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Phylogenetic inference has become routine for most studies of genetic variation among plant taxa. 
However, inferring phylogenies can be confounded by both biological and computational or statistical 
complexities, resulting in misleading evolutionary hypotheses. This is particularly critical because the 
“true tree” can only truly be known in exceptional circumstances. Moreover, selecting appropriate 
marker(s), characters, sample sizes and the appropriate reconstruction methods offers a challenge to 
most evolutionary geneticists. Textbooks are generic (and sometimes outdated), and in resource poor 
labs, they may altogether be inaccessible. In this review, we take the worker through the low-down on 
reconstructing a phylogeny, review the enigmatic biological and computational problems, and examine 
cases where cheaper markers and extremely small sample sizes can recover a reliable phylogeny. 
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INTRODUCTION 
 
In nearly all cases of biological evolution, it is impossible 
to witness speciation events. As such, a variety of 
methods have been designed to reconstruct these 
events, with the usual model being phylogenetic trees. 
Because it reflects the history of transmission of life's 
genetic information, phylogeny is a central interpretative 
framework for studying evolutionary processes, organi-
zation and interpretation of information on all character-
ristics of organisms, from structure and physiology to 
genomics. A reconstructed phylogeny helps guide our 
interpretation of the evolution of organismal character-
ristics, providing hypotheses about the lineages in which 
traits arose and under what circumstances, thus playing a 
vital role in studies of adaptation and evolutionary constr-
aints (Felsenstein, 1985; Martins, 1995). Patterns of 
divergence of species lineages indicated by the tree 
inform the dynamics of speciation (and extinction), the  
 
 
 
*Corresponding author. E-mail: j.ochieng.10@scu.edu.au, Tel: 
+61 2 6620 3961, Fax: +61 2 6622 2080. 

forces that generate and reduce biodiversity (Futuyma, 
1998). The evolutionary histories of genes bear the 
marks of the functional demands to which they have been 
subjected, so that phylogenetic analyses can elucidate 
functional relationships within living cells (Gu, 2001; Zhu 
et al., 2000). There is, thus, increasing use of phyloge-
netic analysis to make functional predictions from seque-
nce databases of gene families (Bader et al., 2001), to 
predict ligands (Chambers et al., 2000), and to help in the 
development of vaccines and antimicrobials and herbi-
cides (Brown and Warren, 1998). 

Because phylogenies are such an important part of 
biological investigations, many methods exist for reconst-
ructing them. For the most part, these methods assume 
that the phylogeny underlying the data is a tree. In strict 
biological sense, such is not always the case: for many 
organisms, a significant level of genetic exchange occurs 
between lineages, and for some groups, lineages can 
combine to produce new independent lineages. Such 
cases include meiotic and sexual recombination, horizo-
ntal gene transfer and hybrid speciation, which cannot be 
modelled by bifurcating trees. This review focuses on bio- 
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logical and statistical problems encountered, cheaper 
ways of data production relevant to the resource poor, 
and a stepwise guide to reconstruction of phylogenies by 
the methods available, rather than on the technical flaws 
that characterise these methods.  
 
 
PHYLOGENETIC TREES 
 
Phylogenetic trees are an illustration of evolutionary relat-
ionships among a group of organisms or between collec-
tions of “things” (such as genes, proteins, and organs), 
which are derived from a common ancestor. A tree is 
composed of nodes (which represent the relationships 
among taxonomic units) and branches (which represent 
the taxa). Each node represents speciation events in 
evolution; terminal nodes represent the data under comp-
arison (operational taxonomic units), while internal nodes 
are the inferred ancestral units (hypothetical taxonomic 
units). The length of the branches (branch lengths), 
represent the number of changes that occurred in the 
characters prior to the next level of separation. Hence, 
very similar characters (sequences, alleles, body parts) 
will be neighbours on the outer branches. The topology of 
the tree is the branching pattern.  
 
 
Kinds of phylogenetic trees 
 
There are different kinds of phylogenetic trees: 
 
(1) A cladogram. 
(2) Phenogram.  
(3) Phylogram.  
(4) Dendrogram. 
  
The difference between these trees is not trivial; there are 
a number of published papers in which trees have been 
given the wrong name. A cladogram shows the relative 
recency of common ancestry; all the objects on it share a 
known common ancestor (the root taxon that branched 
earlier of all the other taxa but is related to them) (Figure 
1A). On a cladogram, the paths from the root to the 
nodes correspond to evolutionary time (Figure 2A). When 
a cladogram has branch lengths, it is termed a phylogram 
(also called metric or additive trees). A dendrogram is a 
special kind of cladogram in which the tips of the trees 
are equidistant from the root Figure 2B. Phenograms are 
phylogenetic trees where all the objects on it are related 
descendants, but there is not enough information to 
specify the common ancestor (root). A phenogram is 
therefore an unrooted tree. The paths between nodes do 
not specify an evolutionary time. The number of tree 
topologies of a rooted tree is much higher than that of an 
unrooted tree for the same number of OTUs. Therefore 
the error for the latter topology is smaller than that of the 
rooted tree. 
 

 
 
 
BOOTSTRAP AND JACKNIFE VALUES 
 
Bootstrapping is a validation procedure (Felsenstein, 
1985) in which the character columns are resample from 
the data matrix (with replacement) to produce bootstrap 
pseudoreplicates (each pseudoreplicate contains each of 
the original taxa, but some original characters are prese-
nted more than once and some not at all). Each pseudor-
eplicate is then analysed phylogenetically, with a consen-
sus tree constructed to summarize the results of all rep-
licates. The proportion of trees/replicates in which a gro-
uping is recovered is presented as a measure of support 
for that group. However, bootstrap confidence levels 
apply to nodes- they are not joint confidence statements; 
the joint confidence drops as additional nodes are consid-
ered. Felsenstein (1985) explicitly stated that bootstra-
pping provides a confidence interval that contains “the 
phylogeny that would be estimated from repeated samp-
ling of many characters from the underlying set of all 
characters”, NOT the true phylogeny. Thus Felsenstein 
viewed bootstrap values as a measure of “repeatability” 
rather than measures of “accuracy”. Unlike bootstrapping, 
jacknife resampling is a method in which either charact-
ers or taxa are resampled without replacement (Efron, 
1979). 
 
 
TREE RECONSTRUCTION METHODS 
 
There are three basic types of phylogenetic 
reconstruction methods in common use: distance-based 
methods, maximum parsimony, and maximum likelihood 
heuristics.  
 
 
Distance methods 
 
Distance-based methods operate by first estimating pair 
wise distances and then computing an edge-weighted 
tree using those distances. These methods are guarant-
eed to reconstruct the true tree if their estimates of pair 
wise distances are sufficiently close to the number of 
evolutionary events between pairs of taxa (Kim and 
Warnow, 1999). For many models of biomolecular sequ-
ence evolution, estimation of sufficiently accurate pair 
wise distances is possible (Li, 1997). 
 
 
Maximum parsimony  
 
Maximum parsimony heuristics is typical in the analysis 
of DNA sequences, in which the objective is the tree with 
the minimum number of nucleotide substitutions across 
the tree (Felsenstein, 2003 for a review on heuristics). 
These heuristics operate by hill climbing through an 
exponentially sized tree space. However, there are 
reservations to the use of Maximum parsimony as not 
being statistically consistent (Felsenstein, 1978); neverth- 
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Figure 1. A. Rectangular Cladogram; B. Phenogram showing the systematic relationships among eucalypt genera 
Corymbia, Angophora and Eucalyptus (Ochieng et al., unpublished). 

 
 
 
eless, it is a very popular approach in systematics 
because it is more computationally efficient with large 
numbers of taxa than maximum likelihood. 
 
 
Maximum likelihood 
 
Maximum Likelihood (ML) seeks the tree T and its 
associated parameters (such as edge-lengths, rates of 
evolution for each site, etc.) that maximize the probability 
of generating the given set of sequences. The general 
idea behind maximum likelihood is the estimation of a 
model by finding the model that maximizes the 
conditional probability of data/model, the likelihood of the 
data. 
 
 
MARKERS FOR PHYLOGENETIC INFERENCE 
 
One of the greatest impediments to genetic research in 
developing countries is the high cost associated with 
molecular analysis. These include costs associated with 
direct consumables as well as a lack of appropriate 
equipment to carry out such analysis. In contrast, instit-

utions in developed economies have facilities for ‘state of 
the art’ methodologies such as microarray and real-time 
PCR analysis of gene expression, high throughput DNA 
sequencing, and nanotechnology for DNA quantitation. 
Ironically, developing countries are a reliable source of 
skilled manpower for universities and research centres in 
developed countries.  

Due to inadequate research funds and the lack of 
equipment, developing country researchers still utilize old 
tools for molecular analyses such as allozymes, RAPD, 
RFLP and others, that were revolutionary around the third 
quarter the last century, but which are now mundane. To 
emphasize this passage of time (and technology), some 
journals (examples are Molecular Ecology and Heredity) 
no longer accept manuscripts that primarily report RAPD-
based analyses. It is argued that such data have low 
repeatability. Although admittedly, the non-repeatability of 
data such as RAPD might be suggested on weak 
grounds; case studies have shown that even DNA seque-
ncing is not the most corroborated and often leads to 
intraindividual sequence variation (Dunning et al., 1988; 
Ling et al., 1991). Microsatellites, commonly referred to 
as SSRs, are another useful marker whose utility in 
higher-level phylogenetic inference has been questioned. 
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Figure 2. A- Phylogram; a cladogram with branch lengths. (Pepper and Norwood, 2001); B- Dendrogram, a cladogram with branch 
lengths and the tips of the trees are equidistant from the root. (Paraa et al., in press). 

 
 
 
However, some of these ‘condemned’ markers are chea-
per, can be genotyped without elaborate equipment, and 
in phylogenetic inference, might have superior signals to 
gene sequences. 
 
 
Supporting microsatellite utility 
 
Microsatellites, also referred to as simple sequence 
repeats (SSRs), are segments of DNA with tandem rep-
eat of short sequence motifs, each generally less than 5 
bp in length (Bruford and Wayne, 1993). SSRs have 
many advantages over DNA sequencing, including a gre-
ater representation of different genomic regions in a sin-
gle dataset. Their faster evolution may lead to more infor-
mative characters. However, the utility of SSRs in recons-
tructing phylogenetic relationships, especially among 
divergent taxa, is a matter of current debate. Apart from 
the technical difficulty in amplifying SSRs across taxa, 
they are believed to possess three interrelated attributes 
that may limit their use in reconstructing phylogenies of 
divergent taxa:  
 
1) A constraint on allele size range (Goldstein and 

Pollock, 1997) 
2) High mutation rates.  
3) Size homoplasy (Bruford and Wyne, 1993).  
 

Another  limitation  is  that  even when it is possible to 

amplify SSRs in divergent taxa, the sequences may not 
be similar enough to permit confident assessment of 
orthology. These reasons partly explain why many phylo-
genetic studies utilizing microsatellites have been restrict-
ted to intra-specific relationships (Goldstein et al., 1999), 
or to the use of the SSR flanking sequence in higher 
order phylogenies (Streelman et al., 1998; Zhu et al., 
2000).  

Some notable cases exist for the use of repeat sequ-
ence variations in highly divergent taxa: 
 
1) Richard and Thorpe (2001) used SSR size variation 

to analyse the phylogenetic relationships among the 
western canary island lizards, a group that diverged 
five million years ago (MYA). This divergence time 
corresponds to five million generations given their 
short generation time of one year (Richard and 
Thorpe, 2001). 

2) Ritz et al. (2000) applied repeat size variation at SSR 
loci to resolve the relationships among four genera 
(Bos, Bison, Bubalus and Syncerus) in the tribe 
Bovini. To overcome issues of homoplasy, the 
authors used the average square (��)2 genetic 
distance measure (Goldstein et al., 1995). They 
found this measure to be robust despite fluctuations 
in population size, and retained linearity with 
increasing time. The tree topology was retained when 
data were reanalysed  with  Cavalli-Sforza  and  Edw- 



 
 
 
 

ards’ (1967) chord distance (DC) that is, interestingly, 
based on the infinite allele model.  

3) SSR length variation has been used in reconstructing 
the phylogeny of Darwin’s finches (Petren et al., 
1999). Although considered to be congeneric, these 
birds are believed to have radiated at least three 
MYA (Petren et al., 1999). With their short generation 
time of four months to one year (Zink, 2002), they 
have evolved for over five million generations.  

 
Although these examples are mainly from animals, the 

rarity of SSR use in phylogenies of plant taxa may be due 
mainly to low levels of transferability (Peakall et al., 1998) 
and a low level of SSR conservation among many plant 
taxa (Whitton et al., 1997), rather than concerns relating 
to high mutation rates or other evolutionary conside-
rations. This argument was recently put to test when, in a 
pioneer study using SSR to resolve an enigmatic plant 
phylogeny, Ochieng et al. (in review), using eight polym-
orphic SSRs, resolved a well-corroborated phylogeny for 
a plant group that diverged over 70 Million years ago. 
The authors addressed the factors that limit the use of 
SSRs in higher order phylogenetic inferences. Thus it 
would appear that when the problems of range constr-
aints, high mutation rates and size homoplasy are 
addressed, SSRs may be utilised in phylogenetic studies, 
even among very divergent taxa, so long as SSR primers 
amplify across such taxa.  
 
 
When SSRs can be used in higher order phylogeny 
 
It is a widely held view that SSRs may not be useful in 
phylogenetic studies above the species level (Streelman 
et al., 1998; Zhu et al., 2000). Realistically, the problems 
that limit the use of SSRs in higher order phylogenetic 
relationships are relevant only when ‘above threshold’ 
number of generations have passed since divergence 
from a common ancestor. Taxonomic rank, which creates 
the artificial constructs ‘higher order’ or ‘lower order’ 
phylogeny, is irrelevant when evaluating the potential for 
SSRs use for a group of taxa. We believe that SSRs can 
reconstruct deep phylogenies under the following scena-
rios.  
 
Appropriate genetic distance measures: Homoplasy is 
expected under the stepwise mutation model (SMM; 
Kimura and Ohta, 1978), which assumes loss or gain, 
with equal probability, of a single repeat unit through 
mutation. However, the infinite allele model (IAM; Kimura 
and Crow, 1964) expects no homoplasy because a 
mutation is assumed to result in an allelic state not 
previously encountered in the population. Several genetic 
distances that make different assumptions have been 
developed for use with microsatellite data, however, the 
appropriateness of each of these distance methods will 
vary from case to case, depending on the model of micro- 
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satellite evolution, mutation rates, effective population 
size, and time since divergence. The ideal distance mea-
sure will therefore depend on the charact-eristics of the 
SSRs and on the phylogenetic question being addressed. 
If it is not clear under what model the SSRs used in a 
study evolves, we advocate the use of two genetic dis-
tance measures: the SMM model based average square 
distance (��)2; analogous to D1 of Goldstein et al. (1995), 
and Nei’s (1972) IAM based standard genetic distance 
(Gst). The average square distance (Goldstein et al., 
1995) addresses size range constraints, thereby accoun-
ting for homoplasy. The distance retains linearity with 
increasing evolutionary distance, and hence is suitable 
for reconstructing trees that include more distantly related 
taxa (Goldstein et al., 1995; Pollock et al., 1998; Petren 
et al., 1999; Ritz et al., 2000; Richard and Thorpe, 2001). 
This distance has been successfully used in recovering 
well-corroborated phylogenetic hypotheses in a number 
of studies involving divergent taxa (Petren et al., 1999; 
Ritz et al., 2000; Richard and Thorpe, 2001; Ochieng et 
al., in review). On the other hand, Nei’s (1972) distance is 
expected to become more linear while the linearity of 
average square distance wanes as the SSR mutations 
become more like the IAM model (Goldstein et al., 1995). 
In the Bovini study (Ritz et al., 2000) mentioned earlier, 
the authors used the genetic distance measure, (��)2 
(Goldstein et al., 1995) to account for size homoplasy. 
They found the measure to be robust despite fluctuations 
in population size, and retained linearity with increasing 
time. In real data, however, both distances often recover 
a similar tree topology (Ritz et al., 2000). This is expected 
to be the case when the data comprise a minimum 
proportion of homoplasious alleles, as well as when 
SSRs evolve at a lower rate and are highly conserved, 
both in the repeats and in the flanking regions. 
 
 
Range constraint and size homoplasy: Homoplasy 
may arise due to: 
  
I. Mutations in microsatellite repeat region or flanking 

region that result in alleles being similar in state but 
not by descent.  

II. A constraint to the upper (and sometimes lower) 
bound on the number of repeat units at a locus may 
exacerbate homoplasy in the repeat region, as these 
size limits allow only a finite number of character 
states.  

III. Insertion and deletions in the flanking region making 
alleles similar in state but not by descent. 

 
At longer time intervals, homoplasy is expected to 

increase, while phylogenetic signals move to obscurity as 
saturation is approached (Takazeki and Nei, 1996). 
Sometimes, the data and results do not support a likely-
hood of phylogenetic signal saturation reasons, such as 
when: 
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1) The average of the means of allele size range for 

each species or clade considered separately across 
all loci is significantly less than the mean for all 
species combined (Ochieng et al., in review). This 
would suggest that saturation of phylogenetic signal 
through homoplasy due to range constraint is minimal 
because the allele size range of species or 
subgroups does not reach the total observed allele 
size range.  

2) Sizes of most alleles in the dataset differ by a number 
divisible by their repeat unit length, implying a low 
likelihood of homoplasy due to mutations in the 
regions flanking the repeats. Insertions and deletions 
should be equally likely to involve odd and even 
numbers of bases (Ochieng et al., in review) 

3) Theoretically, variation in the amount of size 
homoplasy is expected among SSR loci because 
variation in mutation rates reflects the stochasticity 
among loci of the coalescence process (Garza and 
Freimar, 1996). However, when the bootstrap support 
for tree topology recovered is high, this would reflect 
concordance among loci. Bootstrapping characters 
from loci with varied levels of homoplasy is expected 
to recover discordant phylog-enetic hypotheses, 
usually signified by low bootstrap values on the 
consensus tree. 

 
‘Below threshold’ number of generations: The 
properties that limit SSR use in phylogenetics (mutation 
rates, size constraint and homoplasy) relate to the num-
ber of generations since the divergence of taxa, rather 
than to their classification. If SSRs correctly resolved 
phylogenies of lizards that have diverged for five million 
generations (Richard and Thorpe, 2001), then they may 
recover the correct phylogeny for plant genera that have 
diverged for up to five million generations, assuming the 
mutation rates are comparable. Notably, Richard and 
Thorpe, (2001) analysed only five SSR loci, and the 
results corroborated the true and confirmed organismal 
phylogeny. Apart from the average square distance of 
Goldstein et al. (1995), the authors utilized other distan-
ces such as Nei’s (1972) Gst and allele sharing statistic 
(PSA) for comparison. Their data contradicted the expec-
tation that the SSR genetic distances may lose linearity 
after several thousands of generations, essentially due to 
range constraints in allele sizes (Feldman et al., 1997). 
As the authors noted, the fact that the essentials of a 
well-corroborated tree can be reconstructed from such a 
relatively small number of loci argue for their utility in this 
area. As stated earlier, SSR length variation has also 
been used in reconstructing the phylogeny of Darwin’s 
finches, which are believed to have radiated at least three 
MYA, corresponding to over five million generations 
(Petren et al., 1999). Thus we argue that with limited fin-
ancial resources, SSRs would be a suitable and cheaper 
marker compared to DNA sequencing for phylogenetic 
reconstruction. 

 
 
 
 
How many samples can infer a phylogeny 
 
In phylogenetic analyses using sequence data such as 
nuclear ribosomal ITS, chloroplast genes in plants, 
mitochondrial genes such as Cytochrome b, and the D-
Loop regions in animals, a single individual is often used 
to represent a clade. However, when using the more 
polymorphic markers such as SSRs and allozymes, there 
is a tendency to use hundreds of samples per clade. 
Thus there has been considerable discussion regarding 
the optimal sample size in population genetic analyses, 
with some workers recommending large sample sizes to 
account for sampling variance (Nei, 1978; Ruzzante, 
1998). In phylogenetic studies, however, pairwise genetic 
distance between individuals (or groups of individuals) 
rather than allele frequencies are relevant. Kalinowski 
(2005) recently simulated the relationship between 
sample size, polymorphism, and the coefficient of varia-
tion of genetic distances derived from microsatellite 
markers. He found that when the differentiation among 
the taxonomic units to be measured is large, one or two 
samples per group would give similar results to a large 
sample size.  

Increasing sample size under a large FST scenario pro-
duced diminishing effect on the coefficient of variation of 
the genetic distance. Kalinowski’s simulated data showed 
that the rate at which increasing sample size decreased 
the coefficient of variation was determined principally by 
the amount of differentiation between populations. This 
means that more individuals are necessary only when the 
degree of differentiation is low. In the case of inter-
specific and intergeneric, or the more amorphous ‘higher 
order’ phylogenies, the differentiation in question is 
among species rather than just between populations of 
the same species. Hence the between species and bet-
ween genera FST values are expected to be large since 
the two genera have diverged for a longer evolutionary 
timescale. This view has recently been qualified using 
real data. To resolve a notoriously difficult phylogenetic 
question, Ochieng et al. (in review) recently used a single 
individual to represent a species in among-genera eucal-
ypt phylogeny, recovering well corroborated evolutionary 
hypotheses. 

Apart from SSRs, proteins have been used in phylog-
enetic reconstruction. Demastes and Remsen (1994) 
analysed allozyme variation to reconstruct the phylogeny 
of eight bird genera in the family Cardinalinae, using a 
single individual to represent each genus in the family. 
Their tree topologies supported phylogenetic analyses of 
morphological characters. As the authors noted, in a 
phylogenetic context the priority switches from more 
samples to more phylogenetic characters (Demastes and 
Remsen, 1994, and references therein). We are aware 
that allozymes are less polymorphic compared to SSRs, 
however, Kalinowski’s (2005) simulation addresses this 
difference in variability and its implications. Nonetheless, 
to be sure the small sample sizes are taken fully into 
account, a  surrogate  analysis  should  be  conducted for 



 
 
 
 
samples pooled into the main groupings. The finding that 
such low sample numbers can infer a ‘correct’ phylogeny 
is welcome for research groups with limited funds avail-
able for field collections and molecular analyses. 
 
 
PHYLOGENETIC TREE INCONGRUENCE 
 
Phylogenies inferred from independent data partitions 
may differ from one another in topology despite the fact 
that they are drawn from the same set of organisms. We 
do not of know cases in which phylogenetic incongruence 
has been attributed to non-repeatability of data, even in 
cases where AFLP or RAPD markers were used. Cases 
of low statistical support or contradictory results in mole-
cular studies are commonly attributed to insufficient infor-
mation from short sequences (Cummings et al., 1995; 
Renner and Chanderbali, 2000), poor taxon samp-ling 
(Steane et al., 1999, but see Steane et al., 2002), strong 
rate variation across nucleotide sites or taxa (Kuhner and 
Felsenstein, 1994; Takezaki and Gojobori, 1999), homo-
plasy and hybridization (McCracken and Sorenson, 
2005), the use of inappropriate phylogenetic models 
(Cunningham, 1997), paralogy (Ochieng et al., in review) 
or a combination of these factors.  Hence incongruence 
may arise from statistical or biological causes. Common 
statistical (or computational) causes, such as inadequate 
or non-judicious sampling, inappropriate tree reconstruct-
tion methods, and inadequate phylogenetic characters 
can be addressed by expanded or judicious sampling, 
addition of phylogenetic characters or by modifying ana-
lysis and tree construction models (Udovicic et al., 1995; 
Steane et al., 1999, 2002; Udovicic and Ladiges, 2000). 
However, incongruence that has its origin in genealogical 
discordance is not easily resolved. Notorious biological 
causes of tree incongruence include hybridization 
(Dumolin-Lapegue et al., 1997; McKinnon et al., 1999; 
Avise, 2000), homoplasy (McCracken and Sorenson, 
2005), paralogy (Ochieng et al., in review) and lineage 
sorting (Avise et al., 1990; Maddison, 1997; Avise, 2000; 
Lu, 2001; Takahashi et al., 2001). 
 
 
Paralogy and lineage sorting 
 
Sequences that have evolved from a single most recent 
common ancestor (MRCA) at the root of a clade are said 
to be orthologous. In contrast, DNA sequences that are 
the result of gene duplication events are paralogs. Gene 
trees that are reconstructed from orthologs will be 
identical to the species trees, while those reconstructed 
from paralogs may be incongruent because the tree 
topology reflects both gene duplication as well as 
speciation events. An example of genes known to exist in 
multiple copies in plant genomes is the nuclear ribosomal 
internally transcribed spacer (nrITS), implicated in RNA 
maturation (Baldwin et al., 1995). The nrITS is generally 
located in one to several arrays, with generally low 
intragenomic rDNA diversity  due  to  concerted  evolution  
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within and between ribosomal loci (Dover, 1982; Arnheim 
et al., 1983; Baldwin et al., 1995). However, there are a 
number of scenarios in which evolution may not be 
concerted for some paralogous sets:  
 
1) When concerted evolution is slower than speciation, 

then a single genome will contain divergent 
paralogues.  

2) When paralogous rDNA are present in non 
homologous chromosomes; this may also preclude 
complete sequence homogenization between the 
paralogous sets (Ochieng et al., in review). 

 
Such paralogs would be divergent, and may also form 

separate clades in a phylogenetic framework. Paralogs 
may be the result of hybridization, polyploidization, or 
stochastic gene duplications (whole genome, large scale 
chromosomal, or single gene duplications). However, the 
evolutionary fate of duplicated genes is largely unknown. 
Duplicated genes could either evolve novel functions, or 
become pseudogenes (i.e., non-functional paralog) throu-
gh loss-of-function mutations. Several lines of evidence 
can show that a paralog is a pseudogene: comparatively 
lower GC content suggesting lower structural stability, 
deamination-like mutations at potential methylation sites, 
lack of conserved helices and hairpins, and conspicuous-
sly lower thermodynamic stability in secondary struc-
tures. 

A number of population genetic processes can cause 
orthologs to be randomly or systematically lost in some 
species: Genetic drift and population bottlenecks (ran-
dom), and natural selection (systematic). Thus, when a 
species lacks a particular ortholog, it is possible to use a 
paralog and be unable to detect the mistake. This can 
cause paraphyly or polyphyly, and erroneous evolution-
ary interpretations if orthology of alleles were assumed. 
However, recognition of divergent paralogues and 
pseudogenes will provide workers with more out group 
opportunities. Indeed, the first report of pseudo-genes 
recovering a more corroborated phylogeny than ITS 
functional paralog is currently under review (Ochieng et 
al., in review). The freedom from functional constraint 
would appear to make pseudogenes more suited for 
phylogenetic work than the functional genes. 

The random loss of orthologs is termed “lineage sor-
ting” (Nei, 1987). During speciation or successive rounds 
of speciation, ancestral polymorphisms may be stochas-
tically (by chance) sorted in descendants. This income-
plete lineage sorting has caused phylogenetic difficulties 
in a number of studies (Pamilo and Nei, 1988; Takahata, 
1989; Lu, 2001; Takahashi et al., 2001; McCracken and 
Sorenson, 2005). 
 
 
Homoplasy 
 
Homoplasy is the similarity in characters but no common 
ancestry; similarity due to convergent, parallel or ‘loss’ 
evolution. In phylogenetic reconstruction,  of  interest  are  
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characters that are shared due to common ancestry 
(homologs). Homoplasy would tend to increase with time 
since speciation, and with increasing rates of mutation. 
Though homoplastic characters can obscure synapo-
morphies (shared derived characters), it is easily dete-
cted in cases of very recent speciation, and where retai-
ned ancestral polymorphism is still extant.  

Tests for homoplasy employs different measures of 
character quality, including successive approximations 
(Farris, 1969), compatibility analysis (Meacham and Esta-
brook, 1985), and the optimization method of Goloboff 
(1993). Goloboff’s criterion searches for trees that imply 
the highest weights for all characters. Character quality is 
assessed by a function that relates the fit of a character 
on a tree to its homoplasy: k+1/(s+k+1-m), where k is a 
constant describing the concavity of the fit/homoplasy 
relationship, s is the number of steps required for a 
character to fit a particular tree, and m is the minimum 
possible number of steps for that character on any tree. A 
posteriori weights is assigned to each character based on 
its maximum consistency index (CI- Kluge and Farris 
1969) and homoplasy index over all trees and are used in 
subsequent parsimony searches. Heuristic searches can 
be implemented in PAUP using random taxon addition 
and TBR branch swapping option. This procedure is 
repeated until character weights (and tree topologies) are 
stable for two consecutive iterations. Another method 
developed by Ochieng J.W. (unpublished) to test for 
homoplasy involves sequential character exclusion to 
create polytomies, followed by reinstatement in a step-
wise manner and observing the changes in tree topology. 
This test tries to determine if there is a statistically signi-
ficant excess of homoplasies compared to that expected 
by mutation in the absence of recombination. This test 
relies on the observation that, as the time depth of a soft 
polytomy increases, homoplasy will tend to obscure 
relationships and increase the number of characters nee-
ded to resolve a given gene tree, regardless of whether 
that gene tree matches the species tree or not. For soft 
polytomies that occurred farther in the past, homoplasy 
may overwrite phylogenetic signal, such that each gene 
tree effectively becomes a hard polytomy with internal 
branch lengths that do not differ significantly from zero in 
a statistical framework. 
 
 
Insufficient phylogenetic characters 
 
Operationally, insufficient data in a phylogeny is repre-
sented by polytomies, in which three or more descendant 
lineages diverge from a single node. “Soft” polytomies 
may be due to insufficient data and often can be resolved 
by adding more or different kinds of characters (Mad-
dison, 1989; DeSalle et al., 1994). However, previous 
studies have shown that even massive datasets may fail 
to get the true tree (Kuhner and Felsenstein, 1994, 
Takezaki and Gojobori, 1999; Qiu et al., 1999) when 
other biological factors compound  the  analysis.  In  cont- 

 
 
 
 
rast, a “hard” polytomy represents the simultaneous 
origin of three or more gene lineages from a common 
ancestor and has no bifurcating resolution. Instances in 
which intervals between successive branching events are 
too short to accumulate informative variation also are 
effectively hard polytomies (Hoelzer and Melnick, 1994). 
Hard polytomies can be identified by internal branch 
lengths that do not differ significantly from zero (Walsh et 
al., 1999). 
 
 
Recombination, hybridization and reticulate evolution 
 
Recombination is the reciprocal exchange of genetic 
material between two homologous chromosomes during 
meiosis (Griffiths et al., 2005). Its frequency varies 
between loci, is influenced by chromosomal location 
(regions near centromeres and telomeres show little 
recombination) and sequence structure, and has been 
found to occur within single genes (Zhang and Hewitt, 
2003). Intragenic recombination generates alleles that 
are chimeric between parental alleles (Small et al., 2004) 
and therefore when it has occurred, the evolutionary 
history of a set of sequences forms a group of contra-
dictory phylogenetic trees rather than a single tree 
(Zhang and Hewitt, 2003). When using nuclear genes for 
phylogeny reconstruction, avoiding regions that have 
been influenced by recombination may be difficult, 
because a positive correlation exists between recombina-
tion rate and the level of sequence polymorphism, and 
polymorphism is desired in such analyses (Zhang and 
Hewitt, 2003). Therefore, genomic regions with low 
recombination rates may not have enough sequence 
variation for phylogenetic analysis. The likely strategy for 
overcoming this problem is to analyse recombination 
events in the dataset and incorporate them into the 
models of evolution. In general, chloroplast genome does 
not recombine; it is a conserved maternally inherited 
organelle, which would maintain its integrity throughout 
hybridization, except in a few plant systems. 

Several methods have been developed for detecting 
the presence of recombination, identifying the parental 
and recombinant individuals and approximating the 
positions of recombination breakpoints (reviewed in 
Posada and Crandall, 2001). These generally involve four 
different detection strategies: distance methods that look 
for inversions of distance patterns among the sequences; 
phylogenetic methods that compare the branching 
patterns of adjacent sequences; compatibility methods 
that partition phylogenetic incongruence site by site; and 
substitution distribution methods that look for a significant 
clustering of nucleotide substitutions or an expected sta-
tistical distribution (Posada and Crandall, 2001). Detec-
tion of recombination by more than one method should 
always be attempted before conclusions are drawn about 
the presence of recombination. 



 
 
 
 
Tree reconstruction models and rate heterogeneity 
 
Evolutionary rate heterogeneity among sites or lineages 
can cause phylogenetic problems. Simulation studies 
have shown that correct phylogenetic reconstruction can 
be hampered by heterogeneity in molecular evolutionary 
rates among lineages or sites, but that except in extreme 
cases, it should be possible to reconstruct the correct 
tree by selection of appropriate methods, models, and 
parameters (Felsenstein, 1988; Li, 1997; Siddall, 1998). 
Simulations using matrices with up to ninefold substi-
tution rate differences among taxa indicate that ML may 
be robust against unequal rate effects (Li, 1997, p. 135). 
Neighbor joining too is considered robust against unequal 
rates, as long as distances are estimated accurately 
(Felsenstein, 1988; Li, 1997). However, the tenet that 
some methods are less robust in recovering the correct 
phylogenies may not always hold: Russo et al. (1996) 
evaluated the different construction methods in 
recovering the true tree of a known phylogeny, and concl-
uded that the different trees obtained by these methods 
were congruent. Doolittle (1999) concluded that molec-
ular phylogeneticists may fail to find the ‘true tree’, not 
because their methods are inadequate or because we 
have chosen the wrong genes, “but because the history 
of life cannot properly be represented as a “tree”. 
 
 
LONG BRANCH ATTRACTION 
 
Long Branch Attraction (LBA; Felsenstein, 1978; Car-
mean and Crespi, 1995; Andersson and Swofford, 2004) 
is a phenomenon (most pronounced in maximum parsi-
mony) when rapidly evolving lineages are inferred to be 
closely related, regardless of their true evolutionary rela-
tionships. The problem arises when the DNA of two (or 
more) lineages evolve rapidly. There are only four possi-
ble nucleotides and when DNA substitution rates are 
high, the probability that two lineages will convergently 
evolve the same nucleotide at the same site increases. 
When this happens, one can erroneously interpret this 
similarity as a synapomorphy (that is, evolving once in 
the common ancestor of the two lineages). Methods sug-
gested to avoid LBA-artifacts include excluding long-
branch taxa, excluding faster evolving third codon posi-
tions, using inference methods less sensitive to LBA such 
as maximum likelihood, adding taxa that are related to 
those with the long branches to break up the long 
branches, and sampling more characters especially of 
another kind, (Felsenstein, 2003; Bergsten, 2005). 
 
 
Monophyletic and paraphyletic taxa 
 
There has been ongoing discussion regarding the con-
cept of paraphyletic taxa (Brummit, 1996; Funk, 2001; 
Nelson et al., 2003; Brummit, 2003). In this paper, phylo-
genetic  definition  of the concept is adopted: a monophy- 
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letic group is a group consisting of members descended 
from a single most recent common ancestor, whereas 
“paraphyletic” means a “clade” that includes within it, a 
non-descendant of their most recent common ancestor. 
Cladistics has alternative definition of paraphyletic group 
as a group whose members are descended from a com-
mon ancestor, but which does not include all of the 
known or considered descendants of that common ance-
stor. Brummit (2002) gives an example of such definition 
as: one, which includes a single common ancestor, but 
not all its descendants. Implicit is that a paraphyletic 
taxon is a monophyletic taxon in which a member, other 
than the most recent common ancestor, is excluded. 
Each of these definitions may be right in the context of 
the corresponding disciplines, which differ in principle and 
aim. Since cladistics is an older ‘lineage’, a phylogenetic 
definition of paraphyly might sound like walking north in a 
southbound train. However, the definition is well consi-
dered, and is shared by phylogenetic doyens such as Joe 
Felsenstein (Felsenstein, personal communication to first 
author). 
 
 
CONCLUSION 
 
It is clear from this review that majority of the problems 
encountered in phylogenetic inference arise from biologi-
cal, genealogical or statistical causes, rather than from 
the non repeatability of ‘old’ molecular tools. We have 
shown that a greater majority of these problems are typi-
cal to sequence data, which are today generated by state 
of the art methods. Microsatellite, whose usefulness in 
higher order phylogeny has been unjustifiably criticised, 
is today perhaps the cheapest and most efficient in cap-
turing molecular variation among taxa. We continue to 
support their use in phylogenetic inference as long as the 
number of generations since divergence so permits. 
While accepting that many samples per clade are neces-
sary in population genetic studies to account for sampling 
variance, we support the view that in phylogenetics, the 
priority shifts from the number of taxa to the number of 
characters. The utility of fewer samples per clade and 
cheaper but phylogenetically robust markers such as 
AFLP and microsatellites is an affordable option that can 
be explored, albeit with caution. 
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