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Abstract
Many early reports of ITS region (ITS 1, 5.8S, and ITS 2) variation in ﬂowering plants indicated that nrDNA arrays within
individuals are homogeneous. However, both older and more recent studies have found intra-individual nrDNA polymorphism
across a range of plant taxa including presumed non-hybrid diploids. In addition, polymorphic individuals often contain potentially
non-functional nrDNA copies (pseudogenes). These ﬁndings suggest that complete concerted evolution should not be assumed when
embarking on phylogenetic studies using nrDNA sequences. Here we (1) discuss paralogy in relation to species tree reconstruction
and conclude that a priori determinations of orthology and paralogy of nrDNA sequences should not be made based on the
functionality or lack of functionality of those sequences; (2) discuss why systematists might be particularly interested in identifying
and including pseudogene sequences as a test of gene tree sampling; (3) examine the various deﬁnitions and characterizations of
nrDNA pseudogenes as well as the relative merits and limitations of a subset of pseudogene detection methods and conclude that
nucleotide substitution patterns are particularly appropriate for the identiﬁcation of putative nrDNA pseudogenes; and (4) present
and discuss the advantages of a tree-based approach to identifying pseudogenes based on comparisons of sequence substitution
patterns from putatively conserved (e.g., 5.8S) and less constrained (e.g., ITS 1 and ITS 2) regions. Application of this approach,
through a method employing bootstrap hypothesis testing, and the issues discussed in the paper are illustrated through reanalysis of
two previously published matrices. Given the apparent robustness of the test developed and the ease of carrying out percentile
bootstrap hypothesis tests, we urge researchers to employ this statistical tool. While our discussion and examples concern the literature on plant systematics, the issues addressed are relevant to studies of nrDNA and other multicopy genes in other taxa.
Ó 2003 Elsevier Inc. All rights reserved.
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1. Introduction
Sequences of the internal transcribed spacer region
(ITS 1, 5.8S, and ITS 2) of nuclear ribosomal DNA
(nrDNA) have been a staple source of data for the study
of lower level phylogenetic relationships among plant
taxa for more than ten years (e.g., Baldwin, 1992;
Baldwin et al., 1995). In fact, the ITS region is one of the
most widely applied molecular markers in current
angiosperm systematics (e.g., Hershkovitz et al., 1999;
*
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 lvarez and Wendel, 2003). Some early reports of ITS
A
variation provided results that were consistent with the
existence of homogeneous nrDNA arrays within individuals (e.g., Ainouche and Bayer, 1997; Baldwin et al.,
1995) presumably resulting from concerted evolution
(gene conversion and unequal crossing over (Arnheim,
1983)). The eﬀects of complete concerted evolution have
been clearly documented between homeologous loci in
some allotetraploid taxa of Gossypium (Wendel et al.,
1995) and Paeonia (Sang et al., 1995). As a result, intraindividual polymorphism has generally been considered
to be the exception rather than the rule for nrDNA
(Mayol and Rossell
o, 2001). Nevertheless, some studies
have identiﬁed the occurrence of intra-individual
nrDNA polymorphism in a range of taxa including
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non-hybrid diploids and allopolyploids (e.g., Baker
et al., 2000; Buckler et al., 1997; Campbell et al., 1997;
Denduangboripant and Cronk, 2000; Doyle et al., 1990;
Fuertes-Aguilar et al., 1999; Gaut et al., 2000; Gernandt
and Liston, 1999; Hartmann et al., 2001; Hughes et al.,
2002; Jobst et al., 1998; Kita and Ito, 2000; Kuzoﬀ et al.,
1999; Learn and Schaal, 1987; Linder et al., 2000; Mayol
and Rossell
o, 2001; Muir et al., 2001; OÕKane et al.,
1996; Sang et al., 1995; Suh et al., 1993; Vargas et al.,
1999; Widmer and Baltisberger, 1999). It has also become clear that polymorphic individuals often contain
potentially non-functional nrDNA copies (pseudogenes)
in addition to functional copies (e.g., Buckler et al.,
1997; Hartmann et al., 2001; Hughes et al., 2002; Kita
and Ito, 2000; Mayol and Rossell
o, 2001; Muir et al.,
2001; Yang et al., 1999). Clearly complete concerted
evolution can no longer be assumed when embarking on
studies utilizing nrDNA sequences (ITS, ETS, 5.8S, 18S,
or 26S) for phylogenetic analysis of plant taxa.
The implications and importance of nrDNA polymorphism and pseudogenes for phylogenetic analyses of
plant nrDNA sequences were discussed in the groundbreaking work of Buckler et al. (1997) and more recently
by Mayol and Rossell
o (2001). However, several major
issues relating to the characterization of nrDNA polymorphism and pseudogenes, and their implications for
species level phylogeny reconstruction remain ambiguous. These issues involve how to determine orthology
and paralogy of nrDNA sequences, how to deﬁne and
detect nrDNA pseudogenes, and the desirability of using
pseudogenes in studies of phylogenetic relationship. For
example, views on the use of pseudogene sequences in
phylogenetic analysis of species and higher taxa include
both deliberate a priori exclusion (e.g., Yang et al.,
1999) and explicit inclusion (e.g., Buckler et al., 1997;
Hughes et al., 2002).
Here we review and attempt to clarify the issues
surrounding nrDNA polymorphism, pseudogenes, and
species tree reconstruction. In the ﬁrst section, we examine the relationship between intra-individual polymorphism in nrDNA and levels of paralogy, arguing
that gene tree reconstruction is essential for understanding the potential complexity of nrDNA evolution
and for determining orthology and interspeciﬁc paralogy. We distinguish between ‘‘shallow paralogs’’ and
‘‘deep paralogs’’ in order to clarify how nrDNA polymorphism and paralogy can aﬀect the inference of species trees from gene trees. We then illustrate why
orthology and paralogy of sequences from diﬀerent individuals should not be inferred from the potential
functionality of those sequences, arguing again that gene
tree analyses are essential.
In subsequent sections we focus on nrDNA pseudogenes more closely, particularly noting that the identiﬁcation of pseudogenes can act as a test of nrDNA
sampling and that a priori exclusion of pseudogenes

from gene tree analyses is generally unjustiﬁed. Deﬁnitions of pseudogenes and methods of detecting pseudogenes applicable to nrDNA are discussed. We conclude
that expression is a poor criterion for identifying
nrDNA pseudogenes and that patterns of nucleotide
substitution are more appropriate in the context of
phylogenetic systematics. We explore the relevance, reliability, and eﬀectiveness of pseudogene detection
methods which examine patterns of nucleotide substitution and present a formalized tree-based approach.
Examples illustrating these issues and emphasizing the
importance of sampling are provided through the reanalysis of nrDNA ITS data sets from Lophocereus
Britton & Rose (Hartmann et al., 2001) and Brassicaceae (Yang et al., 1999) using a tree-based approach that
relies on bootstrap hypothesis testing. Both of these data
sets include putatively functional and non-functional
copies. We show that the tree-based method has a
number of general advantages. Compared to other approaches, it was more powerful at detecting pseudogenes, it revealed complex substitution patterns across
gene trees that suggested a much broader range of
evolutionary mechanisms, and it was useful for detecting
errors such as long branch attraction.

2. Nuclear rDNA polymorphism, orthology, paralogy, and
species trees
The reconstruction of phylogenetic relationships
among species and higher taxa (species-trees) using data
from multicopy sequences, such as nrDNA, depends
upon a clear understanding of sequence relationships
(gene trees: e.g., Avise, 1989; Doyle, 1992; Goodman
et al., 1979; Pamilo and Nei, 1988; Sanderson and
Doyle, 1992). If sequences are mistaken as orthologous
(derived from speciation events), when they are in fact
paralogous (derived from gene duplication events),
relationships among species can be inferred incorrectly.
While orthology is, by deﬁnition, an interspeciﬁc
relationship among sequences, paralogy can occur at
many levels—among sequences within an individual,
among individuals within a species, and among species.
The complex organization of nrDNA in combination
with these varying levels of paralogy has led to confusion about both the level of paralogy that can interfere
with species tree reconstruction and the appropriate
methods for identifying orthologs and paralogs.
The organization of nrDNA complicates the characterization of intra-individual polymorphism. Individual
nrDNA sequence units (the contiguous 18S, ITS 1, 5.8S,
ITS 2, 26S, and IGS sequence) are present in multicopy
arrays, with hundreds to thousands of each unit present
within an array. The larger and more active arrays are
called nucleolar organizer regions (NORs). Multiple
nrDNA arrays within individuals have been identiﬁed
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for many plant taxa (reviewed in Hamby and Zimmer,
1992). As a result, intra-individual variation in nrDNA
can occur within or between these multicopy arrays
when concerted evolution is incomplete. Whether polymorphisms occur within or between sets of nrDNA arrays raises interesting questions in molecular evolution.
However, it is simply the presence of more than one
sequence type within an individual(s), rather than the
distribution of sequence types among arrays, that potentially complicates the inference of species trees from
gene trees.
Intra-individual nrDNA polymorphism is indicative
of incomplete concerted evolution and suggestive of
sequence paralogy at all these levels (intra-individual to
interspeciﬁc). However, intra-individual polymorphism
may also be due to heterozygosity at a locus or to
homeology (orthologous sequences secondarily combined into the same genome through hybridization: e.g.,
Wendel et al. (1995)). Any duplicate copy of a DNA
sequence (e.g., the contiguous 18S, ITS 1, 5.8S, ITS 2,
26S, and IGS sequence) found at a diﬀerent position in
the same genome is paralogous to any other such copy.
Nevertheless, paralogy restricted to individuals or single
species is not necessarily of concern in organismal
phylogeny reconstruction.
To determine if intra-individual paralogs are maintained and shared with other species, and therefore a
potential problem for species tree reconstruction, gene
tree analyses are required. That is, gene trees are essential for determining if paralogy is solely intraspeciﬁc
or also interspeciﬁc. Unfortunately, upon ﬁnding intraindividual polymorphism in nrDNA and suspecting
paralogy, some researchers have inferred interspeciﬁc
sequence paralogy (e.g., functional and pseudogene sequences are paralogous) without speciﬁc and primary
reference to a gene tree. This omission has complicated
the understanding of nrDNA paralogy in the context of
phylogeny reconstruction. Failure to distinguish the
diﬀerence between methods that are useful for inferring
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intra-individual sequence homology (heterozygosity and
intra-individual/intraspeciﬁc paralogy) from those that
can be used to infer orthology and interspeciﬁc sequence
paralogy (i.e., gene trees only), has led to confusion in
the characterization of the level of paralogy that can
interfere with organismal phylogeny reconstruction using multicopy sequences. This seems to be particularly
true for studies based on nrDNA sequence data.
The complexity of nrDNA paralogy in phylogenetic
analyses of species can be clariﬁed by distinguishing two
categories of historical paralogs. The boundary between
these categories is relative to the phylogenetic question
being addressed. For the purposes of this discussion, the
boundary between populations (or individuals) and
species is used to distinguish ‘‘shallow paralogy’’ from
‘‘deep paralogy.’’ Shallow paralogy is duplication/divergence subsequent to the most recent speciation event
(Fig. 1A) resulting in a species having more than one
locus that is orthologous to a locus in other species
(Doyle and Davis, 1998). Sequences representing shallow paralogs should be monophyletic on a gene tree
(excluding issues of branch attraction) and therefore
shallow paralogs should not adversely aﬀect species tree
reconstruction (e.g., Baker et al., 2000; Denduangboripant and Cronk, 2000; Hughes et al., 2002). Fig. 1A
depicts a hypothetical scenario in which extensive duplication of loci has occurred within one species but not
within others. Assuming that individuals from species D
are diploid and that D is homozygous at each locus for
the sequence under study, we can say that at least three
paralogs exist within species D, but that each of these
sequences is orthologous to the sequences from species
A, B, and C. Any, or all, of the sequences from species D
could be used to accurately reconstruct relationships
between species A, B, C, and D.
In contrast, deep paralogs result from duplications
and divergence prior to speciation events (Figs. 1B and
C) and therefore span two or more species (the equivalent of divergent paralogs, sensu Baldwin et al. (1995)).

Fig. 1. Paralogy and orthology in nrDNA gene trees. Upper case letters, numbers, and lower case letters designate species, accessions within a species,
and cloned sequences from an accession, respectively. The arrows indicate divergence of nrDNA duplicate copies. (A) An example of shallow paralogy in accessions of species D. Although each accession of species D has multiple ITS sequence types, species D is monophyletic on the gene tree.
(B) An example of deep paralogy in which each accession is represented in the two clades of nrDNA sequences. (C) An example of the deep paralogy
and orthology possible within and between functional and pseudogene nrDNA sequences. The arrow indicates the point at which two functional
nrDNA sequence copies diverged in the ancestor to species A, B, and C. Each asterisk marks a shift to a lack of functional constraint, one in each
NOR. Putative pseudogene and functional sequences are in italicized and plain font, respectively.
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Deep paralogs may be identiﬁed by the polyphyletic
occurrence of sequences from a species on an nrDNA
gene tree, but unidentiﬁed paralogy is not necessarily the
only cause of polyphyletic species. When deep paralogy
is present, the potential for generating an erroneous
species tree from unknowingly sampling a mixture of
sequences from each clade is high (e.g., Sanderson and
Doyle, 1992; Slowinski and Page, 1999). Clear examples
of deep paralogy in nrDNA not complicated by known
homeology have been identiﬁed in at least two angiosperm genera (Lophocereus: Hartmann et al. (2001); and
Quercus: Vazquez et al. (2000); Muir et al. (2001)).

3. Orthology, paralogy, and functionality
Our argument in this section is that orthology and
paralogy should not be inferred on the basis of sequence
functionality. Because pseudogene copies of nrDNA can
be easily ampliﬁed, researchers are faced with the
question of their relationship to the functional copies
from which they were likely derived, speciﬁcally, whether they represent deep or shallow paralogs. It is easy to
assume that pseudogenes will be interspeciﬁc paralogs to
functional copies, but this need not be the case. Gene
tree analyses are essential for determining the orthology
and interspeciﬁc paralogy of sequences, irrespective of
functionality.
For example, Buckler et al. (1997) distinguished putatively functional and non-functional sequences
(pseudogenes), which they called class I and class II
paralogs, as deep (divergent) paralogs that complicate
phylogenetic analyses of species relationships. They
identiﬁed these classes by examining factors correlated
with functionality (substitution rates/patterns and free
energies). Characterization of these functional classes as
paralogs may be justiﬁed for intra-individual paralogy.
That is, functional and non-functional sequences within
individuals of a species are likely to be paralogous to
one another. However, sequence history, and hence orthology and interspeciﬁc paralogy, cannot be established
using the techniques for distinguishing functional/nonfunctional sequences. Using these functional classes
to infer interspeciﬁc paralogy is inappropriate, since
pseudogenes can be paralogous or orthologous to
functional sequences in an analysis of nrDNA.
The hypothetical gene tree in Fig. 1C illustrates why
functionality alone should not be used to infer the orthology or paralogy of sequences taken from more than
one species. Within each orthologous set of sequences
pseudogenes were detected. The pattern of relationships
among sequences suggests two parallel losses of function
following the divergence of sequences in Group 1 and
Group 2. The ancestral lineage leading to species A, B,
and C was presumably polymorphic for two divergent
functional nrDNA sequence types (paralogs). Following

the divergence of species A and B, a sequence in Group 1
lost functionality along the branch leading to A, while in
Group 2 loss of functionality occurred along the branch
leading to B, leaving both species A and B with one
functional and one pseudogene nrDNA sequence type.
Within each clade, functional sequences are orthologous
to pseudogene sequences while some functional copies
between groups are paralogs. In addition, the inadvertent use of one functional sequence type from species C
in combination with the single functional types from A
and B would mislead phylogeny reconstruction.
Buckler et al. (1997) suggested that class II ‘‘paralogs,’’
which were designated as potential pseudogenes, introduce what we call ‘‘deep paralogs’’ (or ‘‘divergent paralogs’’ in Baldwin et al. (1995)) into an analysis, thereby
complicating phylogeny reconstruction (also discussed by
Mayol and Rossell
o, 2001). While it is certainly possible
that class I and class II sequences will be paralogous to
one another in a gene tree including multiple species, this
should not be assumed. As shown, the class I and class II
paralog categorization is potentially misleading in the
context of phylogeny reconstruction. Furthermore, empirical data do not support the idea that class I and class II
‘‘paralogs’’ necessarily represent deep paralogs (e.g., Baker et al., 2000; Buckler et al., 1997; Denduangboripant
and Cronk, 2000; Hughes et al., 2002; Kita and Ito, 2000).
The inclusion of both class I and class II sequences in gene
tree analyses is critical for delimiting the boundaries between shallow and deep paralogy. Although Buckler et al.
(1997) strongly advocated the importance of identifying
and including polymorphisms in gene trees, the assumption of functional ‘‘paralogy’’ appears to have led some
researchers to intentionally exclude non-functional sequences prior to gene tree analyses. Disregarding potential pseudogenes may result in under-sampled gene trees,
greatly decreasing the potential to fully understand the
orthology and paralogy of sequences present in an analysis and the ability to accurately infer species relationships.
In our view, the reasons pseudogene sequences can
introduce potential problems may have nothing to do
with sequence history (i.e., orthology and paralogy).
Rather, concerns about mixing functional and nonfunctional nrDNA copies in a phylogenetic analysis have
more to do with concerns about diﬀering patterns of
substitution leading to long branch attraction (Felsenstein, 1978), short branch repulsion (Siddall, 1998), or
alignment diﬃculties, than with the phylogenetic history
of the sequences involved (see also Kita and Ito, 2000).

4. When are nrDNA polymorphisms likely to be of
interest?
All known examples of interspeciﬁcally maintained
nrDNA paralogous polymorphism occur among closely
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related species or, in a few cases, between genera. To the
best of our knowledge, shared polymorphisms in more
distantly related taxa have not been directly uncovered
in studies of plant nrDNA. For example, there is no
evidence of deep maintained paralogs between conifers
and Arabidopsis. For pseudogene related polymorphisms this is hardly surprising given that extensive divergence would eventually destroy primer sites in
unconstrained pseudogene sequences making such sequences diﬃcult or impossible to amplify. However, for
functional types it would seem that maintained deep
paralogy is either uncommon or has been hidden by
potentially intermittent episodes of complete concerted
evolution.
Ancestral polymorphisms can still mislead higher-level phylogenetic nrDNA studies. However, the evidence
necessary to identify such problems may have been lost
over extensive nrDNA history as a result of concerted
evolution. If multiple nrDNA sequences found in each
individual are likely to be monophyletic on a gene tree
that only includes more distantly related taxa, then there
is little to be gained by extensively searching for intraindividual polymorphism. When nrDNA sequences
from distantly related taxa are used to infer higher-level
relationships (e.g., Nickrent and Soltis, 1995; Soltis
et al., 1997), evidence for gene tree-species tree conﬂict
will most likely be provided by reference to other
sources of data (e.g., conﬂict with phylogenies generated
with other data sources).
In contrast, maintained polymorphisms of both
functional and non-functional sequence types have
been found in numerous studies comparing closely related species and have even been found within a few
plant families (e.g., Winteraceae). At the species level
there are clearly tangible beneﬁts to be gained from
identifying polymorphisms as they provide direct evidence that gene tree-species tree conﬂicts are possible
(e.g., Buckler et al., 1997; Kita and Ito, 2000; Mayol
and Rossell
o, 2001).
Detailed discussion of the range of techniques that
can be used to detect nrDNA polymorphism is beyond
the scope of this paper. What is clear is that detecting
the full extent of nrDNA polymorphism may not be
straightforward and may require sensitive techniques.
These include PCR ampliﬁcation under a variety of
conditions (Buckler et al., 1997), extensive cloning (e.g.,
Baker et al., 2000; Buckler et al., 1997; Hughes et al.,
2002), the use of restriction enzyme assays (e.g., Hughes
et al., 2002; Lim et al., 2000), varying PCR primer
combinations, and targeting low-copy or diﬃcult to
amplify nrDNA sequences with speciﬁc ampliﬁcation
primers (Rauscher et al., 2002). By implication, studies
relying solely on direct sequencing may fail to detect
potentially informative variation. Several of these issues
 lvarez and Wendel
are reviewed in more detail in A
(2003).
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5. Why are nrDNA pseudogenes of interest?
In a subset of the cases in which intra-individual
polymorphisms in nrDNA have been identiﬁed, the
potential functionality of sequences has also been assessed. These studies suggest that putatively functional
and non-functional sequences are both commonly ampliﬁed when nrDNA polymorphisms are encountered
(e.g., Buckler et al., 1997). Furthermore, the dynamics of
ampliﬁcation (involving copy number, secondary structure, and primer site conservation) can result in the
preferential ampliﬁcation of either functional or pseudogene sequences (e.g., Buckler et al., 1997).
One fundamental reason for determining if sequences
come from pseudogenes is that this acts as a test of whether sampling of an individualÕs nrDNA is complete.
Every individual with a known pseudogene sequence
must be polymorphic for nrDNA sequences because
functional copies are required for transcription. If no
functional copy is identiﬁed from an individual, then a
gene tree constructed from the sequences is certainly under-sampled. The identiﬁcation of one functional copy
does not mean, however, that sampling is complete.
The potential impacts of under-sampling nrDNA diversity depend on whether functional and non-functional
copies from species are monophyletic on a gene tree (see
above and Fig. 1). Assessing monophyly on a gene tree is
complicated by the possibility that limited sampling may
inﬂuence the overall inter-individual and/or interspeciﬁc
gene tree topology. Examinations of sequence functionality have detected under-sampling of ITS diversity in
studies of Desmanthus (Hughes et al., unpublished data)
and Leucaena (Hughes et al., 2002), and under-sampling
is also apparent upon reexamination of previously published Quercus (Mayol and Rossell
o, 2001), Lophocereus
(Hartmann et al., 2001), Brassicaceae (Yang et al., 1999),
and Aconitum (Kita and Ito, 2000) data sets.
Potential pseudogene sequences have also been identiﬁed in order to exclude them a priori from phylogenetic
analysis (e.g., Yang et al., 1999, numerous personal
communications). The rationales underlying a priori
exclusion are usually unstated but may include (1)
assumptions that pseudogenes are deeply paralogous to
functional loci in a way that interferes with the inference
of species trees, (2) assumptions that pseudogenes can
only be ‘‘shallow paralogs’’ and therefore unimportant,
and (3) concerns about elevated rates of evolution in
pseudogenes. As we have shown above, however, a priori
exclusion on the basis of rationales 1 and 2 is unjustiﬁed
given the possible complexity of paralogy and orthology
relations in nrDNA. Both assumptions need to be
tested by increasing sampling and/or constructing gene
trees including functional and pseudogene sequences.
Elevated rates of evolution in pseudogenes certainly
prompt concerns about sequence alignment, longbranch attraction (Felsenstein, 1985), and short-branch
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repulsion (Siddall, 1998). However, problems with
alignment and branch attraction/repulsion are basic
issues relating to the potential utility of any sequence
used for phylogeny reconstruction, regardless of functionality. Not all pseudogene sequences will necessarily
be subject to any or all of these problems (e.g., Hughes
et al., 2002), nor are functional sequences necessarily
immune to them.
In contrast to a priori exclusion based on paralogy,
Richardson et al. (2001) excluded pseudogene sequences
from a matrix used to estimate divergence times, and in
this circumstance exclusion may be justiﬁed. If the exclusion of pseudogenes does not change the inferred
relationships among the functional sequences, then excluding pseudogenes to estimate divergence seems appropriate. Of course this does not mean that functional
(or pseudogene) copies alone will necessarily follow a
molecular clock. While we located only two examples of
explicit pseudogene exclusion in the literature (Richardson et al., 2001; Yang et al., 1999), informal discussions with numerous researchers lead us to believe the
practice of exclusion is widespread.
Because the identiﬁcation of potential nrDNA pseudogene sequences is essential for assessing gene tree
sampling and inferring species relationships, methods
for accurately determining sequence functionality are
important. However, even a cursory examination of the
range of techniques and criteria that have been used
to distinguish pseudogene sequences from functional
copies (see below), suggests that researchers are either
deﬁning pseudogenes in diﬀerent ways or using
inappropriate identiﬁcation techniques.

6. Deﬁnitions of nrDNA pseudogenes
Standard deﬁnitions of ‘‘pseudogene’’ are diﬃcult to
apply to nrDNA. Consider the following common deﬁnitions: ‘‘a silent, non-functional DNA sequence,’’ ‘‘nonfunctional genes related in sequence to functional genes,’’
and ‘‘sequences which resemble the functional genes with
which they are associated, but which diﬀer at a number of
base pair sites and are not transcribed because they have
internal ‘‘stop’’ codons’’ (all in Futuyma, 1998). These
deﬁnitions, or aspects of them, are problematic when
multicopy sequences undergoing concerted evolution are
considered. This is especially true when such sequences
occur in multicopy arrays and/or do not code for proteins,
as in nrDNA. For nrDNA, two related problems arise: (1)
the meaning of ‘‘functional’’ is not as straightforward as
in protein-coding genes, and (2) criteria which may be
neither necessary nor suﬃcient for identifying nrDNA
pseudogenes are included in the deﬁnition.
The ﬁrst problem arises because many of these nrDNA
copies (loci) are non-functional in the sense that they are
not transcribed, yet because they are inﬂuenced by con-

certed evolution they may retain the exact characteristics
(i.e., the nucleotide sequence) of actively transcribed
(functional) copies. In nrDNA, a small subset of repeats
are expressed at a given time and some repeats may not be
expressed (Lim et al., 2000). Presumably functional
nrDNA repeat types can exist in methylated/condensed
unexpressed forms throughout the ontogeny of an
individual (Leitch et al., 1992; Lim et al., 2000). While
these might be considered pseudogenes by someone
studying expression of nrDNA, from the standpoint of
molecular systematics, it makes little sense to diﬀerentiate
them from transcribed copies since they contain the same
sequence.
Identifying necessary and suﬃcient criteria for
determining nrDNA pseudogenes would help in forming
a useful deﬁnition. Nucleotide diversiﬁcation and
expression patterns have generally been considered
simultaneously when attempting to deﬁne and identify
nrDNA pseudogenes as ‘‘non-functional sequences’’
(e.g., Buckler et al., 1997; Kwon et al., 1991; Muir et al.,
2001). However, changes in expression and sequence
diversiﬁcation can be independent of one another (for
coding or non-coding DNA), suggesting that one need
not consider both of these factors when deﬁning the
term ‘‘pseudogene.’’
While sequence expression, or lack thereof, may be
indicative of functional (or functioning) and pseudogene
loci, there is little reason to assume that pseudogenes will
not be expressed or that potentially functional copies will
necessarily be expressed. Many unexpressed nrDNA sequences, which may contain identical nucleotide sequences to expressed ‘‘functional’’ types as a result of
concerted evolution, would be designated as ‘‘pseudogenes’’ if expression were taken as a necessary attribute of a
pseudogene sequence. Indeed, expression may be a poor
criterion for determining pseudogenes derived from protein-coding genes. Expressed pseudogenes have been
documented (e.g., Choi et al., 2001; Hirotsune et al.,
2003). We even ﬁnd evidence for an expressed nrDNA
pseudogene in the data of Hartmann et al. (2001, discussed below).
Thus, for those concerned with pseudogenes in the
context of phylogenetic analysis of sequence data, the
key aspect of pseudogenes is that ‘‘they are subject to no
functional constraints’’ (Li and Graur, 1991) and so
their nucleotide substitution pattern should reﬂect this.
In the context of phylogeny reconstruction, pseudogenes
(nrDNA or protein coding) can be deﬁned as sequences
whose nucleotide divergence pattern has not been constrained by function irrespective of expression patterns.

7. Detecting pseudogenes
How to detect nrDNA pseudogenes remains a perplexing issue. This is partly because of problems with
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how pseudogenes have been deﬁned (above) and partly
due to the continuum of change found between obvious
functional copies and obvious pseudogenes (i.e., sequences that have lost functional constraint but have
not extensively diverged from functional copies).
The methods that have been used to detect pseudogene nrDNA sequences rely on examining attributes of
sequences that are presumably correlated with gene
function/lack of function. One group of methods attempts to detect whether sequences are transcribed.
These include the assessment of direct transcription
(e.g., Buckler et al., 1997; Hartmann et al., 2001; Muir
et al., 2001), DNA condensation (e.g., Leitch et al.,
1992), degree of methylation (e.g., Lim et al., 2000;
Torres-Ruiz and Hemleben, 1994), and copy number
(e.g., Hartmann et al., 2001). These methods are not
discussed in detail because expression patterns may not
be good indicators of functional constraint in nrDNA
(see above).
Other methods look at whether substitution patterns
are consistent with functional constraint. These methods
examine nucleotide diversiﬁcation/divergence (e.g.,
Buckler and Holtsford, 1996; Buckler et al., 1997;
Hershkovitz et al., 1999; Hughes et al., 2002; Yang et al.,
1999), insertion–deletion events (e.g., Baldwin, 1992;
Hartmann et al., 2001; Hershkovitz et al., 1999; Hughes
et al., 2002; Kwon et al., 1991), sequence free energy
(e.g., Buckler et al., 1997; Mayol and Rossell
o, 2001),
secondary structure (e.g., Denduangboripant and
Cronk, 2000; Gernandt and Liston, 1999; Hartmann
et al., 2001; Mayol and Rossell
o, 2001), and methylation
induced substitution patterns (e.g., Buckler and Holtsford, 1996; Buckler et al., 1997; Lim et al., 2000; Mayol
and Rossell
o, 2001). The applicability of these methods
to detecting nrDNA pseudogenes, as deﬁned here, is
discussed below.

8. Methods of detection
8.1. Nucleotide diversiﬁcation
Patterns of nucleotide substitution have been used as
evidence to distinguish between functionally constrained
and unconstrained nrDNA sequences (e.g., Buckler and
Holtsford, 1996; Buckler et al., 1997; Hershkovitz et al.,
1999; Hughes et al., 2002; Mayol and Rossell
o, 2001;
Yang et al., 1999). In most cases, this approach has relied on pairwise methods to detect degrees of divergence
based on the assumption that functional sequences are
under strong selective constraints that limit their substitution rates (Graur and Li, 2000; Kimura, 1983).
Patterns of nucleotide sequence divergence provide
powerful and reliable evidence of whether sequences
represent functional or pseudogene types. Each nucleotide substitution is a discrete entity that can be easily
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tallied and compared. However, some methods of examining nucleotide substitution patterns are more rigorous than others.
Two types of pairwise comparisons can be used to
detect pseudogene sequences. One type involves comparison of conserved regions or entire sequences between a presumed functional sequence (or consensus
sequence) and another sequence (e.g., Kita and Ito,
2000; Yang et al., 1999). Such a simplistic approach fails
to consider overall rates of sequence change, and in
some implementations it fails to provide a non-arbitrary
quantitative criterion for deciding what constitutes
considerable divergence. In addition, this approach may
fail if a matrix is composed mostly of pseudogenes,
unless known functional sequences from outside the
matrix are used as comparators.
A more rigorous approach, which incorporates the
comparison of conserved and relatively unconstrained
regions between two sequences, takes into account relative divergence. Sequences that may have undergone an
overall increase in substitution rate, but that maintain a
conserved 5.8S relative to ITS 1 and ITS 2, can be distinguished from those that have a comparable rate of
change across the 5.8S, ITS 1, and ITS 2 (i.e., pseudogenes). For the ITS region, it is generally agreed that
putatively functional copies maintain a conserved 5.8S
sequence while the ITS 1 and ITS 2 sequences diverge
more quickly (e.g., Buckler et al., 1997). Conversely, for
pseudogene sequences, which lack functional constraint,
we expect that the putatively conserved regions (e.g.,
5.8S) will have substitution rates equal to those in the
relatively unconstrained regions (e.g., ITS 1 and ITS 2),
all other things being equal.
Relative rate tests have been used to detect pseudogenes in both types of comparisons (e.g., Buckler et al.,
1997; Muir et al., 2001; Yang et al., 1999). The reasoning
underlying the use of relative rate tests is that a pseudogene sequence should exhibit an increased rate of
nucleotide substitution throughout its length relative to
functional copies. Although quantitative, relative rate
tests are not particularly sensitive tests for detecting
pseudogenes, especially since increases in evolutionary
rate may have causes other than loss of functional
constraint. When single regions or entire sequences are
compared, it is unknown whether an increase in evolutionary rate occurs in a particular region (e.g., ITS 1) or
throughout a sequence (e.g., ITS 1 and 5.8S). This difﬁculty arises because strict implementation of the second
type of comparison (directly comparing typically conserved and unconstrained regions) is impossible with a
relative rate test (although not with other possible
pairwise methods). The best that can be done is to determine if the ITS region shows an increased rate of
evolution relative to other ITS regions and if the 5.8S
also shows an increased rate relative to other 5.8S
regions. In addition, the use of relative rate tests to
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identify pseudogenes assumes that functional sequences
are already known. If one or both of the presumed
functional sequences used as comparators are pseudogenes, the results of the test can be misleading for identifying pseudogene sequences. Finally, the sensitivity of
some relative rate tests to the sequences that are chosen
as comparators, further complicates inference.
Ultimately pairwise approaches cannot take into account the overall pattern of nucleotide substitution that
can be identiﬁed using a phylogenetic tree (e.g., Wenzel
and Siddall, 1999). Pairwise methods do not reveal the
pattern of divergence, only a ﬁxed value of divergence
between two sequences or sets of sequences. Furthermore,
pairwise approaches can suﬀer because sequences are not
independent but are related to varying degrees. As the
degree of relatedness varies, so does the degree of nonindependence, yet this can be diﬃcult to account for in a
pairwise framework. In contrast, tree-based approaches
partition similarity among sequences into independent
units based on the genealogy, thus allowing a suite of independent tests to be constructed. Furthermore, unlike
relative rate tests, a tree-based approach allows direct
comparison of rates of evolution in diﬀerent gene regions
along a branch. As a result, it does not rely on obtaining
presumed functional copies for comparison.
An example of the beneﬁt that can be gained from
using a phylogenetic approach was inadvertently provided by Buckler et al. (1997). These authors used
Kimura distances and observed less variation in the 5.8S
region than would be expected among putative pseudogenes from nrDNA data sets representing Gossypium,
Nicotiana, Tripsacum/Oryza, Winteraceae, and Zea
taxa. One of their possible explanations for this phenomenon was ‘‘when two functional nrDNA arrays diverge, the ITS regions will diverge faster than the 5.8S.
Subsequently, if one array becomes transcriptionally
inactive its 5.8S will begin to diverge rapidly (Baldwin
et al., 1995: p. 827).’’ This statement is easiest to interpret
in the context of a tree. A functional copy may become a
pseudogene copy anywhere along a branch. If the shift is
not at the very earliest stage of nucleotide divergence
along a branch, the ITS sequence may diverge somewhat
before the 5.8S is released from constraint. In this case
ITS will show greater divergence than the 5.8S along
that branch. While this statement is certainly true, it also
identiﬁes an inherent limitation of pairwise approaches
for assessing nrDNA divergence patterns correlated
with maintained function. Such values reveal comparatively little information, particularly if two terminals are
well separated on a phylogenetic tree (Wenzel and
Siddall, 1999). By taking into account the pattern of
nucleotide substitution across a phylogenetic tree the
possible explanation could have been tested. If an ancestral branch has this pattern and subsequently derived
branches show a typical pseudogene substitution pattern
then the hypothesis is not refuted. However if ancestral

and descendant branches both show this pattern the
hypothesis is not supported.
Comparisons of conserved and relatively unconstrained regions along branches of a phylogenetic tree
can provide better inferences about functionality based
on patterns of nucleotide substitution than the corresponding pairwise approaches. Gene trees have been
used to quantify methylation induced substitutions,
shared substitution patterns, and to investigate the distribution of nrDNA pseudogenes (e.g., Buckler and
Holtsford, 1996; Buckler et al., 1997; Lim et al., 2000),
but they have rarely been used to infer the presence of
pseudogenes based on comparisons of nucleotide substitution patterns in putatively constrained and unconstrained regions assessed for individual branches on a
tree (e.g., Hughes et al., 2002).
Results from the two pairwise and tree-based methods can diﬀer dramatically, as illustrated below (see
Results). This is particularly true when the simple
pairwise approach, examining only one region (in this
case the 5.8S), is compared to the relative divergence
approach (comparing two or more regions) using either
pairwise comparisons or a tree-based approach. However, diﬀerences are also possible between the results of
pairwise comparisons and phylogenetic methods both
using the relative divergence approach. In this case,
discrepancies are likely when a single sequence is selected as a ‘‘functional type’’ for pairwise comparisons.
The interpretation of all such pairwise comparisons can
be far more diﬃcult than interpretation of results from a
phylogenetic approach.
8.2. Length variation
Indels in highly conserved regions of nrDNA sequences (e.g., 5.8S, 18S, or 26S) have also been taken as
indicators of potential pseudogenes (e.g., Baldwin, 1992;
Hughes et al., 2002; Kwon et al., 1991). For example,
the loss or gain of 5.8S sequence has been used to infer
that a sequence lacks functional constraints because
putatively functional 5.8S regions are conserved to 163–
164 bp in most angiosperms (Baldwin et al., 1995).
However, the observation that functional 5.8S regions
are 163–164 bp long does not entail its converse, that
sequences within the ‘‘functional’’ length range necessarily represent functional copies. Length alone provides
little information about the underlying nucleotide sequence, and this method of pseudogene detection is only
relevant if the sequences contain indels that place them
outside of known functional ranges. In contrast to the
highly conserved length of the 5.8S region in angiosperms, the 18S and 26S regions have greater length
variation (Hershkovitz et al., 1999). The use of length
variation for nrDNA pseudogene identiﬁcation in these
regions should be approached with even more caution
than its use in the 5.8S region.
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Indels in relatively unconstrained regions such as ITS
1 and ITS 2 have also been used in addition to, or in
place of, 5.8S indels as indicators of putative pseudogenes (e.g., Hartmann et al., 2001; Kita and Ito, 2000;
Mayol and Rossell
o, 2001). While changes (substitutions or indels) in a few very small (<26 bp) potentially
constrained ITS regions (Buckler and Holtsford, 1996;
Gernandt and Liston, 1999; Mayol and Rossell
o, 2001)
may provide some information about nrDNA sequence
functionality, in general, there is considerable length
variation among functional copies of the two ITS segments Hershkovitz et al. (1999). The lengths of putatively functional ITS sequences in angiosperms are
known to range from 187–298 bp for ITS 1 and 187–
252 bp for ITS 2 (Baldwin et al., 1995). ITS regions from
presumably functional nrDNA loci range to over
3000 bp in non-ﬂowering seed plants (Liston et al.,
1996). This level of variation largely precludes general
reliance on ITS 1 or ITS 2 indels for pseudogene identiﬁcation.
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tors of function than those drawn from more variable
regions (e.g., ITS 1 and ITS 2). This view is supported
by empirical results from human mitochondrial and
nuclear ribosomal 12S paralogs. Olsen and Yoder (2002)
demonstrated that the extensive models for human 12S
sequences could not distinguish mitochondrial derived
12S pseudogenes from their functional nuclear paralogs.
If models for rDNA fail for such a well-studied organism, their universal utility must remain questionable.
Such models may be of primary use when a non-functional sequence type has only slightly diverged from
functional types. Chance substitutions in key conserved
regions may indicate a pseudogene locus before suﬃcient substitutions have accumulated for other methods
(e.g., relative divergence) to detect such changes (Mai
and Coleman, 1997). However, pseudogenes will not be
detected if random substitutions have failed to hit a few
‘‘key’’ sites, even if the overall pattern of substitution is
inconsistent with functional constraint.
8.4. Methylation induced substitution patterns

8.3. Secondary structure and free energy
Secondary structure of the 5.8S region (e.g., Hartmann et al., 2001), the ITS 1 and ITS 2 regions (e.g.,
Denduangboripant and Cronk, 2000; Gernandt and
Liston, 1999; Hartmann et al., 2001; Mayol and Rossell
o, 2001), and/or free energies of these regions (e.g.,
Buckler et al., 1997; Mayol and Rossell
o, 2001) have
also been used to distinguish potentially functional from
non-functional sequences. Both of these factors can indeed represent measures of functional constraint and
have the potential to provide even more detailed assessment of conservation of particular correlated nucleotide patterns than sequence data alone (Mai and
Coleman, 1997). However, estimates of secondary
structure and free energy are dependent on folding
models derived from select organisms so that their
general applicability across taxonomic groups is debatable. This is particularly true for the relatively unconserved primary sequence of ITS 1 and ITS 2. For
example, Baldwin et al. (1995) showed little conservation of ITS 1 secondary structure across ﬁve plant
families. They noted greater conservation for ITS 2
aligned from just three asterid families but found that
radically diﬀerent folding patterns were only marginally
less likely than those selected.
Given the potential uncertainty of accurately estimating secondary structure and free energies across
broad taxonomic groups, we view these criteria as secondary sources of information on potential functionality
that can be used to corroborate or refute conclusions
drawn from patterns of nucleotide substitution and
perhaps indels. Estimates of secondary structure and
free energies drawn from more highly conserved regions,
such as 5.8S, are likely to provide more reliable indica-

The general use of methylation patterns to distinguish
functional from non-functional nrDNA types straddles
the boundary between methods associated with substitution patterns in the broad sense (presented in this
section) and those that deal with expression (not addressed—see above). Since methylation patterns have
been correlated with speciﬁc categories of substitutions
(e.g., CpG and CpNpG; Gardiner-Garden et al., 1992),
methylation-induced substitution patterns, calculated
from a phylogenetic tree, have been used as a source of
information for pseudogene identiﬁcation (e.g., Buckler
and Holtsford, 1996; Buckler et al., 1997; Lim et al.,
2000). However, speciﬁc substitution patterns, irrespective of their underlying causal factors, are the evidence
of whether or not a sequence has diverged under functional constraint. Methylation provides one potential
explanation for a pattern of nucleotide substitution inconsistent with functional constraint.

9. Example analyses
9.1. Methods
9.1.1. Data sets and phylogenetic analysis
Two previously published nrDNA ITS sequence
matrices that included putatively functional and
non-functional sequences (Hartmann et al. (2001) for
Lophocereus (Cactaceae) and Yang et al. (1999) for
Brassicaceae) were selected to: (1) provide examples of
some of the issues discussed above; (2) to illustrate
application of a tree-based approach to pseudogene
detection; and (3) to highlight the critical importance of
extensive intra-individual, intraspeciﬁc, and interspeciﬁc
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sampling in nrDNA studies. The sequences are available
in GenBank (Accession Nos. included in Fig. 2). The
Lophocereus matrix included all the sequences presented
in the original publication (which excluded publication
of the ITS 2 region; Hartmann et al., 2001), whereas the
Brassicaceae matrix included the sequences analyzed by
Yang et al. (1999) plus two sequences that were added to
illustrate the importance of taxon sampling (Berteroella
maximowiczii O. E. Schulz, AF137573; Arabis jacquinii
G. Beck., AJ232919) and a third to represent an appropriate outgroup (Cleome lutea E. Mey., AF137588).
Sequences were provisionally aligned using ClustalX
ver. 1.8 (Thompson et al., 1997) and then adjusted by
eye in WinClada (Nixon, 1999). In the phylogenetic
analyses, all characters were scored as unordered and

equally weighted. Parsimony analyses were conducted
using NONA (Goloboﬀ, 2000) spawned via WinClada
(Nixon, 1999) using 1000 random addition sequences,
tree bisection and reconnection, holding 50 trees per
replication, and attempting to swap to completion (h/50;
mult*1000; max*). One thousand strict consensus
bootstrap replicates (Davis et al., 1998) each comprising
10 random addition sequences and holding 100 trees
(h/100; mult*10) were spawned from WinClada into
NONA.
9.1.2. Statistical test for pseudogenes based on substitution patterns
Our test for the presence of nrDNA pseudogenes is
derived from the deﬁnition of pseudogene accepted in

Fig. 2. Nuclear rDNA ITS gene trees and the tree-based test for pseudogenes for Lophocereus and Brassicaceae. Results of the pseudogene test are
given for all testable branches. The P-value and branch number are given above and below each branch respectively (i.e., ‘‘P-value’’/‘‘branch #’’).
Arrows denote nodes not resolved in the strict consensus trees. Putative pseudogene and functionally constrained sequences are in bold and plain
font, respectively. An ‘‘y’’ indicates branches that were testable under the maximum likelihood framework but not under least squares. (A) Lophocereus gene tree (one of >52,000 equally most parsimonious trees; L ¼ 148, CI ¼ 0.83, RI ¼ 0.96) from the reanalysis of Hartmann et al. (2001). All
testable branches had a P > 0:05 generally supporting pseudogene null hypothesis. An asterisk denotes nodes with 100% strict consensus bootstrap
support and the functional and truncated clades reﬂect those deﬁned by Hartmann et al. (2001). (B) Brassicaceae gene tree (one of four equally most
parsimonious trees; L ¼ 660; CI ¼ 0.58, RI ¼ 0.76). ‘‘1 ’’ denotes sequences added to the Yang et al. (1999) matrix and bold accessions identify putative pseudogenes. (See text. Asterisks denote nodes supported by at least 70% strict consensus bootstrap support.) Long branch attraction is
implicated in the resolution of node 41 (see text).
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this paper and is based on the expectation that in a
pseudogene the rate of evolution in the 5.8S region will
equal the rate in the ITS 1 and ITS 2 regions, all other
things being equal, while in a functional nrDNA locus
the rate of evolution in the 5.8S region will typically be
less than that in the ITS 1 and ITS 2 regions. We conduct this test in the hierarchical framework of a gene
tree by comparing substitution rates (KÕs, branch
lengths) of the 5.8S and ITS regions along each branch
(given some restrictions, see below). That is, if we fail to
reject the null hypothesis that KITS ¼ K5:8S for any
branch, we conclude that the sequences involved in that
branch show a ‘‘pseudogene signature’’ and are therefore putative pseudogenes. This is a sensitive test in the
sense that it can potentially detect recently evolved
pseudogenes for which only the most derived branches
of a tree would show an increase in the rate of 5.8S
evolution. Furthermore, the assumption that pseudogenes do not revert to functional loci entails the prediction that the descendant branches of any branch with
the pseudogene signature should also show the pseudogene signature. Examining descendant branches acts
as a test of the conclusion that sequences contributing to
an ancestral branch are pseudogenes since phenomena
like long branch attraction, poor taxon sampling, and
positive natural selection on the 5.8S region could ‘‘artiﬁcially inﬂate’’ K5:8S but are less likely to have eﬀects
from ancestral to descendant branches.
Our test procedure involves the following steps (described in more detail below). (1) Split sequences into
separate ITS and 5.8S matrices. (2) On a particular tree
(e.g., a most parsimonious tree, a maximum likelihood
tree), estimate the branch lengths based on the ITS data
and the 5.8S data separately. (3) Bootstrap both the ITS
matrix and the 5.8S matrix. (4) Use the data sets resulting from bootstrapping to estimate the ITS lengths
and the 5.8S lengths for each branch on the tree used in
step 2. For each branch there is now an estimate of
branch length for each region (from step 2) and a distribution around that estimate (from step 4). The distribution can be used to construct conﬁdence intervals
and to conduct hypothesis tests. (5) Use conﬁdence intervals to determine which branches have suﬃcient
length to be testable. (6) For each testable branch, use
the bootstrap distributions of ITS length and 5.8S length
generated in step 4 to test the null hypothesis that
KITS ¼ K5:8S .
To obtain estimates of the number of substitutions/
bITS and K
b5:8S , b¼ ÔestimatedÕ) for each branch on a
site (K
gene tree, sequences were split into their ITS (ITS 1 &
ITS 2 combined if both available) and 5.8S regions with
each region analyzed separately. Pairwise genetic distances (among ITS sequences and 5.8S sequences) were
estimated using the maximum likelihood model (see
Kishino and Hasegawa, 1989) with default Tr/Tv ¼ 2.0
settings implemented in the DNADIST program of
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PHYLIP (Felsenstein, 1993). Simulation studies show
negligible diﬀerences among estimates of pairwise K
(and hence among estimates of branch length) by many
models when K is 6 0.5 (Li, 1997). Our estimates of
pairwise K for both data sets fall well within this range
as only three values were greater than 0.5 (greatest was
0.5534). Also, our own comparisons based on other
models (and other reasonable Tr/Tv ratios including
equal Tr/Tv) available in PHYLIP support the conclusion that the choice of model has a negligible eﬀect
on estimates of K when sequences are relatively closely
related (T. Carr, unpublished results). The FITCH
program of PHYLIP was used to generate least
squares estimates of branch length for each branch on
one of the most parsimonious trees (‘‘user tree’’ option
in eﬀect). This method provides estimates of the rate of
substitution per site in the ITS region and the 5.8S
region for each branch. In all analyses, no negative
branch lengths were allowed as these are without biological meaning. This lower bound on branch length
can greatly inﬂuence the shapes of the distributions of
branch length used to test the pseudogene null hypothesis and may necessitate a fully non-parametric
approach (see Dopazo, 1994).
Because small branch lengths result in tests with low
power (leading to potentially false conclusions of the
bITS ¼ K
b5:8S ¼ 0
presence of pseudogenes) and because K
reﬂects the absence of data with which to test the
pseudogene hypothesis, we chose an a priori criterion
for which branches were testable. A branch was considered testable if the 95% conﬁdence interval (CI) of
either the ITS branch length or the 5.8S branch length
did not eﬀectively include 0. If the lower bound of
b) multiplied by the
the 95% CI around a branch length (K
number of base pairs unambiguously optimizing (by
parsimony—unambiguous optimization in WinClada) to
that branch indicated less than 1 substitution along
that branch, the 95% CI was considered to eﬀectively
include 0. If the 95% CIÕs around both the ITS and
5.8S estimates of branch length eﬀectively included 0
for a branch, that branch was excluded from further
testing.
Ninety-ﬁve percent CIÕs were estimated using the
percentile bootstrap method and the generally more
accurate percentile-t bootstrap method (Chernick, 1999;
Mooney and Duval, 1993). For the percentile method,
we took 1000 bootstrap replicates of each original ITS
and 5.8S data set, generated the branch lengths for each
replicate on the single tree being investigated (using the
methods described above), and plotted the distribution
of the 1000 branch lengths for each branch (Dopazo,
1994). The bounds of the 95% CIÕs were the upper and
lower 0.025 percentage points of each distribution.
In the percentile-t method, each bootstrap estimate of
b  , * ¼ bootstrap) is standardbranch length (denoted K


b K
b Þ=r  . The distribution of t*
ized by ﬁnding t ¼ ðK
b
K
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is then used to calculate the critical points of the CI by
b  t
b  t ða=2Þ  r ] in a manner analogous
[K
;K
ð1a=2Þ  rb
K
K
b
to parametric CI estimation using studentÕs t (Chernick,
1999; Mooney and Duval, 1993). Estimating the rb
for
K
the ITS region and for 5.8S region is obtained through
the initial bootstrap resampling. The method is more
computationally intensive than the percentile method
 (the standard deviation of each
because estimating rb
K
b) typically requires bootstrapbootstrap estimate of K
ping the bootstrap. From each of the 1000 bootstrap
samples originally generated above, we took 50 additional bootstrap samples, used each of these to estimate
branch lengths using the methods already described, and
 for each branch for each of the 1000
calculated rb
K
original bootstraps. Because this method is computationally intensive, we only estimated percentile-t CIÕs for
those branches whose 90% CIÕs in the percentile method
did not eﬀectively include 0. This suite of branches included 4 (1 from Lophocereus and 3 from Brassicaceae)
whose 95% CIÕs eﬀectively included 0 under the percentile method. These branches are important indicators
of potential diﬀerences between the percentile and percentile-t methods in this application. The 90% CI criterion did not reduce the total amount of bootstrapping
performed, but greatly reduced the amount of data
manipulation required subsequent to bootstrapping.
For the testable branches, we used non-parametric
bootstrap hypothesis testing (Hall and Wilson, 1991;
b¼
Manly, 1997) to test the null hypothesis that DK
bITS  K
b5:8S ¼ 0. This is a procedure akin to bootstrap
K
CI estimation but involving evaluation of a test statistic
against a null distribution that is generated in part by
bootstrap resampling. Bootstrapping provides a means
b for a branch
of estimating the variation around K
without the additional assumptions of other methods
(e.g., a Poisson distribution of branch lengths across the
tree; Dopazo, 1994). As in estimating CIÕs around
branch lengths by bootstrapping, the test is applied to a
particular tree held constant throughout.
The test procedure involves the following steps
(* ¼ estimate deriving from bootstrap resampling) (after
Timmer et al., 1999):
bITS and K
b5:8S
(1) For each testable branch, estimate K
from the original data as described above.
b¼ K
bITS 
(2) For each of these branches calculate DK
b5:8S .
K
(3) Use bootstrap resampling to generate 1000 ITS and
1000 5.8S data sets. Each ITS data set is randomly
paired with a 5.8S data set, although it is essential
that the bootstrap resampling be done independently on each region.
b ITS
(4) For each of the 1000 pairs of data sets, estimate K
b 5:8S for each branch and calculate DK
b ¼
and K
b ITS  K
b 5:8S for each branch.
K

(5) For each testable branch, obtain the distribution
b. The disb   DK
(based on the 1000 resamples) of DK

b
b
tribution of DK  DK is an estimate of the distribution of diﬀerences in branch length if the null
hypothesis is true (Hall and Wilson, 1991).
b with the null
(6) For each testable branch, compare DK
distribution from 5 and reject the null hypothesis of
b falls
equal branch lengths for ITS and 5.8S if DK
outside the upper or lower a/2 boundary of the distribution (two-tailed test). Because we were most
concerned with making a Type II error (accepting
a false null hypothesis—i.e., incorrectly concluding
‘‘pseudogene’’ ), we set a equal to 0.10 to increase
the power of the test. Additionally, we made no correction to maintain a set tree-wise a.
We also conducted the hypothesis test using pivoted
statistics. Test statistics are pivoted when they are divided by an estimate of scale. In this case, we obtained
p
b   DK
b= ðr2  þ r2  ) and exthe distribution of DK
K
bITS
K 5:8S
b
p
b= ðr2 þ r2 ) in relation
amined the test statistic DK
K
bKITS
b5:8S
to this distribution. Each estimate of r2 and r2 had
K
bKITS
b5:8S
already been obtained through the initial bootstrap
resampling, and each estimate of r2  and r2  had
K
K
bITS
b5:8S
already been obtained by bootstrapping this initial
bootstrap (as explained above). Pivoting should generally make small improvements in the accuracy of a test
and so becomes important when resulting P values are
close to a (Hall and Wilson, 1991). Comparing the
quantitative and qualitative results from pivoted and
non-pivoted statistics provides important empirical information on whether the extra computational eﬀort
involved in pivoting is worthwhile in this application.

10. Results and discussion
10.1. Lophocereus
The tree-based reanalysis of the available Lophocereus ITS 1 and 5.8S data (Hartmann et al., 2001), failed
to reject the pseudogene null hypothesis for the branches
subtending both major clades of nrDNA sequences
(branches 43, 51, and 52 in Fig. 2A and Table 1) as well
as for the one outgroup (Pachycereus) branch tested
(branch 1 in Fig. 2A and Table 1). As branches 43 and
51 are descendants of branch 52, they act as tests of the
prediction that the descendants of a branch showing the
pseudogene signature should also show the pseudogene
signature if the sequences involved are from pseudogenes. Only one other branch (branch 34) was long enough
to be tested, and it represents an interesting case of
signiﬁcantly greater rate of evolution in the 5.8S region
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Table 1
Statistical analysis for the presence of pseudogenes in sequences from Lophocereus
Branch length estimatea

bITS
K

b5:8S
K

bITS = K
b5:8S
K

Pb; c

Pseudogene?

1

LS
ML

0.05854
0.05705

0.02688
0.02497

2.18
2.28

>0.09
>0.13

Y

34

LS
ML

0.00293
0.00652

0.03456
0.03830

0.085
0.17

>0.97
>0.96

?d

43

LS
ML

0.13815
0.14701

0.07623
0.08625

1.81
1.70

>0.065
>0.10

Y

51

LS
ML

0.11122
0.10737

0.07307
0.8130

1.52
1.32

>0.16
>0.27

Y

52

LS
ML

0.15101
0.16604

0.09034
0.08266

1.67
2.01

>0.07
>0.055

Y

Branch

Note. Branch lengths estimated by both the least squares (LS) and maximum likelihood (ML) methods. The branches included qualify as
‘‘testable’’ since the 95% CI (assessed using the percentile method [for ML] or the percentile-t method [for LS] based on 1000 initial bootstrap
replicates) for either the ITS branch length or the 5.8S branch length does not eﬀectively include 0. Two-tailed test used with a ¼ 0:1. Results shown
for least squares are those based on pivoting the null distribution and test statistic for each branch. Results shown for maximum likelihood are those
b5:8S , P values >0.95 reﬂect a K
b ITS signiﬁcantly less than K
b5:8S .
bITS signiﬁcantly greater than K
based on the percentile method. P values <0.05 reﬂect a K
a
LS, least squares and ML, maximum likelihood.
b
P-value given is technically 1  P . This simply aids interpretation and does not change the results.
c
Given 1000 bootstrap replicates, smallest P-value possible to assess is <0.001.
d
In the case of node 34, K5:8S is signiﬁcantly greater than KITS . If the sequences involved throughout the Lophocereus group were not pseudogenes, this might be interpreted as a case of positive natural selection on the 5.8S region. In this particular case the observed pattern could be
explained by partial concerted evolution between 5.8S regions in which many 5.8S substitutions accrued.

than in the ITS 1 region. As this is a descendant branch
of nodes 52 and 51, it falsiﬁes the prediction that descendant branches of putative pseudogenes should also
show the pseudogene signature. While this result for
branch 34 might be explained by positive selection on
the 5.8S region of a putatively functional copy, this
hypothesis is diﬃcult to accept given the pseudogene
pattern observed at multiple ancestral nodes. An alternative hypothesis is that a partial concerted evolution
event between the 5.8S region along this branch with
another copy type (functional or non-functional) introduced several substitutions. While this hypothesis is
admittedly ad hoc, partial concerted evolution among
copy types in nrDNA is known.
Although not tested explicitly, consideration of conglomerated data available within the large clades (i.e.,
those branches too short to test individually) also supported the acceptance of the pseudogene null hypothesis
for both major clades. That is, the numbers of variable
sites in the 5.8S and ITS region are what one would
expect if the sequences were pseudogenes. Together
these results strongly suggest that Hartmann et al.
(2001) did not include any functional sequences in their
Lophocereus ingroup (nor in the outgroup).
In contrast to the conclusions drawn from our results, Hartmann et al. (2001) concluded that one clade
in the nrDNA gene tree represented a functional lineage (‘‘functional’’) and the other a pseudogene lineage
(‘‘truncated’’). Their sequence functionality hypotheses
were based primarily on three factors. First, truncated
sequences had a 150 bp deletion in ITS 2 that was

absent in functional types. Second, a transcription assay
of one individual recovered a functional sequence type.
Finally, a series of PCR reactions targeted at amplifying a full-length truncated type sequence failed.
However, none of these factors particularly support the
conclusions of functionality (also see above discussion
about length). Although the 150 bp indel diﬀerence
between functional and truncated suggests the presence
of pseudogenes, without reference to patterns of
change on the resulting trees, full lengths of ITS 2 in
both types, or at least estimates of secondary structure
for the region in question (ITS 2), it is not possible to
distinguish a deletion in truncated from an insertion in
functional. Failing to make this distinction leaves open
the question of whether truncated are too short or
functional are too long. Accounting for the overall
lengths of ITS 1 and ITS 2 relative to known functional classes (Baldwin et al., 1995) actually suggests
the sequence lengths for the functional class are outside
the range of known functional types. If anything, ITS 1
and ITS 2 of truncated are more consistent with
functional lengths than the functional clade sequences.
In addition, failure to obtain a particular PCR product
is not a reliable method for detecting pseudogenes,
particularly when the same tests were not applied to
the functional class of sequences. Finally, as we have
already noted, expression need not relate to patterns of
sequence evolution.
As an additional check of our conclusions, we calculated free energies (DG values) for the ITS 1 regions
of functional and truncated sequences following the
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methods of Buckler et al. (1997). There was no appreciable diﬀerence in free energies between these two
‘‘classes’’ of ITS 1 sequences (average DG values for
truncated and functional were )55.31  6.9 and
)54.8  5.8, respectively). The essentially identical DG
for the two groups is not consistent with one group
being functional and the other non-functional.
In the Lophocereus example, pseudogene substitution
patterns are evident for both truncated and functional
lineages and provide strong evidence that both of these
are composed entirely of pseudogenes. This indicates
that the gene tree may be severely under-sampled, given
the lack of functional sequence types. It appears that
pseudogenes were preferentially ampliﬁed in this study.
Importantly, ‘‘functional’’ sequence types may represent
the ﬁrst documented example of expressed non-functional nrDNA sequences.
10.2. Brassicaceae
The Brassicaceae ITS matrix (Yang et al., 1999) was
primarily re-examined to compare the information
provided by simple pairwise approaches of pseudogene
detection to the tree-based approach advocated here.
Among the sequences in the original Yang et al. (1999)
matrix, ﬁve were identiﬁed as potential pseudogene sequences based on our implementation of Yang et al.Õs
(1999) pairwise comparison of a consensus 5.8S region
examining simply the number of nucleotide diﬀerences
in comparison to a consensus sequence (Brassica juncea
AF128094, B. rapa ssp. chinesis AF128098, B. oleracea
var. botrytis AF128100, B. oleracea var. alboglabra
AF128101, and Lepidium sativum X78126). While the
5.8S region of the sequence from L. sativum diﬀered
from a consensus sequence by the same number of nucleotides as the sequence from B. rapa ssp. chinensis,
Yang et al. (1999) did not classify it as a pseudogene
because the sequence came from GenBank, making
them unsure of its reliability. Applying Yang et al.Õs
(1999) pairwise approach to the two new ingroup sequences suggested that both A. jacquinii and B. maximowiczii were represented by putative pseudogenes.
Yang et al. (1999) also conducted relative rate tests
and found signiﬁcant increases in rate of nucleotide
substitution (for entire sequences) in B. juncea
AF128094, B. rapa ssp. chinesis AF128098, B. oleracea
var. botrytis AF128100, B. oleracea var. alboglabra
AF128101, and Rorippa nasturtium-aquaticum X98644,
considering all but the latter pseudogenes (again, because the sequence from R. nasturtium-aquaticum was
obtained from GenBank). We implemented the same
relative rate test (Wu and Li, 1985) on the sequences of
B. maximowiczii and A. jacquinii using the computer
program K2WuLi v. 1.0 (Jermiin, 1996). C. lutea
AF137588 was used as the reference sequence and both
sequences were tested against six other sequences (not

shown to be pseudogenes in our tree-based test). For
both sequences, some comparisons suggested that they
were pseudogenes, while others did not. However, the
bulk of the evidence from the relative rate tests suggests
that the sequence from A. jacquinii is not a pseudogene
(5 of 6 comparisons) and that the sequence from
B. maximowiczii is a pseudogene (4 of 6 comparisons).
The tree-based reanalysis of the complete Brassicaceae data set strongly supported the conclusion of the
simple pairwise approach and the relative rate test that
B. rapa ssp. chinesis AF128098, B. juncea AF128094,
B. oleracea var. botrytis AF128100, B. oleracea var. alboglabra AF128101, and L. sativum X78126 are represented by sequences from pseudogenes (branches 5, 6, 7,
9, 23 respectively, Fig. 2B, Table 2). The tree-based
approach strongly rejected the conclusion from the relative rate test that the sequence from R. nasturtiumaquaticum (X98644) is a pseudogene (branches 21, 32,
and 40, Fig. 2B, Table 2). In addition, the tree-based
approach identiﬁed the sequence from A. lyrata ssp.
petrea U96270 (branch 29, Fig. 2B, Table 2) as a putative pseudogene, although in this case we are concerned
that the test fails to reject the pseudogene null hypothesis due to low statistical power (see below).
In contrast to the simple pairwise approach and the
relative rate test, however, the tree-based approach rejected the conclusion that the sequences from either A.
jacquinii or B. maximowiczii are pseudogenes, but did so
in an interesting fashion. The branch uniting A. jacquinii
and B. maximowiczii (branch 41) showed the pseudogene signature, but the pseudogene null hypothesis was
strongly rejected on the branchÕs two descendant branches (branches 16 and 17, the terminal branches for A.
jacquinii and B. maximowiczii), calling into question the
conclusion that branch 41 results from the inclusion of
pseudogene sequences. The branch lengths found in the
tree-based analysis suggested that long branch attraction was the cause of this pattern. Branch 41 uniting A.
jacquinii and B. maximowiczii had only 10 unambiguously optimized substitutions while the terminal branches (branches 16 and 17) had 19 and 52 substitutions.
Long branch attraction was further investigated by the
sequential removal of each of these two individual terminals and reanalysis. The removal of B. maximowiczii
had no inﬂuence on the overall topology and A. jacquinii
alone did not show the substitution pattern indicative
bITS ¼ 0:08932, K
b5:8S ¼ 0:02483, P <
of a pseudogene ( K
0:003). The removal of A. jacquinii caused B. maximowiczii to be resolved as basal to all other Brassicaceae
and in this position it also did not show a pseudogene
bITS ¼ 0:16266, K
b5:8S ¼ 0:01840, P < 0:001).
signature ( K
A phylogenetic analysis of more than 200 Brassicaceae
ITS sequences (available in GenBank) provided further
evidence that long branch attraction likely caused the
grouping of A. jacquinii and B. maximowiczii in our
analysis (Bailey, unpublished data). The results of this
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Table 2
Statistical analysis for the presence of pseudogenes in sequences from the Brassicaceae
Branch length estimatea

b ITS
K

b 5:8S
K

5

LS
ML

0.04385
0.04097

0.01847
0.01897

6

LS
ML

0.02765
0.03165

7

LS
ML

8

bITS = K
b5:8S
K

Pb; c

Pseudogene?

2.37
2.16

>0.055
>0.05

Yd

0.04536
0.04487

0.61
0.71

>0.85
>0.75

Y

0.06409
0.06322

0.04382
0.04392

1.46
1.44

>0.15
>0.15

Y

LS
ML

0.02141
0.02157

0.00000
0.00000

9

LS
ML

0.10878
0.10448

0.09070
0.09178

1.20
1.14

>0.25
>0.30

16

LS
ML

0.08592
0.06962

0.00665
0.00620

12.92
11.23

<0.001
<0.005

17

LS
ML

0.14828
0.16143

0.00555
0.00603

26.72
26.77

<0.008
<0.001

18

LS
ML

0.03031
0.02884

0.00597
0.00609

5.08
4.74

<0.006
<0.01

19

LS
ML

0.03641
0.03901

0.00000
0.00000

20

LS
ML

0.04029
0.04216

0.00611
0.00608

6.59
6.93

<0.001
<0.001

21

LS
ML

0.07919
0.07825

0.00608
0.00609

13.02
12.85

<0.001
<0.001

22

LS
ML

0.02429
0.02998

0.00000
0.00000

—

<0.002
<0.005

23

LS
ML

0.03831
0.02981

0.02541
0.02508

26

LS
ML

0.03722
0.03958

0.00000
0.00000

29

LS
ML

0.01673
0.01691

0.00603
0.00609

31

LS
ML

—

—

—

—

0.01198

0.00000

—

<0.05

LS
ML

0.03996
0.05235

0.00000
0.00000

—
—

<0.001
<0.001

33

LS
ML

0.08316
0.08526

0.00612
0.00609

13.59
14.00

<0.001
<0.001

34

LS
ML

0.06254
0.07547

0.00000
0.00000

—

<0.001
<0.001

LS
ML

0.02596
0.02221

0.00000
0.00000

—

LS
ML

0.04248
0.03199

0.00000
0.00000

—

LS
ML

—

—

—

—

0.02937

0.00000

—

<0.005

LS
ML

0.02129
0.02165

0.00000
0.00000

—

<0.002
<0.025

LS
ML

0.03538
0.03309

0.00000
0.00000

—

Branch

32

36
37
38
39
40

—
—

—
—

—

1.51
1.19
—
—

2.77
2.78

—

—

—

—

—

<0.001
<0.005
Y

<0.001
<0.001

>0.20
>0.40

Y

<0.001
<0.001
>0.12
>0.08

<0.001
<0.01
<0.001
<0.001

<0.001
<0.005

Y?e
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Table 2 (continued)
b 5:8S
K

b5:8S
bITS = K
K

—

—

—

0.02149

0.01858

Branch

Branch length estimatea

b ITS
K

41

LS
ML
LS
ML

0.04543
0.04876

0.00000
0.00000

—

LS
ML

0.02950
0.03751

0.00000
0.00000

—

LS
ML

0.01935
0.01610

0.00000
0.00000

—

LS
ML

0.01251
0.01332

0.00000
0.00000

—
—

<0.003
<0.05

LS
ML

0.01070

0.00000

—

<0.001

—

—

—

—

LS
ML

0.01416
0.01568

0.00000
0.00000

—

<0.002
<0.002

LS
ML

—

—

—

—

0.01516

0.00000

—

<0.02

LS
ML

—

—

—

—

0.01371

0.00000

—

<0.025

LS
ML

0.04704
0.05398

0.00000
0.00000

—

<0.001
<0.001

42
43
44
45
48
49
50
52
53

1.16
—

—

—

—

—

Pb; c

Pseudogene?

—

>0.40

Nf

<0.001
<0.001
<0.001
<0.001
<0.001
<0.015

Note: Branch lengths estimated by both the least squares (LS) and maximum likelihood (ML) methods. The branches included qualify as
‘‘testable’’ since the 95% CI (assessed using the percentile method [for ML] or the percentile-t method [for LS] based on 1000 initial bootstrap
replicates) for either the ITS branch length or the 5.8S branch length does not eﬀectively include 0. Two-tailed test used with a ¼ 0:1. Results shown
for least squares are those based on pivoting the null distribution and test statistic for each branch. Results shown for maximum likelihood are those
b5:8S , P values >0.95 reﬂect a K
b ITS signiﬁcantly less than K
b5:8S .
bITS signiﬁcantly greater than K
based on the percentile method. P values <0.05 reﬂect a K
a
LS, least squares and ML, maximum likelihood.
b
P-value given is technically 1  P . This simply aids interpretation and does not change the results.
c
Given 1000 bootstrap replicates, smallest P-value possible to assess is <0.001.
d
bITS signiﬁcantly greater than K
b 5:8S , rejecting the pseudogene null hypothesis
The result for branch 5 without pivoting the LS estimates found K
(P < 0:04). This was the only branch for which pivoting made a qualitative diﬀerence to the conclusion.
e
Although the pseudogene null hypothesis cannot be falsiﬁed for branch 29, KITS is 2.8 times greater than K5.8S. We suspect that this test has
low power resulting from a small number of substitutions along this branch and the fact that one of them, perhaps by chance, occurs in the 5.8S
region.
f
Branch 41 results from long branch attraction. See Results.

analysis demonstrate that our intentional addition of
two sequences resulted in an under sampled gene tree.
Their inclusion misled inference based on the pairwise
comparison method of detecting pseudogenes but ultimately did not mislead inference from the tree-based
approach. In addition, the use of the tree-based method
provided evidence for long branch attraction, an issue of
concern to molecular systematists.
Although Yang et al. (1999) were correct in stating
that the overall topology of their tree was not altered
by excluding the pseudogenes (i.e., the branching order
of the functional types remains the same when pseudogenes are excluded), the inclusion of the pseudogenes
does identify two potential gene tree/species tree conﬂicts. First, B. oleracea var. alboglabra is only represented by a pseudogene sequence. The missing
functional type is another clear example of gene tree
under-sampling. Second, the functional and pseudo-

gene sequences from B. rapa ssp. chinensis are polyphyletic on the gene tree (on all four parsimony trees),
which suggests underlying deep paralogy, hybridization, or lineage sorting problems. Ultimately, the exclusion of these two pseudogene sequences from the
original matrix is unjustiﬁed. This level of matrix
pruning results in a potentially problematic matrix
appearing unproblematic.
10.3. Bootstrap CI estimation and hypothesis testing
In general, the substantial extra computational eﬀort
required to calculate bootstrap percentile-t CIÕs and pivot the bootstrap-based null distribution and test statistic made little diﬀerence to the quantitative and
qualitative results. For these two data sets, computationally less intensive percentile methods appear to be
adequate for the applications developed here.
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In comparison to the percentile CI method, the percentile-t CI method most often increased both the upper
and lower 95% CI bounds on branch length (in 29 out of
34 cases), and generally resulted in wider 95% CIÕs (in 30
out of 34 cases). Quantitatively, these changes in the
width of 95% CIÕs when the percentile-t method was
used ranged from )29% to +35%. However, both
methods identiﬁed the same set of testable branches
(95% CI of either ITS or 5.8S branch length not eﬀectively including 0), so these quantitative diﬀerences
made no qualitative diﬀerences to our conclusions. Because it typically produces CIÕs with slightly greater
lower and upper bounds than the percentile method, the
percentile-t method may appear to be more desirable in
determining testable nodes, especially when branch
lengths are small. However, hypothesis tests involving
such branches will have very low power (see below) and
should be undertaken with caution. Moreover, four
additional branches for which the 90% percentile CIÕs
did not include 0 were all rejected for testing based on
both percentile and percentile-t 95% CIÕs. This result
further suggests that the extra accuracy provided by the
percentile-t method has little qualitative eﬀect for the
applications developed here.
Across the two data sets there was only one qualitative change to the results when the null distribution and
test statistic were pivoted. In the Brassicaceae data
matrix, branch 5 involving only B. rapa ssp. chinensis
AF128098 shows the pseudogene signature when pivoting is applied (P  0:06) but otherwise does not
(P  0:03; under a two-tailed test with a ¼ 0:05 instead
of 0.10, the conclusion from both methods would be
that the branch shows the pseudogene signature). Prior
to pivoting, the results for this branch were the most
uncertain (P-value closest to a), and it is in such cases
that pivoting is expected to make a diﬀerence (Hall and
Wilson, 1991). Quantitatively, changes in P-values of
the test statistic due to pivoting ranged from )0.017 to
+0.049 in comparison to the non-pivoted cases. While
having relatively little qualitative eﬀect on our results, a
change of 0.05 (5%) is not trivial, especially near a.
Still, changes to P-values due to pivoting which shift
results from rejecting a null hypothesis to failing to reject a null hypothesis should be treated cautiously when
tests are suspected of having low statistical power. In
testing for pseudogenes, power will generally be of
greater concern than changes to P-values due to pivoting (see below).
Furthermore, it is important to bear in mind that our
null hypothesis, equal rates of evolution in the ITS and
5.8S regions in a pseudogene, assumes that ‘‘all other
things are equal’’ between the regions. If factors known
to inﬂuence the neutral mutation rate (e.g., base composition) diﬀer between the two regions, then another
null hypothesis, such as KITS ¼ 1:5K5:8S , might be more
appropriate. The existence of such diﬀerences between
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the regions can be assessed beforehand and their inﬂuence on the rate of evolution accounted for by reﬁning
the null hypothesis. Indeed, the null hypothesis could
even be reﬁned for particular clades or branches, although changes in the factors inﬂuencing the neutral
mutation rate would probably have to be large from
clade to clade or branch to branch to make such reﬁnements worthwhile.
10.4. Statistical power
In the test for pseudogenes developed in this paper,
the conclusion that a sequence is from a pseudogene
rests on failing to reject a null hypothesis. This raises
concerns about Type II errors (failing to reject a false
null hypothesis) and the power of the particular statistical test used to examine the null hypothesis. While it
would be possible to use simulation studies applying
diﬀering rates of evolution to the ITS and 5.8S regions
(e.g., 1:1, 2:1, 3:1) to generate power functions (power
vs. eﬀect size for a particular number of substitutions)
for the bootstrap-based test, such an undertaking is
beyond the scope of this paper. However, we can point
out that the bootstrap-based test developed here outperforms v2 tests examining estimated and expected
(under the pseudogene null) numbers of substitutions in
the 5.8S and ITS regions along a branch (T. Carr unpublished data). That is, under the same test conditions
the bootstrap-based test rejects the pseudogene null
hypothesis when the v2 test accepts it, especially at low
branch lengths. v2 tests have notoriously low power at
small eﬀect sizes and low N, and we interpret the difference in rate of rejection as representing greater power
in the bootstrap-based test.
However, the bootstrap-based test can still suﬀer
from low power when short branch lengths are involved.
For example, for branch 29 in the Brassicaceae matrix,
the rate of evolution in the ITS region is 2.8 times as
high as that in the 5.8S region, but the test does not
reject the pseudogene null (Table 2). Unfortunately, this
is a terminal branch, and so we cannot check the conclusion by testing descendant branches. The failure to
reject the null hypothesis in this case likely represents a
Type II error due to low power resulting from a small
number of substitutions along this branch and the fact
that one substitution, perhaps by chance, occurs in the
5.8S region. Generally, the pseudogene null hypothesis
bITS = K
b5:8S ratios were 2.3 or less
was not rejected when K
(Tables 1 and 2), indicating that for the matrices and
trees investigated here, the test was not powerful enough
to distinguish 2:1 from 1:1.
While the most satisfactory strategy for increasing
power is to obtain additional sequence data from other
typically constrained and unconstrained regions, there
are other possible methods. These include: (1) setting a
higher a (e.g., a ¼ 0:10 here, although this had almost no

452

C.D. Bailey et al. / Molecular Phylogenetics and Evolution 29 (2003) 435–455

eﬀect on the qualitative conclusions from the data sets
examined); (2) not correcting the a-level per test to
maintain a particular tree-wise a; (3) making the test onetailed (although this latter strategy makes it impossible to
detect cases where K5:8S > KITS [e.g., branch 34, Table 1]);
(4) limiting testing to branches with some minimum
number of estimated substitutions (perhaps 8–10) in either 5.8S or ITS regions and/or increasing the CI that
cannot eﬀectively include 0 for a branch to be testable
(e.g., from 95 to 99%); (5) removing branches to create
longer branches (corrections to the a-level might be necessary when this strategy produces multiple non-independent hypothesis tests); and (6) combining branches.
This latter strategy seems particularly promising as
bootstrap estimates of KITS and K5:8S from each branch at
issue could be combined until some minimum K was met
and then used to form bootstrap distributions of KITS and
K5:8S across the branches. One could then test the null
hypothesis that, for example, ðKITS;Branch 1 þ KITS;B2 þ
KITS;B3 Þ  ðK5:8S;Branch 1 þ K5:8S;B2 þ K5:8S;B3 Þ ¼ 0. There
are a number of possible ways to combine branches, but in
general complete sets of ancestor-descendant branches
should be maintained. Increasing the number of bootstrap replicates might also be advisable when branches are
combined. The more branches that are removed or combined, however, the more hierarchical information is lost
and the closer the method becomes to a pairwise approach.

5.8S, perhaps because the least squares method can
spread change out across a tree.
Despite diﬀerences in the estimates of branch length,
the ratios of KITS =K5:8S were similar for each method
and the qualitative results from the hypothesis tests are
almost exactly the same when the percentile method is
used (branch 5 of the Brassicaceae discussed above is the
one exception). Quantitatively, the likelihood estimates
(and the tests based around those estimates) tended to
provide more support for pseudogene branches while
just as strongly rejecting the pseudogene null hypothesis
for other branches (Tables 1 and 2).
Estimates of branch length can also change based on
tree topology, so our test for detecting the presence of
pseudogenes could be sensitive to changes in topology
With the exception of the case of long branch attraction
in the Brassicaceae tree, we found no aﬀect of a range of
changes in tree topology on the qualitative results.
Changes in topology can also interact with the method
used to estimate branch lengths, and some estimation
methods will be more sensitive than others to changes in
topology. However, because one usually needs to choose
a fully resolved tree to estimate branch lengths, many of
the issues surrounding choice of topology will involve
branches of eﬀectively 0 length (at least when split into
ITS and 5.8S partitions). The arrangement of such
branches should have little eﬀect on the qualitative results, regardless of which method of estimating branch
length is chosen.

10.5. Branch length estimation and sensitivity to changes
in tree topology
11. Conclusions
Because our test could be sensitive to diﬀerent
methods of estimating branch lengths, we examined this
possibility by comparing results from least squares estimates of branch length to those from direct maximum
likelihood estimation (using DNAML in PHYLIP with
Tr/Tv ¼ 2.0) for the same tree. While many of the estimates of branch length were similar, there were a few
branches where maximum likelihood estimates diﬀered
from least squares estimates by up to 0.015 substitutions/site. Under the percentile method for CI estimation, both methods of estimating branch length
identiﬁed almost the same sets of testable branches
(Tables 1 and 2). The diﬀerences mostly had to do with
which short branches were identiﬁed as testable, and
because of concerns about low statistical power, the
results from these branches should be interpreted with
caution anyway. Interestingly, the branch involved in
long branch attraction (branch 41) was testable under
direct maximum likelihood estimation but not under
least squares. This diﬀerence has to do with the fact that
the branch has a wide 95% CI, perhaps in part because it
is erroneous, and that the maximum likelihood estimates
of branch length were more than 0.010 substitutions/site
greater than least squares estimates for both ITS and

The existence of intra-individual nrDNA polymorphism raises a series of important issues that need to be
considered when reconstructing phylogenetic relationships, particularly among closely related species. Here
we have focused on clarifying issues related to nrDNA
paralogy and pseudogenes. Previous discussions of
nrDNA evolution unjustiﬁably assumed that pseudogenes are interspeciﬁc deep paralogs of functional loci
in studies that include more than one species (Buckler
et al., 1997; Mayol and Rossell
o, 2001). This assumption
conﬂates sequence history and sequence function, and
ultimately overlooks the possible complexity of nrDNA
sequence evolution. Without the context of a phylogenetic hypothesis, it should not be assumed that functional and non-functional sequences included in
phylogenetic analyses of taxa are necessarily paralogous
to one another or that functional copies are necessarily
orthologous.
While patterns of nrDNA expression are inappropriate for identifying nrDNA pseudogenes, nucleotide
diversiﬁcation patterns provide powerful evidence for
determining if sequences are functionally constrained.
The interpretation of these patterns is best accomplished
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using tree-based approaches rather than pairwise
methods. Here we have used ITS region sequences to
illustrate the use of nucleotide substitution patterns for
inferring whether or not sequence change is consistent
with functional constraint on nrDNA. Additional data
from each entire nrDNA sequence and the subsequent
comparison of other putatively conserved regions (18S
and 26S) and relatively unconstrained regions (e.g., IGS)
could provide characters for increased statistical support, which may be limited based on the relatively short
ITS region sequences alone. Furthermore, this general
approach for assessing functional constraint among
nrDNA sequences is applicable to any sequence type in
which highly conserved and more variable regions have
been conclusively delimited and where codon information is neither observed nor applicable.
It is abundantly clear that the accurate identiﬁcation
of nrDNA pseudogenes, paralogy, and orthology, are
dependent on extensive interspeciﬁc, intraspeciﬁc, and
intra-individual sampling. The crucial importance of
sampling is one reason that pseudogene sequences
should not be ignored in phylogenetic analyses of taxa
or genes. They can provide critical information on the
adequacy of sampling included in a study, and they may
also supply important data relating to DNA sequence
diversiﬁcation (paralogy, orthology, and nucleolar
dominance) and interspeciﬁc hybridization. It is only
through extensive sampling that reasonable hypotheses
relating the factors that aﬀect the evolution of particular
nrDNA groups and their potential inﬂuence on gene tree
and species tree interpretations may be established.
The general bootstrap-based statistical hypothesis
test developed in this paper can be applied to trees and
branch lengths estimated by any method. We found no
qualitative diﬀerences in conclusions when least squares
or maximum likelihood methods of estimating branch
lengths were used. Nor, with the exception of a case of
long branch attraction, did we ﬁnd evidence that changes in tree topology had any qualitative eﬀect on the
conclusions, although our investigation of this question
was not extensive. Furthermore, the substantial additional computational eﬀort involved in bootstrapping
the bootstrap (to estimate rK  for each bootstrap resample) in order to apply the percentile-t method of CI
estimation and to pivot the null distribution and test
statistic did not substantially change the qualitative results in comparison to less computationally intensive
percentile methods. However, the quantitative changes
observed as a result of pivoting test statistics suggest
that pivoting is valuable when percentile-based P-values
are within 0.05 of a=2 (or a if the test is one-tailed).
While strategies for increasing the power of the test exist
(see Section 10.4), collecting additional sequence data
from other constrained and unconstrained regions is
most likely to provide satisfactory resolution of uncertain results when the test is suspected of having low
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power. Given the apparent robustness of the test and the
ease and speed of carrying out percentile bootstrapbased hypothesis tests (without pivoting) on modern
computers, we urge researchers to employ this statistical
tool. In fact, bootstrap-based hypothesis tests will be
useful for a range of questions in molecular evolution
and phylogenetics.
Finally, given the issues discussed here, along with
 lvarez and Wendel (2003), one
those put forward by A
could easily conclude that nrDNA has no place in
phylogeny reconstruction of plant taxa. Nevertheless,
nrDNA sequence data continue to be the most widely
used nuclear encoded sequence in plant systematics.
This is in part because nrDNA represents the only
universally ampliﬁable nuclear encoded region currently
available and because potential alternatives from lowcopy number DNA sequences are often exceptionally
diﬃcult to work with as well as complicated by sequence
paralogy (Bailey et al., in press; Sang, 2002). Undoubtedly the use of low-copy number alternatives to nrDNA
will increase with greater availability of genomic se lvarez and Wendel, 2003), but
quence and EST data (A
until such information is obtained for a broader selection of taxa and a greater understanding of potential
copy number issues is available, nrDNA is likely to
continue to play a prominent role in phylogeny reconstruction of plants.
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