants. Accordingly, this tool, the internal
transcribed spacer (ITS) region of the 18S–5.8S–26S
nuclear ribosomal cistron, now is extensively employed
around the globe, having ﬁrst been utilized scarcely a
decade ago (Baldwin, 1992, 1993).
To illustrate just how popular ITS sequence-based
phylogenetic analyses have become since the early review by Baldwin et al. (1995), we surveyed plant phylogenetic publications during the last ﬁve years in several
of the most prominent systematics and evolution journals. This tabulation revealed that of 244 papers, fully
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two-thirds (66%) involving comparisons at the genus
level or below included ITS sequence data. Perhaps even
more striking is the fact that more than one third (34%)
of all published phylogenetic hypothesis have been
based exclusively on ITS sequences.
Why has ITS-based phylogenetic analysis come to
dominate plant molecular phylogenetic methodology?
Apparently for at least two sets of reasons, one based on
its presumed advantageous properties for phylogenetic
inference, but the other apparently from a rather powerful bandwagon eﬀect, whereby ITS utilization was
accelerated in the community by usage itself, without
much explicit challenge of the appropriateness of the
tool. We will not delve into this latter set of sociological
factors further here, but instead reiterate the long-noted
(Baldwin et al., 1995) properties of ITS loci that were
claimed to be advantageous for purposes of phylogenetic reconstruction:
d Biparental inheritance. Since 18S–26S rDNA arrays
reside in the nuclear genome, ITS sequences are biparentally inherited, and are thus distinguished from the
cpDNA loci in widespread use. Some of the earlier
studies demonstrated how valuable this property is for
revealing past cases of reticulation, hybrid speciation,
and parentage of polyploids (Baldwin, 1992; Baldwin
et al., 1995; Kim and Jansen, 1994; Rieseberg et al.,
1990; Rieseberg and Soltis, 1991; Rieseberg and Wendel,
1993; Wendel et al., 1995).
d Universality. White et al. (1990) described a set of
primers that was useful for amplifying ITS sequences
from most plant and fungal phyla. This obviated the
need for primer design or prior sequence knowledge,
meaning that ITS sequence data could be more readily
obtained than perhaps any other nuclear marker.
d Simplicity. Nuclear ribosomal genes are constituents of individual 18S–5.8S–26S repeats, which typically
are in the size range of about 10 kb. These repeats are
tandemly reiterated at one or more chromosomal loci
per haploid complement. Because there are hundreds to
thousands of nuclear rDNA repeats in plant genomes,
they are more easily isolated than most low-copy nuclear loci, requiring little experimental expertise to successfully amplify. In plants, ITS sequences vary in length
from approximately 500–700 bp in angiosperms (Baldwin et al., 1995) to 1500–3700 bp in some gymnosperms
(Bobola et al., 1992; Germano and Klein, 1999; Liston
et al., 1996; Maggini et al., 2000; Marrocco et al., 1996).
Excluding gymnosperms, both the high copy number
and the small size of the target DNA fragment facilitate
ITS ampliﬁcation by PCR, even permitting the use of
ancient material, herbarium specimens, and samples
other than from living material (much as with cpDNA).
d Intragenomic uniformity. It has long been recognized that multigene families in general and ITS sequences in particular may be subject to a phenomenon
termed concerted evolution (Ainouche and Bayer, 1997;

Brochmann et al., 1996; Elder and Turner, 1995; Franzke and Mummenhoﬀ, 1999; Fuertes Aguilar et al.,
1999a; Hillis et al., 1991; Roelofs et al., 1997; Schlotterer
and Tautz, 1994; Wendel et al., 1995; Zimmer et al.,
1980, among others). Concerted evolution occurs when
sequence diﬀerences among reiterated copies in the genome, which should be accumulating their own distinct
mutations, become homogenized to the same sequence
type by mechanisms such as high-frequency unequal
crossing over or gene conversion. When carried to
completion, this process eliminates both sequence variation within genomes and potentially confounding
variation, leaving only species- and clade-speciﬁc character-state changes to inform phylogenetic reconstruction eﬀorts.
d Intergenomic variability. An early observation was
that ITS sequence variation levels are suitable for phylogenetic inference at the speciﬁc, generic or even family
levels (Baldwin, 1992; Baldwin et al., 1995). Baldwin and
others noted that the variation at hierarchical levels at
which most phylogeneticists work (generic and sub-generic) is attributable mostly to nucleotide polymorphisms, but that insertion–deletion polymorphisms
(indels) are also common. They further reported divergence values that ranged from 0 to 39% in pairwise
comparisons between taxa, with 5–59% of these being
potentially phylogenetically informative (Baldwin et al.,
1995).
d Low functional constraint. It was thought that since
the ITS sequences are removed via splicing during
transcript processing, they would be subject to reasonably mild functional constraints, which in turn would
oﬀer a preponderance of nucleotide sites that would
evolve essentially neutrally. The functionality of ITS is
related to speciﬁc cleavage of the primary transcript
within ITS-1 and ITS-2 during maturation of the small
subunit (SSU), 5.8S, and the large subunit (LSU) ribosomal RNAs (Hadjiolova et al., 1984, 1994; Musters
et al., 1990; Nashimoto et al., 1988; Veldman et al.,
1981; van Nues et al., 1994). Although this maturation
and splicing process depends on the secondary structure
of ITS, implying some degree of conservation at the
sequence or at the structure level (Mai and Coleman,
1997), the presumption of limited functional constraint
was widely adopted and further justiﬁed by observations
of extensive nucleotide and length variation.
The foregoing list of properties constitute an impressive set of advantages for experimental design, and
so it is not surprising that ITS-based phylogenetics
rapidly grew in popularity. Given the prevalence of ITS
sequence data in plant phylogenetic analyses, it seems
prudent to pause and reﬂect upon these and other molecular evolutionary properties that are relevant to its
utilization. We were motivated by the realization that
the several advantages noted above may be counterbalanced by phenomena that are expected to confound
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phylogenetic analyses, and that a deeper understanding
of process might lead to enhanced insight into evolutionary history. Some of the relevant phenomena have
been revealed or informed by the actual process of
phylogenetic inference, where unexpected results or incongruent topologies were recovered. We review here
molecular genetic processes that impact ITS sequence
variation, drawing attention to the implications for
phylogenetic inference.

2. Phenomena that impact the phylogenetic utility of ITS
sequences
2.1. Multiple rDNA arrays
It has long been known that 18S–26S rDNA arrays
and their RNA products constitute an essential component of eukaryotic NORs (nucleolus organizing regions). The number and distribution of NOR loci in
eukaryotic genomes are variable, as is their size (Brown
et al., 1993; Panzera et al., 1996; Pedersen and LindeLaursen, 1994; Tartof and Dawid, 1976; Vanzela et al.,
1998; Worton et al., 1988). Moreover, the number and
genomic location of NOR arrays is evolutionary labile
within families and genera (Dubcovsky and Dvorak,
1995; Murray, 2002; Schubert and Wobus, 1985; Thomas et al., 2001). In the Triticeae, for example, Dubcovsky and Dvor
ak (1995) showed that there are both
major and minor rDNA arrays whose chromosomal
location varies among species. It appears that in some
cases major arrays have arisen via magniﬁcation of minor arrays while in other cases major arrays have evolutionarily been reduced to minor arrays through the
loss of repeats. Other authors (e.g., Pedersen and LindeLaursen, 1994) have also suggested that minor sites and
rDNA pseudogenes originated from major sites.
The generality of the phenomenon of evolutionarily
lability of rDNA loci has become ﬁrmly established in
recent years as a consequence of the widespread application of ﬂuorescent in situ hybridization (FISH) and
genomic in situ hybridization (GISH) techniques to plant
genomes (Adams et al., 2000; Anamthawat-J
onsson,
2001; Anamthawat-J
onsson and B€
odvarsd
ottir, 2001;
Dagne et al., 2000; Hizume, 1994; Ma et al., 1997; Mishima et al., 2002; Murray, 2002; Nakayama et al., 2001;
Raina and Rani, 2001; Shishido et al., 2000; Thomas
et al., 2001; Vanzela et al., 1998; Xu and Earle, 1996;
Zhang et al., 1995; Zoller et al., 2001). Minor rDNA sites
and variation in site location and number are common
observations, and this variation is only partly correlated
with ploidy level. In some cases, more loci than expected
from ploidy relationships may be observed. For example,
Mishima et al. (2002) determined by FISH the 5S and
18S–5.8S–26S rDNA site number in ten polyploid species
of Sanguisorba. All 2n ¼ 14 taxa had two rDNA sites

419

except for S. annua, which exhibited four or six
18S–5.8S–26S rDNA sites, as did the 2n ¼ 28 species.
The authors explain these results by suggesting that
the rDNA sites were duplicated during ancient polyploidization events in Sanguisorba followed by loss of
5S rDNA sites but not 18S–5.8S–26S rDNA sites in
S. annua.
The consequences of the foregoing for phylogenetic
analysis are profound. A fundamental requirement for
historical inference based on nucleic acid or protein
sequences is that the genes compared are orthologous as
opposed to paralogous. Two genes are said to be
orthologous if their relationship originated from organismal cladogenesis (see Doyle, 1992; Wendel and
Doyle, 1998 for discussion). Orthologous sequences are
appropriate for phylogenetic analysis, in that their history may reveal divergence events among species. If,
however, there has been a history of gene (or array)
duplication, the duplicated sequences within and between lineages are paralogous. When paralogous genes
are unknowingly included in phylogenetic analysis to the
exclusion of appropriate orthologous comparisons, the
resulting gene tree will confound organismal divergence
events with a tracking of the history of duplication.
Hence, erroneous assessments of orthology and paralogy will lead to phylogenetic incongruence, as will
sampling an unintended mixture of orthologous and
paralogous sequences in a study (reviewed in Doyle,
1992; Wendel and Doyle, 1998).
The widespread occurrence of ‘‘nomadic’’ rDNA loci
demonstrates that it should not be assumed that all
ribosomal sequences isolated in a study are truly
othologous. Instead, it may be that a suite of orthologous and paralogous loci exist (e.g., Buckler et al., 1997;
Hartmann et al., 2001; Ko and Jung, 2002; Mayol and
Rossell
o, 2001; OÕDonnell and Cigelnik, 1997; among
others), which may or may not be sampled by a single
PCR experiment and which often are not fully homogenized via concerted evolutionary processes (see below).
Buckler et al. (1997), for example, demonstrated the
occurrence of potentially confounding rDNA paralogous as well as recombinants in Gossypium, Nicotiana,
Tripsacum, Zea and Winteraceae. Similarly, in Quercus
(Mayol and Rossell
o, 2001), the divergence of paralogs
in Q. acutissima, Q. rubra, and Q. suber produces long
branches in a neighbor-joining tree and contradictory
relationships when compared with those inferred from
orthologous counterparts. In addition, some ribosomal
arrays (5S or 18S–26S) may be evolutionary lost (e.g.,
Danna et al., 1996; Dubcovsky and Dvorak, 1995;
Leggett and Markand, 1995; Li and Zhang, 2002; Mishima et al., 2002; Snowdon et al., 1997; Vaughan et al.,
1993), leading to the problematic consequence that they
are not available for experimental sampling, and as described more fully below, repeats at some loci may undergo pseudogene formation, creating additional and
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possibly erratically sampled sequence variation. Hence,
it is often a non-trivial exercise to distinguish orthologs
from paralogs among rDNA loci, and because of this
there are inherent risks in relying exclusively on rDNA
sequences for phylogenetic inference.
Although it may be impractical in most cases to
conduct FISH or GISH studies to document locus
number and location in any given taxon, in some cases
this knowledge may inform phylogenetic results based
on ITS sequences (Adams et al., 2000; AnamthawatJ
onsson and B€
odvarsd
ottir, 2001; Ma et al., 1997; Mishima et al., 2002; Murray, 2002; Thomas et al., 2001;
Vanzela et al., 1998; Zhang et al., 1995). For example,
an understanding of array number and location may
facilitate evaluation of alternative explanations for
‘‘missing sequences,’’ such as locus loss vs. homogenization (Hodkinson et al., 2002; Li and Zhang, 2002;
Wendel et al., 1995).
2.2. Concerted evolution
Ribosomal genes in plants exist in hundreds to
thousands of copies that are reiterated tandemly at one
or more chromosomal locations. One of the more remarkable properties of rDNA genes is that the individual copies may appear to evolve more or less in
unison. That is, instead of each gene copy acquiring
unique sequence variation due to the evolutionary accumulation of mutations, all repeat copies within an
array (or genome) may jointly share the same set of
mutations. This uniformity arises from one or more
processes of inter-genic sequence homogenization that
collectively are referred to as concerted evolution
(Arnheim, 1983; Elder and Turner, 1995; Zimmer et al.,
1980). Arising from mechanisms such as unequal
crossing over and high-frequency gene conversion, the
classical concept of concerted evolution is one whereby
inter-repeat sequence variation within an organism is
reduced to a negligible level or is completely reduced, so
that the multigene family contains largely or only one
unique kind of sequence.
This classical concept has long been thought to
characterize ribosomal arrays, and indeed this attribute
has often been touted in phylogenetic applications
(Baldwin, 1992; Baldwin et al., 1995; Elder and Turner,
1995; Hillis and Dixon, 1991). In principle, concerted
evolutionary mechanisms would act to eliminate paralogous sequences, thereby facilitating inference of true
homology among taxa and accurate phylogenetic reconstruction. In the absence of complete homogenization due to concerted evolution, multiple divergent
rDNA copies will constitute orthologs and paralogs
whose very presence complicates eﬀorts to reconstruct
phylogenetic history. As noted above, multiple rDNA
arrays are quite common, arising both from well-known
organismal processes such as hybridization and poly-

ploidization and by genomic processes like gene and
chromosome segment duplication and various forms of
homologous and non-homologous recombination. As
discussed below, sequence homogenization resulting
from concerted evolutionary mechanisms may not keep
pace with variation generating processes at the organismal and genomic levels, and hence, in any given phylogenetic application it cannot be assumed that only one
kind of ITS sequence type exists.
Even in cases where concerted evolution is complete
or nearly complete among repeats within and between
multiple rDNA arrays, it cannot be assumed that strict
orthology has been maintained among sequences ampliﬁed among a set of taxa. One reason for this is that
following a reticulation, introgression, or polyploidization event giving rise to the evolutionarily ephemeral
coexistence of divergent ITS repeat types, the subsequent direction of sequence homogenization may be
diﬀerent in various descendant lineages, such that only
one repeat type is observed per genome (Hillis et al.,
1991; Wendel et al., 1995). In these instances the component of evolutionary history associated with the
eliminated sequence type is lost, while the sequence
types that remain may represent a mixture of paralogs
and orthologs that are diﬃcult to diagnose as such in the
absence of other data that generate potentially informative incongruence (Wendel and Doyle, 1998). Given
the prevalence of reticulation (Comes and Abbott, 2001;
Fuertes Aguilar et al., 1999b; Rieseberg and Wendel,
1993; Rieseberg et al., 2000; Sang et al., 1995) and
polyploidization in plants (Grant, 1981; Masterson,
1994; Stebbins, 1950), this becomes an important consideration.
A realization that has emerged in the last decade is
that divergent rDNA copies may experience a variety of
fates following their merger in a single genome as a
consequence of a reticulation event (Wendel, 2000). One
possibility is that the divergent copies are maintained,
evolving independently without recombination or interarray ‘‘contact.’’ In this case, ITS sequence data may
prove informative with respect to documenting the historical hybridization or polyploidization event, providing information on both the maternal and paternal
progenitor lineages. In the allopolyploids Tragopogon
mirus and T. miscellus, formed from the diploid progenitor pairs T. dubius/T. porrifolius and T. dubius/T.
pratensis, respectively, Soltis and Soltis (1991) and Soltis
et al. (1995) showed that both parental rDNA types are
retained. Baumel et al. (2001) observed the same pattern
using RFLP analysis in the Spartina anglica, the allopolyploid derivative of S. maritima and S. alterniﬂora.
Allopolyploidy in both Tragopogon and Spartina is rather recent (around 100 years old) but it is clear that
divergent repeat types may be maintained over tens of
millions of years. In the Winteraceae, for example, apparently ancient paralogs have been maintained to the
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present (Suh et al., 1993). Regardless of relative antiquity, in cases where two or more repeat types do not
become homogenized so that diﬀerent ribotypes may be
sampled, the divergent ITS sequences may prove highly
informative with respect to historical relationships (e.g.,
Ritland et al., 1993 in Mimulus guttatus; Sang et al.,
1995 in Paeonia; Ainouche and Bayer, 1997 in Bromus
lanceolatus and B. secalinus; Campbell et al., 1997 in
Amelanchier; Vargas et al., 1999 in Hedera; Wissemann,
1999, 2002b in Rosa).
A second possible outcome of the reunion of divergent sequences following hybridization is that two or
more repeat types are maintained but undergo various
degrees of recombination. This leads to chimeric ITS
sequences that in phylogenetic analysis will behave erratically and resolve in phylogenetic positions basal to
either parental lineage (McDade, 1992, 1995). Genic
recombination is thought to be common in hybrids
(Barkman and Simpson, 2002; Buckler et al., 1997;
Campbell et al., 1997), and has been oﬀered as the explanation for the recovery of chimeric ITS sequences.
For example, in the hybrid Dendrochilum acuiferum, a
survey of 14 ITS cloned sequences showed within-individual variation (Barkman and Simpson, 2002). Two of
these sequences had ITS1 identical to one putative
progenitor, D. stachyodes, whereas their ITS2 sequences
were almost identical to the other putative progenitor,
D. grandiﬂorum, suggesting genic recombination between the parental ribotypes. Another example of
sequence recombination is for the fungal genus Trichaptum, where comparison of several ITS sequences
from T. abietinum revealed that while all repeats examined share the same ITS2 sequence, they exhibit three
diﬀerent types of ITS1 sequence (Ko and Jung, 2002).
The authors suggest that these chimeric sequences came
from diﬀerent loci residing on diﬀerent chromosomes.
They further notice that one ITS1 sequence type occurs
only among Korean samples, perhaps indicating the
geographic place and temporal component of the origin
of this particular paralog. As discussed more fully in
Section 2.3, below, recombination may occur not only
between divergent functional repeat types, but also between functional repeats and non-functional pseudogenes in various states of decay. It is not diﬃcult to
envision how this process may mask phylogenetic signal,
particularly when one considers that pseudogenization,
reticulation, and recombination may be repeated episodically on an evolutionary timescale.
A third evolutionary possibility following hybridization is that one and only one repeat type comes to
dominate the rDNA repeat population within a genome
as a consequence of concerted evolutionary mechanisms. This repeat type may represent either an uncontaminated descendant of one of the parental sequences
or a chimeric type resulting from intergenomic recombination. An example of sequence elimination following
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allopolyploid formation in the genus Gossypium was
provided by Wendel et al. (1995), who demonstrated
that rDNA arrays are homogeneous or nearly so in both
the progenitor diploid and descendant allopolyploids
and, since these arrays occur in several chromosomal
loci, repeats must have become homogenized both
within and between arrays dispersed in diﬀerent genomic
locations. Because models of both diploid progenitors
are extant, and because multiple sources of evidence
independently substantiate the genomic composition of
the allopolyploid species (Wendel and Cronn, 2003), it
was possible to demonstrate that approximately 3800
rDNA repeats, each circa 10 kb in length, were ‘‘overwritten’’ by intergenomic cross-talk following the allopolyploidization event 1–2 million years ago (Senchina
et al., 2003; Wendel and Cronn, 2003). Importantly, this
study also demonstrated that the interlocus concerted
evolutionary process may be bi-directional; that is, one
parental repeat type may be lost in some descendant
lineages, while the alternative repeat type may be lost in
other lineages. Because only one repeat type remains in
each descendant allopolyploid, phylogenetic analysis of
ITS sequences by themselves would not reveal the history of genomic merger, and the topology obtained for
the allopolyploids would be misleading.
Similar results have since been obtained in other
systems (e.g., Brochmann et al., 1996; Ferguson et al.,
1999; Franzke and Mummenhoﬀ, 1999; Fuertes Aguilar
et al., 1999a,b; Roelofs et al., 1997). Brochmann et al.
(1996), for example, demonstrate the hybrid origin of
the allopolyploid Saxifraga osloensis, which shows an
additive pattern with respect to its two progenitors (S.
tridactylites and S. adscendens) using RAPDs. When
they analyzed ITS sequences of these three species, no
additive pattern was observed in S. osloensis. They noted that the S. osloensis and S. adscendens ITS sequences
are virtually identical but are divergent from those of
S. tridactylites, and therefore conclude that the absence
of both repeat types in the allopolyploid S. osloensis is
due to biased concerted evolution towards the maternal
progenitor (inferred from cpDNA evidence to be S.
adscendens). A particularly interesting example of biased
concerted evolution concerns the relatively recent and
putatively hybrid origin of Armeria villosa subsp. longiaristata (Fuertes Aguilar et al., 1999a). Using extensive sampling of taxa and sequences, a geographical
rather than purely taxonomic pattern was observed in
the ITS tree, which was attributed to biased gene conversion following introgression events.
The three possible evolutionary fates discussed
above, i.e., maintenance of both repeat types, generation
of new repeat types, and loss of repeat types via concerted evolution, are not mutually exclusive. In Bromus,
for example, Ainouche and Bayer (1997) demonstrated
that the allopolyploid B. hordeaceus exhibits exclusively
a single ITS sequence type, presumably due to interlocus
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concerted evolution, whereas other allopolyploids
(B. lanceolatus and B. secalinus) contain more than one
repeat type reﬂecting the parental ITS sequences. In a
detailed analysis of ITS polymorphisms in Paeonia,
Sang et al. (1995) observed diﬀerent degrees of additivity. In ﬁve hybrid species the ITS sequences show a clear
polymorphism pattern indicative of the maintenance of
both parental repeat types. In 10 other hybrids, however, ITS sequences combine nucleotides to diﬀerent
degrees in ITS1 from two putative groups of progenitors, while the ITS2 sequences show no variation and
are identical to one of the two potential parental groups.
The authors explain that in these 10 hybrids some of the
variable sites, including ITS2, have been homogenized
towards one progenitor (i.e.; loss of one repeat type via
concerted evolution), while most ITS1 polymorphisms
are maintained. This uneven pattern of homogenization
across the ITS region implies the existence either of intergenic recombination between diﬀerent repeat types
(as in Ko and Jung, 2002) or a greater underlying
complexity of rDNA organization than is realized. Another example of complex patterns of nrDNA evolution
and hybridization is in Rosa (Wissemann, 1999, 2002b),
where the allopolyploid R. jundzillii shows two types of
ITS1 sequences from R. gallica plus one ITS1 type from
R. canina, clarifying its hybridogenic origin.
A special situation arises when ITS sequences contain
sub-repeats. In some gymnosperms there are tandem
sub-repeats in ITS1 that vary in size (68–72 bp in Larix
and Pseudotsuga to 215–237 bp in Pinus pinea) and
number, leading to a threefold total length variation
(Gernandt and Liston, 1999; Marrocco et al., 1996;
Vining and Campbell, 1997; Vining et al., 1998). Gernandt et al. (2001) demonstrate within-individual heterogeneity of the ITS1 subrepeats, suggesting slow rates
of concerted evolution. In the present context, the tandem repeats may promote recombination between paralogs and also between non-homologous subrepeats
from orthologous copies, in the process producing chimeric ITS sequence types that could confound phylogenetic analysis.
Given the observation of great diversity among plants
in the number of rDNA arrays and their sequence diversity, it is of interest to consider the factors that might
inﬂuence the degree to which concerted evolution homogenizes sequences in any given case. At present we
have little understanding of the life-history and genomic
features that may quantitatively and qualitatively aﬀect
unequal crossing over and gene conversion, but presumably the genomic location and number of rDNA
arrays should play an important role. It may be, for
example, that when multiple arrays are located near the
telomeres, interlocus recombination events are either
promoted or are tolerated more than they would be if
arrays were interstitial, in which case crossing over
might lead to deleterious chromosomal recombinations

(Arnheim, 1983; Fulnecek et al., 2002; Wendel et al.,
1995). Generation time may also be an important factor,
as with molecular evolutionary rates in general (Gaut,
1998), in that longer generation times may be associated
with retarded rates of homogenization. In this respect
we note that in some woody groups, there may be partial
to little homogenization (Sang et al., 1995, in Paeonia;
Campbell et al., 1997, in Amelanchier agamic complex;
Wissemann, 1999, 2002b in Rosa) whereas in other
woody groups interlocus homogenization may be complete or near complete (Wendel et al., 1995, in Gossypium). The time since reticulation may also be relevant,
but even this might not be a particularly useful predictor
of the extent of homogenization. As commented above,
relatively young allopolyploids such as those in Tragopogon (Soltis and Soltis, 1991; Soltis et al., 1995) and
Spartina (Baumel et al., 2001) maintain both parental
repeat types. In artiﬁcial Armeria hybrids, however, the
expected additive pattern was observed in the F1 generation, but surprisingly, in the F2 generation homogenization towards one parental type was detected
(Fuertes Aguilar et al., 1999a). Thus, concerted evolution may act even in the very early stages of the hybrid
formation (see also Franzke and Mummenhoﬀ, 1999, in
the genus Cardamine).
The many examples cited above demonstrate that
concerted evolution cannot be assumed to operate instantaneously and completely to homogenize all rDNA
repeats within a genome, and that the phenomenon may
operate incompletely, at uneven evolutionary rates, and
at the intralocus and interlocus levels. The corollary is
that genomes may harbor a diversity of sequence types,
reﬂecting not only the history of organismal recombination events but the vagaries of genomic interactions
following the merger of divergent ITS sequence types.
ITS sequences may be lost, recombined, or maintained.
Clearly, insights into organismal reticulation and intergenic recombination can emerge only when ITS sequences are generated not from single PCR
ampliﬁcation reactions, which will mask any residual
sequence diversity, but from exploration of sequence
diversity within the amplicon pool following cloning and
sequencing of multiple clones. Even when sampling is
exceptionally thorough, however, one or more ITS repeat types and/or loci may become eliminated in one or
more descendant taxa, thereby being lost as a possible
source of historical evidence. This possibility, discussed
further below, is tantamount to the loss of an ortholog,
and hence phylogenetic comparisons for the aﬀected
taxa will by necessity include paralogous comparisons.
Bailey et al. (2002; pers. comm., unpubl.) discuss in
detail issues of assessing orthology and paralogy in
nrDNA, based on gene-tree relationships, exhaustive
sampling, and patterns of nucleotide diversiﬁcation. In
some cases this type of analysis may facilitate recovery
of phylogenetically useful information, depending on
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the taxonomic level and timing of duplication events.
In any event, the paralogy problem increases with
ploidy level, and may be exacerbated by both episodic
intergenic recombination events and the phenomenon of
pseudogene formation, discussed in the following
section.
2.3. Pseudogenes
Because 18S–5.8S–26S repeats exist in hundreds to
thousands of copies at one or more than one chromosomal location, and because the genomic location of
rDNA arrays is evolutionarily labile (as discussed in
Section 2.1, above), one might imagine that not all repeats remain functional on an evolutionary timescale,
but that instead some copies degenerate into pseudogenes. Unless these sequences immediately become deleted
from the genome or become so badly decayed that they
no longer amplify, or unless the pseudogenes are ‘‘rescued’’ by interlocus concerted evolution, the consequence is that genomes become graveyards for dead and
perhaps dying repeats of various ages. These pseudogenes may be harbored within the genome and perhaps
evolve independently and at a diﬀerent rate than their
functional counterparts once they are released from
functional constraints. Their existence, however, may
pose serious challenges for phylogenetic analysis, in that
the assumption of complete intergenic homogenization
via concerted evolutionary processes may no longer be
assumed, and instead, taxa included in phylogenetic
studies may possess a multiplicity of sequence types.
Abundant evidence now substantiates the widespread
existence of rDNA (including ITS) pseudogenes in plant
genomes. Following the detailed and insightful discoveries in Zea by Buckler and Holtsford (1996a,b),
pseudogenes have been detected from throughout the
angiosperms (Buckler et al., 1997; Hartmann et al.,
2001; Kita and Ito, 2000; Mayol and Rossell
o, 2001;
Muir et al., 2001; Yang et al., 1999). Many of these
studies show and discuss the phylogenetic consequences
of the existence of pseudogenes, and in addition, discuss
some of the properties that can lead to their identiﬁcation. The latter include the obvious indications arising
from large indels, but also changes in predicted secondary structure, GC content, sequence divergence, and
methylation patterns (Buckler and Holtsford, 1996a,b;
Buckler et al., 1997). Using examples from several plant
groups these latter authors illustrate that compared to
functional genes, ITS pseudogenes have lowered secondary structure stability, an increase in AT content via
deaminations, and a higher relative substitution rate in
conserved regions. Bailey et al. (2002, unpubl.) discuss
these methods and propose in addition a new tree-based
approach using patterns of nucleotide diversiﬁcation
among putatively conserved and less constrained parts
of the ITS region.
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Although it may be possible to identify pseudogenes,
particularly older ones, in the present context the most
important issue is the eﬀect of their existence on phylogenetic inference. Clearly, if multiple divergent sequences are sampled from within a single genome, the
host taxon will appear at multiple places in a resulting
phylogenetic tree (e.g., Buckler and Holtsford, 1996b;
Buckler et al., 1997; Hartmann et al., 2001; Kita and Ito,
2000; Muir et al., 2001). In addition, the accelerated
rates of substitution, indel accumulation, and antiquity
may all contribute to the recovery of isolated or diﬃcult
to place long branches (e.g., Kita and Ito, 2000 for the
genus Aconitum).
One of the most striking examples of the eﬀects of
ITS pseudogenes on phylogenetic analysis is that of
Mayol and Rossell
o (2001). They contrast the very different and well-supported results obtained by two different teams of researchers, namely Samuel et al. (1998)
and Manos et al. (1999), who each studied the genus
Quercus. When Mayol and Rossell
o (2001) compared
the sequences reported in the studies, the data set from
the Samuel team exhibited high levels of variation in GC
content, a great deal of length variation due to indels,
higher rates of substitutions (even in conserved motifs),
and lowered secondary structure stability. In addition,
intraspeciﬁc divergence levels were very high (up to 42%
in ITS2 for Q. suber, and up to 27% in ITS1 for Q. rubra), clearly demonstrating the absence of the sequence
homogenization that is often assumed for rDNA repeats. The analyses by Samuel et al. (1998) and Manos
et al. (1999) generated diﬀerent phylogenies, apparently
due to the existence of non-functional paralogs (pseudogenes) in the Samuel et al. data set. Mayol and Rossell
o (2001) argue that the data could reﬂect divergent
functional paralogs, but this would not account for the
observed diﬀerences in GC content, the loss of secondary structure stability, and the higher rates of substitution in conserved motifs. Accordingly, the most
convincing explanation for the phylogenetically disparate results is the inclusion of pseudogenes in one of the
two analyses.
In some cases insights into the complexity of the orthology/paralogy relationships that are generated by an
evolutionary history of duplication, divergence, and
pseudogenization may emerge from thorough genomic
sampling. A number of studies have explored the diversity of ITS sequences recovered from more exhaustive sampling of single genomes than typically is
employed in phylogenetic studies. In a study of Zea
(Buckler and Holtsford, 1996a,b), 78 ITS cloned sequences were analyzed, including thirteen clones ampliﬁed without DMSO, which led to the recovery of four
sequences that were identiﬁed as pseudogenes because of
their lower than expected GC content (62–65% vs. 70–
73%). In contrast, all the clones ampliﬁed with DMSO
had GC content within the expected range and no
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pseudogenes were recovered. In Quercus, Muir et al.
(2001) sequenced 70 clones for diploid Quercus petraea
and Q. robur. This sampling led to the recovery of three
classes, or families, of sequences in both species. Inspection of the sequences indicated that only one of the
three sequence classes is likely to be functional, with the
others corresponding to pseudogenes. In Leucaena,
Hughes et al. (2002) analyzed a total of 87 sequences
from 65 accessions, identifying 26 of them as pseudogenes. These examples from Zea, Quercus, and Leucaena
demonstrate that individual plant genomes may harbor
abundant sequence variation for ITS sequences, reﬂecting a long history of duplication, incomplete
homogenization, and pseudogenization, thereby generating complex patterns of paralogy. Given this observation, it would seem to be incumbent upon
investigators to explore this possibility prior to using
ITS sequences for phylogenetic inference. To do otherwise clearly can lead to erroneous phylogenies, from
orthology–paralogy conﬂation, unexpected isolation of
psuedogenes, or both.
An additional complication that initially was revealed
by in-depth sampling of sequences is that pseudogenes
may recombine with functional repeats, leading to the
presence in genomes of chimeric sequences. One may
envision that such sequences could be functional or remain as pseudogenes, depending on the degree of decay
in the pseudogene and the portion of the sequence that
experiences recombination or gene conversion with a
functional repeat. In addition, one might envision cases
where some of the rescued products carry embedded
vestiges of pseudogenized paralogs. A possible example
of this phenomenon is discussed in Buckler et al. (1997),
who argued that incongruence between ITS1 and ITS2
from the same sequence was due to genic recombination.
One additional possibility is that of PCR-mediated, as
opposed to in vivo recombination, whereby paralogs,
perhaps involving but not necessarily involving pseudogenes, recombine due to template switching or incomplete template extension during PCR. This phenomenon
has recently been demonstrated for a variety of genes by
Cronn et al. (2002a). Regardless of the mode of origin,
recombinants clearly are problematic for phylogenetic
analysis.
2.4. Secondary structure and compensatory base changes
An assumption of phylogenetic analysis of nucleotide
sequences is that each position is independent of other
positions. While this assumption probably is never fully
met in a strict sense, in many instances it may not be too
seriously violated. For some types of sequences, however, structural considerations predict that the assumption of independence is problematic. Perhaps best
known in this respect are genes that encode ribosomal
RNAs, which are single-stranded but have a secondary

structure that includes stemmed regions containing base
pairs. Because rRNA is divided into domains where
bases are either paired or unpaired, it is likely that different evolutionary constraints operate in each case. As
noted in the introduction, ITS sequences are subject to
evolutionary constraints related to maintenance of speciﬁc secondary structures that provide functionality (Liu
and Schardl, 1994; Mai and Coleman, 1997; Schl€
otterer
et al., 1994; Torres et al., 1990). High levels of GC
content provide stability of the DNA and RNA secondary structures and are associated with the formation
of stem–loop and more complex secondary structures.
The high GC content of ITS sequences, particularly in
conserved regions, and the stem–loop structural features
suggest that compensatory base changes are frequent
among diﬀerent nucleotide sites (Mai and Coleman,
1997). It is also clear that there are diﬀerences in the
shape and number of stem–loop structures among different organisms (Venkateswarlu and Nazar, 1991;
Baldwin, 1992), complicating any eﬀort to identify a
priori where compensatory changes might be expected
to occur.
This feature of the ITS sequences has important
consequences. Stemmed bases are subject to selection
for compensatory mutations so that base-pairing is
maintained, although phylogenetic evidence indicates
that an unpaired base may persist for some time following a mutation, even if it does ultimately become
compensated (Gatesy et al., 1994). Because mutations
typically become compensated, however, compensatory
base changes may lead to homoplasy, thereby obscuring
phylogenetic signal. Some thought has been given to
diﬀerential weighting of paired and unpaired nucleotide
positions for purposes of phylogenetic analysis (e.g.,
Hillis and Dixon, 1991; Soltis et al., 1998; Wheeler and
Honeycutt, 1988). Dixon and Hillis (1993) studied 28S
RNA genes from selected vertebrates, and recommend
reducing the weight accorded stem characters by 20%
relative to loop characters, whereas Springer et al.
(1995), in a study of 12S rRNA gene sequences from
mammals, suggest a more extreme weighting of stemmed positions (circa 40% down-weighting). Though
these weighting recommendations diﬀer quantitatively,
they underscore the possibility of non-independence of
nucleotide positions in sequence data. In principle, one
might attempt to infer the secondary structures of the
ITS sequences included in a study, and from these
down-weight during phylogenetic analysis the sites that
are deduced to be subject to compensatory changes.
While this approach may seem reasonable, many alternative secondary ITS structures may have similar free
energy estimates, and some compensatory changes
cannot be detected because they depend on nucleotides
other than from directly base-paired positions (Baldwin
et al., 1995). Dixon and Hillis (1993) further show how
alternative weighting can modify the phylogenetic
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topology. At any rate, the structural component inherent in the ITS molecule raise the possibility of nonindependence, increased homoplasy, and possible
discordance with phylogenetic estimates based on other
data.
2.5. Alignment, accuracy, and rooting
One methodological advantage of using proteinencoding genes for phylogenetic analysis is that the
researcher is provided an ‘‘alignment and error check’’
every three nucleotides, due to the partitioning of protein-coding sequences into codons (at least for exons).
This advantage facilitates interpretation of trace ﬁles
and autoradiograms, particularly regarding decisions on
sequence accuracy and possible single nucleotide indels
in regions of compression; given triplets and considerations of frame, these decisions become straightforward.
Because ITS sequences are not protein-encoding, these
natural alignment guides are unavailable, and hence the
process of scoring sequence data becomes similar to that
of cpDNA spacer and intron regions. With ITS, however, the sequence scoring problem is magniﬁed by its
propensity to accumulate indels, as well as its generally
high GC content, the latter causing more compression
than with the typically AT-rich nuclear introns. Indels
are everpresent in ITS data sets, many occurring at
problematic single nucleotide repeats and possibly arising from DNA replication slippage (Hancock and Vogler, 2000; Levinson and Gutman, 1987), but longer
indels also are often observed.
These interrelated issues of sequencing accuracy, high
GC content, and indel accumulation individually and
collectively impact the process of ITS sequence alignment. Thus, assembly of a correct and aligned ITS data
set may be more challenging than with other sequences
such as nuclear protein-encoding genes. Many sequencing errors will be relatively immaterial, in that they will
appear as autapomorphies, but others may lead to spuriously scored synapomorphies as well as erroneously
inferred indels. All of these fates result in increased
measures of homoplasy. In reading published papers that
use ITS it is common to ﬁnd authors discussing alignment ambiguities and the various treatments of resulting
gaps during phylogenetic analysis, and it is not at all
uncommon for entire stretches of nucleotides to be excluded from the data sets due to alignment issues. Because sequence accuracy, alignment and gap treatments
all impact phylogenetic results (Baum et al., 1994, 1998;
Davis et al., 1998; Kelchner and Clark, 1997; Kim and
Jansen, 1994; Raymundez et al., 2002), this issue becomes an important consideration. Some useful approaches have been proposed for gap treatment when
alignments are unambiguous (Simmons and Ochoterena,
2000; Simmons et al., 2001) that might lead to decreased
homoplasy and better phylogenetic resolution.
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ITS sequences evolve relatively quickly (Baldwin
et al., 1995; Cronn et al., 2002b; Small et al., 1998), both
with respect to indel accumulation and nucleotide substitutions. As a consequence, it is often the case that
divergence is too great to permit conﬁdent alignment
 lvarez
between ingroup and outgroup sequences (A
Fernandez et al., 2001; Ashworth, 2000; Kim and Jansen, 1996; M€
oller and Cronk, 1997; Ray, 1995; Suh et al.,
1993). This issue also arises with cpDNA spacers and
introns (e.g., van Ham et al., 1994, in Crassulaceae using
the trnF(GAA) intergenic spacer; Kelchner and Clark,
1997, in Bambusoideae using the rlp16 intron), leading to
situations where phylogenetic analysis needs to be performed without outgroup rooting, or perhaps more
problematically, where alignments become forced simply to accommodate one or more outgroups. Thus, the
opportunity to generate added conﬁdence in a particular
topology through observations like ingroup stability
under various outgroup choices is unavailable with ITS
sequence data. As an alternative methodological choice,
protein-encoded genes that have introns oﬀer a nice
compromise, because exons provide convenient alignment guides as well as triplets, whereas introns oﬀer a
higher level of sequence variation (e.g., Bailey and
Doyle, 1999; Bortiri et al., 2002; Cronn et al., 2002a,b).
The limitation of phylogenetic breadth of ITS relative to
other genes has been shown in a number of publications
(e.g., Bailey and Doyle, 1999; Bortiri et al., 2002; Cronn
et al., 2002b; Rossetto et al., 2002; Seelanan et al., 1997).
2.6. Universality and contamination
Universality is a convenient feature of ribosomal sequences, and this represents one of the primary reasons
why systematists, especially without training in molecular biology, choose ITS for molecular phylogenetic
analyses. We note with some irony, therefore, that the
same universality that accords ITS sequences their
broad utility also has generated some wildly unexpected
phylogenetic results. Speciﬁcally, because of the nearuniversality of the ampliﬁcation primers commonly used
in PCR for ITS sequences, any contamination of the
reaction cocktail with tissue from a diﬀerent plant (or
even a fungus) could lead to preferential ampliﬁcation of
the contaminant. Many laboratories include in their
local lore stories of ‘‘PCR nightmares’’ involving unexpected ampliﬁcation products, and some of these entail
erroneous ampliﬁcation of ITS sequences. Much of this
contamination can readily be avoided by appropriate
precautions to ensure that the only template DNA in the
reaction tube is from the desired organism. In addition,
it is good scientiﬁc practice to replicate any speciﬁc
phylogenetic result that is particularly surprising (although in many groups without a priori phylogenetic
expectations, such results may go unnoticed). Remarkably, however, even the most stringent laboratory
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hygiene standards and replication practices are not
suﬃcient to guard against unintended ampliﬁcation of
fungal epiphytes or endophytes (Camacho et al., 1997;
 lvarez-Buylla, 1995; Zhang et al., 1997).
Liston and A
For example, Camacho et al. (1997) found that several
Picea ITS1 sequences used for phylogenetic purposes by
Smith and Klein (1994) might represent endophytic
fungi. In fact, the supposed Picea engelmannii sequence
exhibited 97.6% identity to the endophytic fungus Hormonema dematioides, in which case contamination
clearly is implicated. In an attempt to amplify ITS sequences from several genera of woody bamboos, Zhang
et al. (1997) obtained repeatedly and under a variety of
PCR conditions sequences that were more similar to
unidentiﬁed fungi, most likely basidiomycetes. Additionally, angiosperm ITS sequences were obtained when
fresh leaves were sterilized prior to DNA extraction,
suggesting that the fungal contaminants were epiphyllous, as also shown by scanning electron microscopy. At
present, fungal contamination is more of a nuisance
than a phylogenetic misdirection, as it would be easily
detected in database searches using the ‘‘odd’’ sequences
as the queries. In these cases, however, it may be necessary to redesign ampliﬁcation primers or modify ampliﬁcation conditions so that the angiosperm sequences
of choice are preferentially ampliﬁed.
2.7. Homoplasy
One of the consequences of alignment and sequencing
problems, as well as the possibilities of compensatory
base changes, paralogy, pseudogenes and lack of complete concerted evolution, is that homoplasy is increased
in phylogenetic data sets. Because the aforementioned
problems are more acute with ITS sequences than for
most other genetic loci, the ironic possibility is raised
where the single most popular source of plant molecular
phylogenetic data is also the most homoplasious. To
evaluate and quantify this possibility, we tabulated the
two most widely used measures of homoplasy, i.e., the
consistency index (CI) (Kluge and Farris, 1969) and
the retention index (RI) (Farris, 1989), for 22 recent
studies wherein both ITS and other loci were sequenced
for the same set of samples (so that homoplasy estimates
could be fairly compared). While this list is not intended
to be exhaustive, it is unbiased in the sense that the only
criterion used is selecting papers to include was that they
employed multiple sources of molecular sequence data,
one of which was ITS. To provide a little more context
for the meaning of the numbers we also tabulated the
number of parsimony-informative sites. Clearly, the
amount of homoplasy observed in any given study will
be highly correlated with the number of taxa included as
well as on their degree of genetic divergence. Although
we made no eﬀort to statistically stratify our sampling in
this respect or to use regression methods, Table 1 shows

that ITS exhibits a higher percentages of parsimonyinformative sites than other markers at all levels of
divergence.
As shown by the data in Table 1, ITS data yield lower
CI and RI values than other loci in the vast majority of
studies, indicating a higher level of homoplasy than
obtained with other markers. Homoplasy does not
necessarily aﬀect the accuracy of a phylogeny if the
homoplasious characters are not informative. But, when
homoplasy is distributed such that it resolves as synapomorphy, misleading phylogenetic results may arise.
Although we did not study the distribution of homoplasy in the studies in Table 1, in principle one might
evaluate this possibility by examining incongruence between tree topologies obtained with ITS and other
markers, although clearly there are many other factors
that cause incongruence (Wendel and Doyle, 1998). In
Table 1, the vast majority of the markers compared to
ITS are cpDNA sequences, and thus any observed incongruence might reﬂect the uniparental origin of
cpDNA vs. the biparental origin of ITS, diﬀerential
rates of evolution, ITS homoplasy, or other factors. In
all 10 examples from Table 1 (Cronn et al., 2002a,b;
Miller et al., 1999) where ITS is compared to other
nuclear genes (excluding ribosomal DNA), levels of
homoplasy (CI) are higher in the ITS datasets. Hence, at
least part of the higher percentage of variable and parsimony-informative sites observed for ITS must arise
from homoplasy rather than useful variation. Only in
one of 34 comparisons (3%) was the CI for ITS judged
to be higher than the other molecular marker used (i.e.,
between ITS and the trnL-trnF spacer). In one other
case, the amount of homoplasy is equivalent for ITS and
ETS (rDNA external transcribed spacer), which is not
unexpected given that these two spacers are part of the
same molecule.
In most of the studies included in Table 1, only one or
two additional markers are used. Cronn et al. (2002b),
however, compared ITS against 12 diﬀerent genes, both
nuclear and chloroplast, yielding the same result,
namely, that ITS exhibited more homoplasy than most
other gene sequences. It is noteworthy that in Cronn
et al. (2002b) the exception to the generalization is for
the cpDNA spacer trnT-trnL that share the properties of
absence of codons, unbalanced nucleotide compositions,
and a high frequency of indel accumulation. This suggests properties that in general should be avoided in
selecting genes for phylogenetic analysis.
In an eﬀort to quantify the degree to which homoplasy is higher for ITS than other markers in plant
phylogenetic studies, we used the data in Table 1 to
calculate the mean percentage decrease (rarely, increase)
in CI and RI for all pairwise comparisons between genes
in each study and averaged across these values across
studies. The estimates obtained (14.6 and 12.6% for CI
and RI, respectively) illustrate unambiguously the
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Table 1
Relative utility of internal transcribed spacer sequences in phylogenetic studies
Study

Sequence

Total
number of
characters

Parsimony
informative
characters (%)

Consistency
index

Retention
index

Baum et al. (1998) (Adansonia)

ITS
rpl16
ITS
trnL intron
ITS
waxy
ITS
trnL-F
ITS
rpl16
ITS
ETS
ITS
matK
ITS
matK
trnL-F
ITS
trnL-trnF
ITS
trnL-trnF
ITS
matK
ITS
trnT-L-F
ITS
trnL-F
ITS
trnT-L
ITS + ETS
trnL-F
ITS
trnL-F
ITS
A1341
A1713
A1751
AdhA
CesA1
CesA1b
G1121
G1134
G1262
matK
ndhF
trnT-trnL
ITS
matK
ITS
matK + psbAtrnH+ trnL-trnF
ITS
trnL-trnF
ITS
rbcL
ITS
trnL-F + trnT-L

787
1347
639
556
573
651
717
978
688
1138
496
472
666
1231
910
1379
1282
496
397
759
563
720
1921
691
2050
860
1052
645
1279
1187
1024
715
1094
695
681
595
858
953
1086
1177
748
547
934
2553
2064
1596
814
3249
684
2467

10.8
0.8
14.2
2.3
28.5
13.2
21.8
13.6
5.7
0.8
39.9
30.9
3.3
0.8
49
19
22
11.1
0.8
22.9
11.7
16.3
13.6
30.5
14.4
35.9
11.5
19.8
5.9
30.8
17.7
15.5
6.5
4.1
0.6
0.5
0.3
0.4
0.4
0.5
0.6
1
0.2
0.8
0.5
1
39.7
14.8
26
5.3

0.91
0.97
0.76
0.81
0.46
0.60
0.67
0.64
0.82
0.92
0.60
0.59
0.92
1
0.41
0.56
0.58
0.61
0.90
0.57
0.73
0.58
0.74
0.34
0.66
0.78
0.85
0.79
0.81
0.54
0.79
0.78
0.85
0.76
0.95
0.95
1
0.80
0.93
0.96
1
0.95
0.95
0.92
0.93
0.78
0.37
0.63
0.69
0.71

0.86
0.97
0.79
0.87
0.65
0.77
0.87
0.83
–
–
0.71
0.82
0.94
1
0.61
0.69
0.64
0.72
0.94
0.71
0.83
0.53
0.78
0.63
0.77
0.89
0.91
0.87
0.93
0.66
0.82
0.59
0.70
0.76
0.95
0.95
1
0.79
0.92
0.96
1
0.95
0.95
0.92
0.93
0.78
0.72
0.89
0.89
0.82

678
1252
782
1402
731
1928

28.6
12.5
30.6
7.1
44.1
10.9

0.54
0.76
0.68
0.76
0.44
0.78

0.67
0.90
0.81
0.87
0.64
0.82

Bailey and Doyle (1999) (Sphaerocardamum)
Miller et al. (1999) (Ipomoea)
Molvray et al. (1999) (Korthalsella)
Seelanan et al. (1999) (Gossypium)
Clevinger and Panero (2000) (Silphium)
Erdogan and Mehlenbacher (2000) (Corylus)
Whitten et al. (2000) (Maxillarieae)

 lvarez Fern
A
andez et al. (2001) (Doronicum)
Bortiri et al. (2001) (Prunus)
Gravendeel et al. (2001) (Coelogyne)
Roalson et al. (2001) (Cariceae)
Zomlefer et al. (2001) (Melanthieae)
Barber et al. (2002) (Sideritis)
Beardsley and Olmstead (2002) (Mimulus)
Compton and Culham (2002)
(Ranunculaceae)
Cronn et al. (2002b) (Gossypium)

Kress et al. (2002) (Zingiberaceae)
Mort et al. (2002) (Crassulaceae)

Smedmark and Eriksson (2002) (Geum)
Wagstaﬀ and Wege (2002) (Stylidiaceae)
Zimmer et al. (2002) (Gesnerioideae)
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higher levels of homoplasy in ITS datasets vs. other
markers. Although homoplasy itself does not always
negatively impact phylogenetic analyses, high levels of
homoplasy increase the risk of an incorrect inference.
Thus, despite the near universal usage of ITS and its
potential to provide informative phylogenetic signal, the
utility of ITS sequences, as well as other ribosomal
DNA sequences, introns, and spacers, is limited relative
to other options available (e.g., Cronn et al., 2002b).
2.8. Technical considerations
Given the foregoing account of the myriad forces and
phenomena that shape the suite of ITS sequences that
may exist in a given plant genome, it may be useful to
highlight some technical considerations that may enhance phylogenetic insight. Some of these have been
alluded to elsewhere, such as the desirability of having
access to FISH or GISH data to reveal array number
and chromosomal distribution. While this type of
analysis would almost always be informative, in most
applications it is impractical. However, a great deal can
be learned from routine application of methods designed
to explore the possibility of multiple divergent ITS sequences in the taxa under study. As discussed above,
these multiple sequence types may arise from ancient or
recent array duplication events, genomic harboring of
pseudogenes in various states of decay, or incomplete
intra- or inter-array homogenization. The net eﬀect
of this multiplicity of forms, however, is the same
regardless of the mode of genesis, in that its existence
complicates phylogenetic inference due to orthology/
paralogy conﬂation.
Fortunately, progress in understanding possible sequence complexity may be achieved irrespective of the
underlying cause. In general, this simply entails cognizance of the possibility of sequence variation and some
simple experimental modiﬁcations. Given what we
know about rDNA arrays, it is clear that direct sequencing of single PCR may yield misleading results
because of numerical inequality among the spectrum of
repeat types that exist within the genome and the
preferential ampliﬁcation of a single repeat type (or
quantitative masking of minority repeats on autoradiograms or electropherograms). The phenomenon is a
general one, and is referred to as PCR bias or PCR
selection (Wagner et al., 1994). Biased PCR occurs
when certain members of a gene family become favored
for ampliﬁcation by the reaction conditions. Thus, the
same products from the selected repeat will be obtained
in separate reactions under the same conditions. Also,
ampliﬁcation may be directed by PCR drift (Wagner
et al., 1994), i.e., random factors aﬀecting the selection
of one type of repeat during the ﬁrst ampliﬁcation
cycles, in which case diﬀerent products may be obtained
in separate reactions.

It is known that PCR speciﬁcity can be improved
through the addition of additives to the ampliﬁcation
cocktail or through other modiﬁcations of PCR methodology (Bechmann et al., 1990; Innis, 1990; Varadaraj
and Skinner, 1994; Winship, 1989; Zhang et al., 1994).
Analogs to dGTP such as dITP or 7-deaza-dGTP may
reveal cases of bias due to GC compression, and dimethyl sulfoxide (DMSO) may relax secondary structure during ampliﬁcation, which can lead to an increase
in the sequence diversity revealed. Diﬀerent sequence
types may be recovered and sequencing may be improved with such modiﬁcations (Buckler and Holtsford,
1996b; Buckler et al., 1997; Kim and Jansen, 1994). One
remarkable example is from work in Zea (Buckler and
Holtsford, 1996b; Buckler et al., 1997), where the addition of DMSO or 7-deaza-dGTP yielded diﬀerent results; no pseudogenes were recovered using DMSO,
whereas both functional and non-functional repeats
were obtained with 7-deaza-dGTP. Finally, we draw
attention to the results obtained in two diﬀerent studies
of Quercus (Samuel et al., 1998 vs. Manos et al., 1999),
as reviewed by Mayol and Rossell
o (2001). One of the
methodological diﬀerences between the two teams was
the use of universal primers vs. speciﬁc angiosperm
primers, respectively, leading to the ampliﬁcation of
some pseudogenes by SamuelÕs team, while functional
repeats were obtained by ManosÕ team.
A ﬁnal strategy for discovering infra-genomic ITS
diversity is exempliﬁed by a recent study in the Glycine
tomentella allopolyploid complex (Rauscher et al.,
2002). In this study repeat-speciﬁc PCR primers were
used in mismatch ampliﬁcations to successfully recover
low-copy ITS repeats that otherwise could not be obtained by direct sequencing or cloning. This strategy
may prove eﬀective in obtaining rare repeat types when
a previous hypotheses of hybridization exists and when
sequences from the putative parents are available.
At the minimum, the realization of the possibility of
ITS sequence complexity calls for cloning of ampliﬁcation products obtained under a variety of PCR conditions, followed by sampling of clones to assess
sequence diversity. Although this exploration is more
labor-intensive, costly, and time-consuming than the
traditional approach of sequencing a single ampliﬁcation pool, the latter would appear to be a risky phylogenetic protocol. As an alternative, a strategy of
sequence variation exploration and detection may lead
not only to increased phylogenetic accuracy but an
enhanced understanding of genome history in the
group under study.

3. Conclusions
Our purpose is writing this review was to illuminate
and bring attention to the many molecular evolutionary
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and organism-level processes that may impact sequence
variation for ITS repeats in plants, and thereby hopefully contribute to a more informed utilization in phylogenetic analyses. Although we have discussed a rather
lengthy list of phenomena that may generate intragenomic sequence variation, to a certain extent the problem this creates for phylogenetic analysis is the same
regardless of the underlying cause: incorrect or at least
unsubstantiated assumptions of orthology. To the extent that this is construed as a negative message, it certainly is an important one that has not suﬃciently
permeated the systematics community, as testiﬁed by the
dominance of ITS sequence data as a nuclear marker in
present phylogenetic applications and the fact that most
routine applications fail to adequately explore the possibility of multiple, divergent repeat types. ITS sequence
data have and may continue to provide insights into
phylogenetic history, polyploid ancestry, genome relationships, historical introgression, and other evolutionary questions (Bailey et al., 2002; Wissemann, 2002a),
but the data generated will have the most value and the
most lasting value only if issues such as those raised in
this review are experimentally addressed.
As an alternative to the routine use of ITS sequences
as the molecule of choice for phylogenetic analysis, we
urge routine utilization of single-copy nuclear genes.
Single-copy nuclear genes are becoming increasingly
used for phylogenetic analysis, are biparentally inherited, with apparently rare exception are not subject to
concerted evolution (Cronn et al., 1999; Senchina et al.,
2003), and contain codons to limit alignment ambiguity
and facilitate homologous comparisons (Bailey and
Doyle, 1999; Bortiri et al., 2002; Doyle and Doyle, 1999;
Sang, 2002). In addition, single-copy nuclear genes have
lower homoplasy relative to ITS data (Table 1), and
provide, for all intents and purposes, a nearly limitless
supply of characters. For these reasons, we recommend
that ITS no longer be routinely utilized for phylogenetic
analysis, opting instead for using several or more different single-copy nuclear loci (e.g., Cronn et al., 2002b).
Inferring the history of life is a noble but challenging
enterprise fraught with methodological and analytical
unknowns and diﬃculties. In this era, however, it seems
that one should attempt to select phylogenetic tools with
properties that are more likely to provide historically
meaningful signal than ITS. Publicly available databases
are bursting at the seams with gene sequences from
plants, which are readily available for purposes of experimental design. Because the genomes of Arabidopsis
thaliana (The Arabidopsis Genome Initiative, 2000) and
Oryza sativa (Goﬀ et al., 2002; Yu et al., 2002) have been
sequenced, and because hundreds of thousands of ESTs
(Expressed Sequence Tags) have been deposited in
GenBank representing scores of other plant species, it is
now a relatively straightforward process to download
homologous sequence for alignment, primer design, and
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use in phylogenetic analysis (Small et al., 2003). The use
of multiple nuclear genes is nearly certain to vastly improve phylogenetic understanding in years to come as
these many diverse sources of evidence become increasingly employed.
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