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Abstract.—AFLP markers provide a potential source of phylogenetic information for molecular systematic studies. However,
there are properties of restriction fragment data that limit phylogenetic interpretation of AFLPs. These are (a) possible
nonindependence of fragments, (b) problems of homology assignment of fragments, (c) asymmetry in the probability of
losing and gaining fragments, and (d) problems in distinguishing heterozygote from homozygote bands. In the present
study, AFLP data sets of Lactuca s.l. were examined for the presence of phylogenetic signal. An indication of this signal was
provided by carrying out tree length distribution skewness (g1) tests, permutation tail probability (PTP) tests, and relative
apparent synapomorphy analysis (RASA). A measure of the support for internal branches in the optimal parsimony tree
(MPT) was made using bootstrap, jackknife, and decay analysis. Finally, the extent of congruence in MPTs for AFLP and
internal transcribed spacer (ITS)-1 data sets for the same taxa was made using the partition homogeneity test (PHT) and the
Templeton test. These analytical studies suggested the presence of phylogenetic signal in the AFLP data sets, although some
incongruence was found between AFLP and ITS MPTs. An extensive literature survey undertaken indicated that authors
report a general congruence of AFLP and ITS tree topologies across a wide range of taxonomic groups, suggesting that the
present results and conclusions have a general bearing. In these earlier studies and those for Lactuca s.l., AFLP markers have
been found to be informative at somewhat lower taxonomic levels than ITS sequences. Tentative estimates are suggested for
the levels of ITS sequence divergence over which AFLP profiles are likely to be phylogenetically informative. [Amplified
Fragment Length Polymorphism (AFLP) markers; congruence; Dollo parsimony; g1 statistic; internal transcribed spacer
(ITS) sequences; Lactuca; partition homogeneity test (PHT); phylogenetic signal.]

DNA sequences are the main source of information
for molecular phylogenetic studies. For studies at the
genus level and above, a wide range of sequences are
available from the nuclear and plastid genomes. For
studies among closely related genera or species, how-
ever, sequences often do not show enough variation. At
these lower levels, restriction fragments may be suitable
phylogenetic markers, providing they contain sufficient
phylogenetic signal. The restriction fragment markers
most commonly used are RFLPs (restriction fragment
length polymorphisms; Grodzicker et al., 1974; Botstein
et al., 1980), RAPDs (random amplified polymorphic
DNAs; Williams et al., 1990; Welsh and McClelland,
1990), microsatellites or SSRs (simple sequence repeats;
reviewed in Cregan, 1992), ISSRs (inter simple sequence
repeats; Zietkiewicz et al., 1994), and AFLPs (Vos et al.,
1995; often referred to as Amplified Fragment Length
Polymorphisms, but officially a trademark rather than
an abbreviation).

Elaborate evaluations and comparisons of these mark-
ers and their applications in systematic studies have been
made by, e.g., Bachmann (1992), Powell et al. (1996), Karp
et al. (1996), Jones et al. (1997), Milbourne et al. (1997),
Russell et al. (1997), and McGregor et al. (2000). Focusing
mainly on repeatability and information content, these
studies show large differences among the various mark-
ers. Whereas the repeatability of RFLPs, SSRs, and AFLPs

was found to be nearly 100%, that of RAPDs and ISSRs
was much lower (75% to 85%, see Jones et al., 1997, and
McGregor et al., 2000). Information content has typically
been evaluated in terms of the number of polymorphic
loci per gel lane (marker index; Powell et al., 1996) or as-
say unit (i.e., per primer or primer combination). In the
above studies it was observed that the information con-
tent of RFLPs was lowest, whereas that of SSRs, RAPDs,
and ISSRs was about twice as high. The information con-
tent of AFLPs was found to exceed that of RAPDs by a
factor of 10 or more. This high information content is due
to the high number of loci that are amplified simultane-
ously (called the multiplex ratio).

Due to the high number of polymorphisms per assay
unit, the high reproducibility, and the fact that no prior
sequence information is needed to perform the AFLP
technique, its popularity in systematic studies has in-
creased rapidly over the past few years. In these stud-
ies, a variety of techniques have been applied for data
analysis. Clustering methods (usually UPGMA, e.g.,
Huys et al., 1996 (Aeromonas); Keim et al., 1997 (Bacil-
lus); Kardolus et al., 1998 (Solanum); DeScenzo et al.,
1999 (Eutypa); Kiers et al., 2000 (Cichorium); Werres et al.,
2001 (Phytophthora); Pelser et al., 2003 (Senecio)) and
neighbor joining (e.g., Lu et al., 1996 (Pisum); Angiolillo
et al., 1999 (Olea); Tredway et al., 1999 (Clavicipitaceae);
Giannasi et al., 2001 (Trimeresurus); Hodkinson et al., 2002
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(Miscanthus)) are commonly used, as is heuristic parsi-
mony (e.g., Keim et al., 1997; Kardolus et al., 1998; Tred-
way et al., 1999; Hodkinson et al., 2000 (Phyllostachys);
Despres et al., 2003 (Trollius)).

To be suitable for phylogenetic analysis, restriction
fragment data (such as AFLP markers) have to meet
two basic requirements (Backeljau et al., 1995; Swofford
et al., 1996): (1) the fragments must have evolved in-
dependently (Karp et al., 1996); and (2) fragments of
equal length must be homologous (Black, 1993; Karp
et al., 1996). As was pointed out by Karp et al. (1996)
and Swofford et al. (1996), the problem of nonindepen-
dence of fragments and the problem of identifying ho-
mologous fragments potentially limit the phylogenetic
interpretation of restriction fragment data. For AFLP
markers used at the intraspecific level, homology as-
signment problems may vary, depending on the species.
For example, in five relatively unrelated potato (Solanum
tuberosum) genotypes, Rouppe van der Voort et al. (1997)
identified 131 comigrating AFLP bands, 117 of which
(89%) mapped to the same genomic regions. Twenty of
these 117 putative homologous bands were sequenced,
and the sequences of 19 bands (95%) were shown to
be nearly identical. In contrast, Mechanda et al. (2004)
detected intraspecific sequence identities in Echinacea
as low as 75.82% for monomorphic AFLP bands, and
23.66% for polymorphic bands. Mechanda et al. (2004)
and O’Hanlon and Peakall (2000) showed that the level of
error in homology assignment for bands of the same size
rapidly increased with taxonomic divergence. It reached
98.75% for polymorphic bands in different species of
Echinacea (Mechanda et al., 2004), and 100% for species
from different subtribes of Carduinae thistles (O’Hanlon
and Peakall, 2000). Further, whereas nonhomologous
fragments of equal length may be found in different
genotypes (Rouppe van der Voort et al., 1997; O’Hanlon
and Peakall, 2000; Mechanda et al., 2004), nonhomolo-
gous fragments of the same size are also found to occur
within the same individual (Rouppe van der Voort et al.,
1997; Hansen et al., 1999; Meksem et al., 2001; Mechanda
et al., 2004). The extent of nonindependence of fragments
in AFLP profiles has not yet been studied quantitatively.

A specific problem for phylogenetic analysis caused
by error in homology assignment for increasingly di-
verged profiles is that this error results in a form of
long branch attraction. The large proportion of nonho-
mologous fragments between the more distantly related
genotypes results in high levels of homoplasy between
these genotypes and the effect may mislead both parsi-
mony and clustering methods of tree building. Inclusion
of such distantly related AFLP profiles is thus undesir-
able, and recent research has involved developing tests
to enable identification and removal of such genotypes
(Koopman and Gort, 2004).

Other issues that are potentially significant for phylo-
genetic analyses of AFLP data include (1) asymmetry in
the probability of losing and gaining fragments (loss of a
fragment is much more probable than gain), and (2) the
fact that AFLP markers are usually scored dominantly
(i.e., without distinction between homozygotes and het-

erozygotes). Both features of the data may also limit the
usefulness of AFLP profiles as a source for phylogenetic
markers, as they will increase the amount of stochastic
noise in the data (see Karp et al., 1996).

Although heuristic parsimony analyses of AFLP data
have been published for many species groups, only a
few studies (e.g., Giannasi et al., 2001; Despres et al.,
2003) have made any attempt to address the question
of the presence of phylogenetic signal in the data sets.
Given the popularity of AFLP markers for systematic
studies, the increasing number of phylogenetic analyses
among these studies, and the limitations of AFLPs as
phylogenetic markers, a more thorough examination of
phylogenetic signal in AFLP data sets is warranted.

In this paper phylogenetic signal in AFLP data sets
of Lactuca s.l. is examined. Techniques to examine
phylogenetic signal in data sets are by their nature
heuristic, and the subject of measuring phylogenetic
signal is controversial (see, e.g., the recent paper by
Grant and Kluge, 2003). Much discussion of this topic
has appeared in cladistic literature, but it is beyond the
scope of the present paper to engage in this debate.
Rather, for the purpose of the present study the most
widely used procedures have been employed with brief
reference to the debate surrounding them. Notwith-
standing the limitations of the various techniques,
applied together they provide a measure of the extent
of phylogenetic signal in Lactuca AFLP data sets. The
findings from this study have been placed in the context
of the findings of others as revealed by a literature
survey. This comparison indicates that there is a general
congruence of internal transcribed spacer signal (ITS),
and AFLP-based tree topologies for a wide range of taxa
in fungi, oomycetes, plants, and bacteria. Based on the
analyses of the Lactuca s.l. data sets, and on the literature
survey, tentative estimates are suggested for the levels
of ITS sequence divergence over which AFLP profiles
are likely to be phylogenetically informative.

MATERIALS AND METHODS

The AFLP data sets were selected from larger sets stud-
ied in Koopman et al. (2001) and contained 84 accessions
from 19 species of Lactuca and related genera. The acces-
sions are identical to those reported in a previous ITS-1
sequence study (Koopman et al., 1998), but with the ex-
clusion of Lactuca sativa CGN 5045, Mycelis muralis CGN
9367 and CGN 5005, Prenanthes purpurea W9534, and all
accessions of Sonchus, Taraxacum, and Chondrilla. The first
data set was generated with primer combination (pc)
E35/M48 (EcoRI + ACA/MseI + CAC) and contained
530 polymorphic bands, 467 of which were parsimony
informative. The second data set was generated with pc
E35/M49 (EcoRI + ACA/MseI + CAG) and contained
500 polymorphic bands (434 parsimony informative).

The ITS-1 data set used as a reference in the present
study was a subset from the data set of Koopman et al.
(1998), containing the same 84 accessions as the AFLP
data sets. The total aligned length was 261 nucleotides,
including 131 polymorphic characters (116 parsimony
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informative). The original multiple sequence alignment
was corrected by hand to minimize the number of in-
dependent indel events. In the original ITS-1 data set of
Koopman et al. (1998), each species was represented by
at least two different accessions. For several species, the
different accessions showed identical ITS-1 sequences.
The presence of such duplicate sequences introduces
structure in the data set. This structure will be detected
by testing procedures and may be erroneously rec-
ognized as phylogenetic signal. To avoid this artifact,
TLD and RASA (see below) for the ITS-1 data were
calculated using a data set in which each sequence was
present only once (leaving 46 unique sequences). The
ITS most parsimonious trees (MPTs) presented in the
results section were also calculated using this data set.
Because tests of congruence require equal numbers of
taxa in the data sets to be compared and the AFLP data
set contained 84 taxa, congruence of the AFLP and ITS-1
data sets and MPTs was tested using the ITS-1 data set
with 84 accessions.

As a first approach, the data sets were examined
for the presence of phylogenetic signal. Three tech-
niques for testing phylogenetic signal are commonly
used: tree length distribution skewness (TLD; Hillis,
1991; Huelsenbeck, 1991; Hillis and Huelsenbeck, 1992),
permutation tail probability testing (PTP; Archie, 1989;
Faith and Cranston, 1991), and relative apparent synapo-
morphy analysis (RASA; Lyons-Weiler et al., 1996). Data
decisiveness (Goloboff, 1991) is a related technique, but
without the explicit claim that phylogenetic signal is
measured (Carpenter, 1992).

TLD was used to measure phylogenetic signal be-
cause, although sometimes criticized (Källersjö et al.,
1992; Lyons-Weiler et al., 1996), it is still widely em-
ployed. To determine phylogenetic signal based on TLD,
a length distribution of randomly generated phyloge-
netic trees is assembled based on the observed data set.
The skewness of this distribution is described by the g1

statistic (Sokal and Rohlf, 1969). Negative g1 values be-
low a certain critical value (derived from tree length dis-
tributions based on random data sets) indicate significant
phylogenetic signal (Hillis and Huelsenbeck, 1992). TLD
and g1 of 100,000 random trees were determined for the
separate and combined AFLP data sets and for the ITS-
1 data set, using PAUP* 4.0b8 (PPC/Altivec; hereafter
PAUP*; Swofford, 1999).

The PTP tests of Archie (1989) and Faith and Cranston
(1991) determine phylogenetic signal by comparing the
length of a MPT based on an observed data set with the
lengths of MPTs based on randomizations (usually 99
or 999) of that data set. The data set is randomized by
randomly permuting the states of each of the characters
across all taxa. The test statistic is the proportion of all
data sets (i.e., the observed data set plus the randomiza-
tions) producing a tree as short or shorter than the MPT
from the observed data set. Significant phylogenetic
signal is concluded when this fraction is below a critical
value. The PTP test has been extensively criticized
(Carpenter, 1992; Källersjö et al., 1992; Steel et al., 1993;
Lyons-Weiler et al., 1996; Carpenter et al., 1998), mainly

because the null hypothesis of random distribution
of character states is considered invalid. For example,
Carpenter (1992) argued that the use of a random null
model is unfit to measure cladistic corroboration in the
sense of Popper (and hence phylogenetic structure).
In his reply, however, Faith (1992) demonstrated that
the PTP test does measure Popperian corroboration,
notwithstanding Carpenters claim for the opposite.
Källersjö et al. (1992) criticized the fact that the PTP test
may show significant phylogenetic structure for data
sets yielding a set of MPTs whose strict consensus is
entirely unresolved. Faith and Ballard (1994) responded
by pointing out that a set of MPTs with an unresolved
strict consensus tree does not exclude the presence of
phylogenetic structure in the underlying data set. They
demonstrated that the PTP test detected phylogenetic
structure in the test data set of Källersjö et al. (1992), even
though the data set yielded an unresolved strict consen-
sus tree. In the present paper, the PTP test of Archie (1989)
and Faith and Cranston (1991) is used as implemented
in PAUP*. The test was performed on the separate (99
randomizations) and combined (999 randomizations)
AFLP data sets, with randomization of either entire data
sets or only ingroup taxa. Based on previous results
(Koopman et al., 1998), Prenanthes purpurea L. was used
as the outgroup. Heuristic searches were performed with
random addition sequences (10 replicates) as well as
with simple addition sequences using TBR branch swap-
ping with “multrees” switched on. Parsimony settings
were: acctran and collapse of zero-length branches.

RASA was presented as an alternative to TLD and PTP
testing because it has been claimed that it is (1) an a priori
measure of phylogenetic signal, (2) a tree-independent
measure of phylogenetic signal, and (3) not at all based
on the assumptions of maximum parsimony. To perform
RASA, two measures are calculated for each taxon pair: a
relative apparent synapomorphy score (RAS; represent-
ing the number of times that a taxon pair shares a charac-
ter state to the exclusion of another taxon, summed over
all characters), and the number of characters involved in
the computation of RAS, called E. RAS, is plotted against
E, and the observed slope of RAS on E is the measure of
phylogenetic signal. A null slope is determined from a
plot of RAS against E after reciprocal equiprobable redis-
tribution of RAS and E. The test statistic for homogene-
ity of slopes (Myers, 1990) is used to compare the slopes,
and an observed slope significantly steeper than the null
slope indicates the presence of phylogenetic signal. Re-
cently, Simmons et al. (2002), Faivovich (2002), and Farris
(2002) claimed that RASA may detect strong phyloge-
netic structure in unstructured data sets (both hypothet-
ical and observed), although it may fail to detect signal in
data sets yielding strongly supported phylogenies. They
suggested two main sources of error. First, the fact that
phylogenetically uninformative characters are included
in the calculation of RAS results in RAS being a measure
of phenetic similarity rather than one of cladistic hier-
archy. Second, the regression approach employed in the
RASA procedure may be criticized because regression
analyses are only valid using independent variables. In
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the RASA procedure RAS and E are not independent,
because both are calculated from the same three taxon
statements. Despite these potential problems, RASA was
applied here in its original form, using the RASA Web
tool at http://bioinformatics.upmc.edu/RASA.html.

As a second approach, internal support was calcu-
lated for unweighted Wagner parsimony trees based
on the combined AFLP data sets using PAUP*. MPTs
were calculated in heuristic searches comprising 10,000
random addition sequences with TBR branch swap-
ping and “multrees” switched off. Parsimony settings
were: acctran and “collapse of zero-length branches.”
Prenanthes purpurea accessions W9505 and W9525 were
used as the outgroup. Support for the unweighted
MPT topologies was determined using the three most
widely employed methods: nonparametric bootstrap-
ping (Felsenstein, 1985a), jackknifing (Farris et al., 1996),
and branch support (Bremer, 1988), the latter also known
as decay index (Donoghue et al., 1992) or Bremer support
(Källersjö et al., 1992). To avoid confusion, the term “in-
ternal support” will be used to refer to branch support in
a general sense, whereas branch support sensu Bremer
(1988) will be referred to as decay index (DI).

In decay analyses, the support for a clade in the MPT is
determined from its presence in suboptimal trees. To es-
tablish the DI, trees are examined that are N steps longer
than the MPT. The DI of a clade is determined as the
number of extra steps N that correspond to the shortest
tree in which that clade collapses. Because DIs are calcu-
lated using trees based on the same data set as the MPT,
calculation of the DIs does not require any manipulation
of the data set itself. Bootstrapping and jackknifing are
fundamentally different in that the support for a clade is
measured in terms of its frequency of occurrence in MPTs
derived from resampled versions of the original data set.

DI values were calculated with AutoDecay version
3.03 (Eriksson and Wikström, 1996) using the heuristic
search option with 10 random addition sequences, TBR
branch swapping, and “multrees” switched on. Boot-
strap values were calculated in 2500 replicates of a full
heuristic search, with 10 random addition sequences in
each replicate, and remaining settings as above. Jack-
knife values were calculated in a fast heuristic search
with 25,000 replicates, nominal deletion of 37% of the
characters in each replicate (according to Farris et al.,
1996), and “Jac” resampling. Starting trees were ob-
tained using random addition sequences without branch
swapping.

DeBry (2001) has pointed out that “raw” DI values may
give a misleading indication of the reliability of a branch,
because the associated critical values increase with in-
creasing branch lengths. The relationship between crit-
ical values and branch lengths is not straightforward,
depending, e.g., on the total number of characters ver-
sus taxa in a tree, the number of splits in the lineages
descending from a certain branch, and the number of
contradictory characters on a branch. This complex re-
lationship not only renders comparisons of DI values in
the AFLP and ITS-1 MPTs potentially unreliable (even in
the light of branch lengths), it also hampers significance

testing of these values. Nevertheless, following Felsen-
stein (1985b), DeBry (2001) concludes that DI values <4
should not be considered as strong support under any
circumstances. Significance testing of bootstrap and jack-
knife values is equally problematic, although some au-
thors suggest that a figure of 80% under some conditions
indicates relatively strong support (DeBry, 2001). In the
present study, decay analysis is applied as a method com-
plementary to bootstrapping and jackknifing. Ideally, all
three methods should (apart from scale factors) indicate
similar internal support. However, because bootstrap-
ping/jackknifing and decay analysis are fundamentally
different approaches, possible peculiarities in the data
sets (e.g., large amounts of contradictory characters on
certain branches) may lead to discrepancies in internal
support for the different methods. In order to trace such
peculiarities, the bootstrap, jackknife, and DI values are
discussed in relation to each other.

As a third approach, the congruence of the AFLP data
and ITS-1 sequence data was examined, as well as the
congruence of MPTs based on these data. Notwithstand-
ing their drawbacks (reviewed in Álvarez and Wendel,
2003), ITS sequences are widely used phylogenetic mark-
ers (Baldwin, 1992), and congruence of ITS and AFLP
data used to construct MPTs can be used to indicate
whether or not AFLP data are suitable for phylogenetic
analysis.

The congruence of AFLP and ITS-1 data sets was de-
termined using the partition homogeneity test (PHT) of
Farris et al. (1995), based on the incongruence length dif-
ference of Mickevich and Farris (1981). The test com-
prises the following steps: (1) determine the sum Lx+y

of the lengths of the MPTs from both data sets; (2) ran-
domly partition all characters into new data sets of the
original sizes, and do this W times (e.g., 100); (3) deter-
mine the lengths of the MPTs from the partitioned data
sets; (4) count the number S of MPTs that are longer than
Lx+y; 5) the error rate on rejecting the null hypothesis
of congruency is P = 1 − (S/(W + 1)). The PHT was
performed with 500 replicates (= 499 repartitions) us-
ing the test implemented in PAUP*. Trees for each repli-
cate were generated with heuristic searches starting with
1000 random addition sequences, TBR branch swap-
ping, and “multrees” switched off. Parsimony settings
were: acctran and “collapse of zero-length branches.” Al-
though the PHT is widely used, several authors have no-
ticed serious limitations of the test (Barker and Lutzoni,
2002). Most importantly, there does not seem to be a
straightforward relationship between congruence and
phylogenetic accuracy (Cunningham, 1997; Yoder et al.,
2001), the test is heavily influenced by the substitu-
tion model employed (Dowton and Austin, 2002; Barker
and Lutzoni, 2002), and the test shows an excessive
type I error rate (i.e., the probability of falsely rejecting
the null hypothesis of congruence) when the matrices
compared differ in their level of homoplasy (Dolphin
et al., 2000; Yoder et al., 2001; Barker and Lutzoni, 2002).
A detailed examination of the impact of these limita-
tions on the use of the PHT test on AFLP data sets is
beyond the scope of the present paper, and therefore
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the PHT test is applied here, in spite of the potential
problems.

To serve as a reference for the AFLP MPTs, ITS-1 MPTs
were calculated in PAUP* using a heuristic search with
simple taxon addition, TBR branch swapping, and “mul-
trees” switched on. Parsimony settings were: acctran and
“collapse of zero-length branches.” P. purpurea accessions
W9505 and W9525 were used as the outgroup. An addi-
tional analysis with 10,000 random addition sequences
and “multrees” switched off was performed to identify
possible islands of shorter trees. However, no such is-
lands were found. Support for the ITS-1 MPT topologies
was determined as described for AFLP MPTs.

Congruence of AFLP and ITS-1 MPTs was determined
in two ways, using one arbitrarily selected MPT for each
of the data sets.

First, to obtain a general estimate of congruence, the
fit of both trees to either of the data sets was examined
using the Templeton test (Templeton, 1983). A drawback
of the Templeton test is that it may be biased when the
trees compared are not derived independently of the
data sets used for testing (Goldman et al., 2000). How-
ever, the applicability of alternative tests such as the
Kishino-Hasegawa test (KH test; Hasegawa and Kishino,
1989; Kishino and Hasegawa, 1989) and the Shimodaira-
Hasegawa test (SH test; Shimodaira and Hasegawa,
1999) is also limited because they all have their own
specific drawbacks (discussed in, e.g., Shimodaira and
Hasegawa, 1999, and Goldman et al., 2000). Therefore,
testing of the fits of the trees to the data sets was limited
to the application of the Templeton test. However, con-
sidering the fact that the trees examined are not derived
independently of the data used for testing, the results
should be regarded with some caution.

The original Templeton test is a one-tailed Wilcoxon
matched-pairs signed-ranks test (Siegel, 1956) that com-
pares the number of changes required for each charac-
ter on each of the trees (excluding ties). The difference
for each character gets a signed rank number, and the
negative rank sum is used as test statistic. The test statis-
tic and the total number of ranks are converted into a
probability statement based on the statistical tables from
the Wilcoxon test, or, for a total number of ranks >25,
using a normal approximation (Siegel, 1956). The two-
tailed version of the Templeton test implemented in
PAUP* was used.

Second, a comparison of the AFLP and ITS-1 MPT
topologies was conducted by eye. The comparison in-
volved a detailed examination of the presence of clades
and splits common to both trees, in relation to their statis-
tical support. The objective was to assess (1) the general
congruence of the AFLP and ITS trees and (2) the tax-
onomic level at which the AFLP and ITS markers are
informative (i.e., yield supported topologies).

In the comparison of AFLP and ITS-1 MPTs, un-
weighted Wagner parsimony was employed to calculate
the AFLP MPT. The use of unweighted parsimony as-
sumes equal probabilities of losing and gaining char-
acters. However, restriction fragment data (such as
obtained using AFLP markers) do not meet this assump-

tion, because the restriction sites are more easily lost than
gained (e.g., any mutation in a restriction sites causes
loss of the fragment, whereas only one specific backmu-
tation restores the lost site). Focusing on this asymmetry,
DeBry and Slade (1985) suggested the use of Dollo par-
simony for animal mtDNA restriction site characters. To
examine whether this approach could be valid for AFLP
data, the Lactuca s.l. data set was reanalyzed in PAUP*
using unrooted Dollo parsimony (all characters of type
Dollo Up, no ancestor included in the analysis). MPTs
were calculated in heuristic searches comprising 5000
random addition sequences with TBR branch swapping
and “multrees” switched off. Parsimony settings were:
acctran and “collapse of zero-length branches.” The re-
sulting trees were rooted using P. purpurea W9505 and
W9525 as the outgroup. Bootstrap support for the trees
was calculated in 1000 replicates of a full heuristic search,
with 10 random addition sequences in each replicate and
remaining settings as above.

Dollo parsimony, however, is rather restrictive be-
cause of the assumption that restriction sites can be
gained only once. Therefore, Jansen et al. (1991) and
Holsinger and Jansen (1993) suggested weighted parsi-
mony (equivalent to a relaxed Dollo criterion, depending
on the weights) as an alternative. Although this allows
the loss/gain probabilities to more realistically fit the
data, it introduces the problem of determining the proper
weights. Jansen et al. (1991) and Holsinger and Jansen
(1993) suggested using weights proportional to –ln(rt)
for gains and to –ln(qt) for losses, with rt and qt being
the expected numbers of gains and losses on a branch as
determined from an initial Wagner tree. To determine rt
and qt, separate frequency distributions are constructed
for the site losses and site gains on the initial tree, describ-
ing the numbers of characters with 1, 2, 3, etc. transitions.
Assuming that all sites change at an equal rate, the ac-
tual numbers of gains and losses, given that we know we
have a character exhibiting at least one gain or loss, can
be estimated by determining the Poisson parameters λ̂g

and λ̂l. These parameters are determined from the fre-
quency distributions according to λ̂g =

1

B
∑

ni

∑
ini and

λ̂l =
1

B
∑

ki

∑
iki , where ni is the number of characters

that show i gains across the initial tree, ki is the num-
ber of characters that show i losses, and B is the total
number of branches. Next, the unconditional expecta-
tions for rt and qt are determined by solving the equa-
tions λ̂g =

rt
1−e−rt and λ̂l =

qt
1−e−qt (Jansen et al., 1991; K.E.

Holsinger, personal communication). For the Lactuca s.l.
data set, character state changes were determined on the
first tree from the unweighted parsimony analysis, using
MacClade 4 (Maddison and Maddison, 2000). Both the
MIN and MAX options in the chart/changes platform
were applied. The characters’ state changes were de-
termined only on the well-supported sat/ser/dreg/alt +

L. aculeata clade (see Figure 1) because the presence of
autapomorphies for more distantly related taxa on less
supported branches would give rise to an overestima-
tion of the number of gains. The resulting weight of 1.02
in favor of losses was subsequently used in a weighted
parsimony analysis. All characters were weighted using
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FIGURE 1. One of the MPTs based the unweighted Wagner parsimony search on the combined AFLP primer combinations E35/M48 and
E35/M49. Above branches: bootstrap values/jackknife values. Below branches: branch supports. sat/ser/dreg/alt: group of intermixed and
closely related species Lactuca sativa, L. serriola, L. dregeana, and L. altaica. Genus abbreviations: L = Lactuca, C = Cicerbita, Ci = Cichorium, M =

Mycelis, S = Steptorhamphus, P = Prenanthes.

the “user defined type” option and a 0/1 stepmatrix
with a weight of 99 for losses and 101 for gains. MPTs
were calculated in heuristic searches comprising 5000
random addition sequences with TBR branch swapping
and “multrees” switched off. Parsimony settings were:
acctran, “collapse of zero-length branches,” and ancestor

“standard” (=all missing) included in the analysis. The
resulting trees were rerooted using P. purpurea W9505
and W9525 as the outgroup. Bootstrap support for the
trees was calculated in 1000 replicates of a full heuris-
tic search, with 10 random addition sequences in each
replicate and remaining settings as above.
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RESULTS

Phylogenetic Signal
The g1 statistic from the TLD test was −0.52 for AFLP

pc E35/M48, −0.46 for pc E35/M49, and −0.50 for the
combined data sets. The lettuce data sets contain over 25
taxa and 500 or more variable characters, and therefore
the critical value of −0.08 (P = 0.01) was used (Hillis and
Huelsenbeck, 1992). All three g1 values are considerably
lower than this critical value, indicating the presence of
significant phylogenetic signal in the AFLP data sets. The
g1 statistic for the ITS-1 data set was −0.59, which is con-
siderably lower than the critical value of −0.12 (>25 taxa,
100 variable characters, P = 0.01), indicating significant
phylogenetic signal.

The results from the PTP tests were highly signifi-
cant in suggesting phylogenetic signal in both the sepa-
rate (99 randomizations, all α = 0.01) and combined (999
randomizations, all α = 0.001) AFLP data sets. For pc
E35/M48, the tree length for the observed data set was
1902 steps. The lengths of the shortest trees from the
randomized data sets were 3959 (all taxa randomized,
simple addition), 3951 (all taxa randomized, random ad-
dition), 3907 (only ingroup taxa randomized, simple ad-
dition), and 3905 steps (only ingroup taxa randomized,
random addition). For pc E35/M49, the length for the
observed data set was 1835 steps, and the lengths for the
randomized data sets were 3649, 3637, 3617, and 3614
steps, respectively. For the combined pcs, the length for
the observed data set was 3783 steps, and the lengths for
the randomized data sets were 7854, 7850, 7769, and 7761
steps. The results from the PTP tests were also highly sig-
nificant in suggesting phylogenetic signal in the ITS data
set (99 randomizations, all α = 0.01). The ITS MPT length
was 279 steps, whereas the lengths of the shortest trees
based on the randomized data sets were 698, 695, 695,
and 697 steps, respectively.

The RASA test for pc E35/M48 showed an observed
slope (βobs) of 19.62, an expected slope (βnull) of 8.69, and
a test statistic tRASA of 31.62, with 3399 degrees of freedom
(df). The test for E35/M49 showed a βobs of 20.33, a βnull

of 8.53, and a tRASA of 34.04 (df = 3399). The combined
AFLP data sets showed a βobs of 20.33, a βnull of 8.53, and
a tRASA of 34.04 (df = 3399). The ITS data set showed a βobs

of 12.88, a βnull of 6.70, and a tRASA of 19.85, with 986 de-
grees of freedom. In all cases, tRASA indicates significant
phylogenetic signal (α = 0.05).

MPT Support

The unweighted search on AFLP data set E35/M48
yielded 240 MPTs of 1902 steps, a CI of 0.279, an RC of
0.191, and an RI of 0.685. The unweighted search with
data set E35/M49 yielded 1238 MPTs of 1835 steps, a
CI of 0.272, an RC of 0.181, and an RI of 0.666. The un-
weighted search using the combined data from E35/M48
and E35/M49 yielded 6 MPTs of 3783 steps, a CI of 0.272,
an RC of 0.183, and an RI of 0.671. The six trees based on
the combined primer combinations (pcs) differed only in
a few terminal branches.

One of the MPTs based on the combined pcs is de-
picted in Figure 1. The MPT shows two moderately

supported clades of species that are in accordance with
the generally applied morphology-based classification of
Feráková (1977). The first clade comprises all subsection
Lactuca species in the present study: L. sativa, L. serriola, L.
dregeana, L. altaica, L. aculeata, L. virosa, and L. saligna. The
second clade comprises the section Mulgedium species L.
tatarica and L. sibirica, and section Lactucopsis species L.
quercina. Within the first clade, a subclade with L. sativa,
L. serriola, L. dregeana, and L. altaica is well supported
(94% bootstrap support, 95% jackknife support, and a
DI of 9 steps, respectively), as is a larger clade including
L. sativa, L. serriola, L. dregeana, L. altaica, and L. aculeata
(100%, 100%, 16 steps). Two clades within L. virosa, possi-
bly identifying intraspecific taxa, also have high supports
(100%, 100%, 23 steps; and 100%, 100%, 38 steps). Within
the second clade, the subclade with L. tatarica and L. sibir-
ica is well supported (92%, 95%, 11 steps). For all but a
few species, the bootstrap and jackknife supports were
100%, and the DI values exceeded 18 steps (not shown
on the MPT). The only exceptions were L. virosa (79%,
89%, 3 steps), and L. sativa, L. serriola, L. dregeana, and L.
altaica. The latter four species are probably conspecific
(Koopman et al., 2001), and accessions of these species
are intermixed in the MPT.

In general, the bootstrap/jackknife values and the DI
values are well correlated (analyses not shown), with-
out any anomalous DI values. The one exception con-
cerns the bootstrap/jackknife values for the clade with
sat/ser/dreg/alt, L. aculeata and L. virosa. The bootstrap
value of 87% and the DI value of 7 indicate support for
this clade, but it is not supported in the jackknife analysis
(49%). The discrepancy may be explained by the presence
of L. virosa in this clade. Previous work indicated that the
position of L. virosa relative to L. sativa (sat), L. serriola (ser),
and L. saligna differs for different marker systems. This
behavior was explained by postulating a hybrid origin
for L. virosa (Koopman et al., 1998). Considering the fact
that AFLP markers are a more or less random sample of
the genome, the hybrid nature of the L. virosa genome
may give rise to contradictory information in the AFLP
data set. In the present study, the jackknife analysis may
be more sensitive to this contradictory information than
the bootstrap and decay analyses (see Giribet, 2003, for
more discussion on this).

Congruence

In the PHT test, 17 out of 500 trees were longer than
the sum of tree lengths for the original data sets. The
corresponding error rate on rejecting the hypothesis of
congruence between the AFLP and ITS data sets is 1 −

(17/500) = 0.966, meaning that the data sets show signif-
icant congruence at P = 0.034.

The search with ITS-1 sequences yielded 558 trees of
279 steps, a CI of 0.667, an RC of 0.584, and an RI of 0.876.
The trees differed only in the relationships within the
species and in the relationships between L. sibirica and
L. viminea. Because these differences were not expected
to have a major impact on the AFLP/ITS-1 tree com-
parisons, only one arbitrarily chosen tree (Figure 2) was
used for further analysis. Figures 3 and 4 show the 50%
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FIGURE 2. One of the MPTs based on the unweighted Wagner parsimony search on the ITS-1 sequences. Above branches: bootstrap val-
ues/jackknife values. Below branches: branch supports. sat/ser/dreg/alt: group of intermixed and closely related species L. sativa, L. serriola, L.
dregeana, and L. altaica. Genus abbreviations: L = Lactuca, C = Cicerbita, Ci = Cichorium, M = Mycelis, S = Steptorhamphus, P = Prenanthes.

majority rule consensus and the strict consensus ITS-1
and AFLP MPTs.

The Templeton test showed significant conflict in
topologies between the AFLP and ITS-1 MPTs. Using
the AFLP data set to compare the topologies, the AFLP
MPT measured 3783 steps, the ITS MPT 4467. The AFLP
MPT is significantly shorter (and thus incongruent) at
P < 0.0001 (test statistic T = 5185.5, number of signed-
ranks N = 440). Using the ITS-1 data set, the ITS-1 MPT
measured 279 steps, the AFLP MPT 318. The AFLP MPT

is significantly longer than the ITS tree (and thus incon-
gruent) at P < 0.0001 (T = 65, N = 34).

Visual comparison of the ITS and AFLP MPT shows a
general congruence for two moderately supported parts
of the AFLP MPT. Similar to the AFLP MPT, the ITS
MPT shows a clade with all subsection Lactuca species.
This clade has a 69/76/3 support (bootstrap %, jackknife
%, and DI, respectively), whereas the support for the
subclades varies: the subclade with L. sativa, L. serriola, L.
dregeana, and L. altaica has a 63/67/1 support, the larger
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FIGURE 3. The 50% majority rule consensus trees based on unweighted Wagner parsimony searches. Left: tree based on the combined AFLP
primer combinations E35/M48 and E35/M49. Right: tree based on ITS-1 sequences. Above branches: percentage of trees showing the depicted
topology. For branches on which no percentages are indicated, all trees showed the same topology.

clade including L. sativa, L. serriola, L. dregeana, L. altaica,
and L. aculeata is supported with 96/97/4, and the two
clades within L. virosa are supported with 88/88/2, and
62/61/1, respectively. The second of the moderately sup-
ported clades in the AFLP MPT is only partially reflected
by the ITS MPT. In the AFLP MPT this clade comprises
L. tatarica, L. sibirica, and L. quercina, whereas in the ITS
MPT a clade is present comprising L. tatarica, L. sibirica,
and L. viminea. The support values for the clade are low:

61/51/0, and there is no supported L. tatarica/L. sibirica
subcluster.

Although their topologies are generally congruent,
the exact taxonomic level at which groups are sup-
ported differs slightly for the AFLP and ITS MPTs. In
both the AFLP and ITS MPTs, all species except the
sativa/serriola/dregeana/altaica clade and the virosa clade
have a 100% bootstrap and jackknife support. The DI for
these groups is at least 19 steps in the AFLP MPT, but
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FIGURE 4. Strict consensus trees based on unweighted Wagner parsimony searches. Left: tree based on the combined AFLP primer combi-
nations E35/M48 and E35/M49. Right: tree based on ITS-1 sequences.

much lower (down to 0 for L. sibirica) in the ITS MPT.
The intraspecific differences in ITS-1 sequence range
from 0 to 7 nucleotides, with many accessions sharing
the same sequence. On the other hand, all accessions
show different AFLP patterns. Apparently, AFLP mark-
ers provide more resolution at the intraspecific level than
ITS-1 sequences do. The sativa/serriola/dregeana/altaica
clade is well supported in the AFLP MPT (94/95/9),
but much less in the ITS MPT (63/67/1). The ITS-1
divergence within the clade ranges from 0 to 3 nu-
cleotides. For this clade, too, the moderate support in

the ITS MPT may indicate a lack of resolution for ITS
sequences at lower taxonomic levels. A larger clade
with sativa/serriola/dregeana/altaica/aculeata is well sup-
ported in both the ITS MPT (96/97/4) and in the
AFLP MPT (100/100/16). The maximum ITS sequence
divergence within this larger clade is 5 nucleotides.
For the sativa/serriola/dregeana/altaica/aculeata/virosa
clade and the sativa/serriola/dregeana/altaica/aculeata/
virosa/saligna clade the support is only moderate, and de-
creases with increasing nucleotide diversity within the
clades. The support is 87/49/1 for the clade including L.
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virosa (with a maximum ITS-1 diversity of 18 nucleotides)
and 75/68/5 for the clade including both L. virosa and
L. saligna (with a maximum ITS-1 diversity of 19 nu-
cleotides). The L . virosa clade consists of two subclades
that are well supported in the AFLP MPT (100/100/23
and 100/100/38, respectively), but that are only moder-
ately supported in the ITS MPT (88/88/2 and 62/61/1,
respectively). The maximum ITS-1 sequence divergence
within each of these subclades is 3 nucleotides. The clade
including all L. virosa accessions shows the opposite pat-
tern: it is well supported in the ITS MPT (99/99/6), but
only moderately in the AFLP MPT (79/89/3). The max-
imum ITS-1 sequence divergence within this clade is 6
nucleotides. An explanation may be that within L. virosa
the AFLP markers approach the maximum level of evo-
lutionary differentiation at which they are informative,
whereas the ITS markers approach their minimum level.
In that case, the AFLP markers contain enough informa-
tion to distinguish well-supported subclades within L.
virosa, although their information content is too low for
a high support of the relationship between the subclades.
The ITS markers, on the other hand, contain not enough
information for a high support of the subclades (prob-
ably due to a lack of variation), although they contain
enough information to support the relationship between
these clades. This interpretation of the support values
in L. virosa is corroborated by the supports for the L .

sibirica/tatarica/quercina clade, although the ITS-1 diver-
gence within this clade is much higher. The closely re-
lated species L. sibirica and L. tatarica (both Lactuca section
Mulgedium) are well supported by AFLP data (92/95/11),
whereas the relationship of L. sibirica/L. tatarica with L.
quercina (Lactuca sect. Lactucopsis) has only a moderate
support (74/75/4). A comparison with the ITS markers
is hampered by the fact that the ITS MPT indicates differ-
ent (and poorly supported) relationships for L. sibirica/L.
tatarica/L. quercina, but the maximum ITS-1 sequence di-
vergence within the L. sibirica/tatarica/quercina clade is
19 nucleotides. None of the relationships among species
outside the above clades are supported in the AFLP MPT,
but some have a moderate support in the ITS tree. This
difference in support may again indicate that ITS mark-
ers are informative at somewhat higher taxonomic levels
(deeper in the tree) than are AFLP markers.

Dollo Parsimony

The Dollo parsimony analysis resulted in three MPTs
of 7969 steps, a CI of 0.129, an RC of 0.116, and
an RI of 0.894. The trees only differed in some in-
traspecific branches within the L. perennis and the L.
sativa/serriola/dregeana/altaica clade. One of the MPTs
is shown in Figure 5. Branches that collapse in the
strict consensus tree are marked with dotted lines. A
comparison of the Dollo and unweighted parsimony
trees shows some striking differences. (1) In the un-
weighted analysis, L. aculeata is a well-supported sister
group of the L. sativa/serriola/dregeana/altaica clade. In
the Dollo analysis, a position of L. aculeata within the
L. sativa/serriola/dregeana/altaica clade is well supported.
(2) In the unweighted analysis, all L. virosa accessions

group together, with L. virosa accessions 15679 and 15680
as a sister group of a clade containing the other L. vi-
rosa accessions. In the Dollo analysis, L. virosa accessions
15679 and 15680 are the sister group of the L. saligna clade.
(3) In the unweighted analysis, L. sibirica and L. tatarica
group together with high bootstrap support (92%). In
the Dollo analysis, L. sibirica groups with L. quercina (al-
though the bootstrap support for this clade is low).

Weighted Parsimony

The weighted parsimony analysis resulted in two
MPTs of 3800 steps. The trees only differed in the po-
sition of L. tenerrima accessions CGN 9386 and CGN
9388 relative to each other. In the one tree they group
together, whereas in the other they branch off sequen-
tially. Each of the MPTs is topologically identical to one
of the MPTs from the unweighted parsimony search;
only the branch lengths differ. The MPT that is topo-
logically identical to Figure 1 is depicted in Figure 6. The
MPTs from the weighted parsimony analysis are 17 steps
longer than those from the unweighted search (3800 and
3783, respectively). Comparison of the branch lengths in
the weighted and unweighted parsimony trees shows
that the extra tree length is not concentrated on partic-
ular branches but is distributed throughout the entire
tree. Moreover, although some branches are longer in
the MPTs from the weighted parsimony search, other
branches are longer in the MPTs from the unweighted
search. For easy comparison, Figure 6 shows both the
branch lengths from the weighted parsimony tree (de-
rived from Figure 6 itself, given before brackets), and the
lengths of the corresponding branches in the unweighted
parsimony tree (derived from Figure 1, given between
brackets). The identical topologies of the weighted and
unweighted MPTs illustrate that the applied weight of
1.02 in favor of losses was too small to influence the tree
topology.

DISCUSSION

Phylogenetic signal in Lactuca s.l. AFLP data sets was
examined using three approaches. First, phylogenetic
signal was tested directly in the data sets. Using TLD,
PTP, and RASA, significant phylogenetic signal was de-
tected in the data sets generated with both primer combi-
nations (pcs). The signal for the combined data sets was
also significant, indicating that the signal in the separate
data sets was not conflicting. The similarity in results for
RASA, TLD, and PTP testing is encouraging in that it sug-
gests these different methods are all measuring similar
properties of the data, despite various objections hav-
ing been made against the methodology. This finding is
significant because a literature search into heuristic par-
simony studies using AFLP markers showed that testing
AFLP data sets for phylogenetic signal prior to phyloge-
netic analysis is not common practice. Perhaps a reason
for this is the assumed difficulty to measure phylogenetic
signal. An exception to this general trend are the studies
by Giannasi et al. (2001) and Despres et al. (2003) who
used TLD to test for phylogenetic signal in their AFLP
data sets. They reported significant signal. Giannasi et al.
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FIGURE 5. One of the MPTs based on the Dollo parsimony search on the combined AFLP primer combinations E35/M48 and E35/M49. Above
branches: bootstrap values (50% and higher; values below 50% are only depicted for the sat/ser/dreg/alt and L. sibirica/L. tatarica/L. quercina
groups). sat/ser/dreg/alt: group of intermixed and closely related species L. sativa, L. serriola, L. dregeana, and L. altaica. Genus abbreviations: L =

Lactuca, C = Cicerbita, Ci = Cichorium, M = Mycelis, S = Steptorhamphus, P = Prenanthes.

(2001) tested a data set comprising 27 Trimeresurus acces-
sions (four species) and reported a g1 value of −0.66. This
value corresponds to a P < 0.001, indicating a highly sig-
nificant result for the presence of phylogenetic signal in
the data set. Despres et al. (2003) tested a data set of 34 in-
dividuals of 11 Trollius species and reported a significant
g1 of −0.35.

Second, branch supports for unweighted Wagner par-
simony MPTs were compared. The MPT of the combined

Lactuca s.l. data sets showed two large clades with moder-
ate support. Within these clades, various smaller groups
showed high support, as did the clades for the individ-
ual species. These results seem to confirm the presence
of phylogenetic signal in the data sets, but also indicate
that the inferred signal is restricted to certain taxon re-
lationships. The literature survey showed that in most
phylogenetic AFLP analyses some kind of support is de-
termined, usually bootstrap values. The general picture
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FIGURE 6. One of the MPTs based on the weighted parsimony search on the combined AFLP primer combinations E35/M48 and E35/M49.
Above branches, before brackets: branch lengths. Above branches, between brackets: length of the corresponding branch in the unweighted
parsimony tree (Fig. 1). Below branches: bootstrap values (only 50% and higher). sat/ser/dreg/alt: group of intermixed and closely related species
L. sativa, L. serriola, L. dregeana, and L. altaica. Genus abbreviations: L = Lactuca, C = Cicerbita, Ci = Cichorium, M = Mycelis, S = Steptorhamphus,
P = Prenanthes.

from these studies is consistent with our finding that
strength of phylogenetic signal is not evenly dispersed
across reconstructed trees for Lactuca. These studies also
demonstrate that the presence of well-supported topolo-
gies is a general phenomenon in MPTs based on AFLP
data.

Third, congruence of AFLP and ITS data sets and MPT
topologies was examined. The PHT showed a signifi-

cant congruence between the AFLP and ITS data sets.
Comparison of the AFLP and ITS MPTs demonstrated
that the moderately supported parts of the MPTs showed
a general similarity, although some differences also ex-
isted. These differences were reflected in results from
the Templeton test, which indicated significant topolog-
ical incongruence. A closer examination of the similari-
ties revealed that the well-supported clades in the AFLP
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MPT correspond to ITS-1 sequence divergences of 0 to
7 nucleotides. This result suggests that robust phyloge-
netic hypotheses can be constructed from AFLP data for
accessions that are 0 to 7 ITS-1 nucleotides apart. The
moderately supported clades correspond to sequence di-
vergences of 6 to 19 nucleotides, suggesting that AFLP
data for accessions that are 6 to 19 ITS-1 nucleotides apart
do contain phylogenetic information, but not enough
to construct a robust phylogenetic hypothesis. Potential
reasons for the low information content may be that the
signal/noise ratio for these data is too low, or that the
amount of data is not sufficient. In the latter case, addi-
tion of more data (primer combinations) could increase
the support for the moderately supported clades. The ab-
sence of supported clades for groups of accessions with
ITS-1 sequence divergences above 19 nucleotides may
indicate a lack of phylogenetic information in AFLP pat-
terns above this level of divergence. Scatterplots of ITS-1
distances versus AFLP distances (not shown) revealed
that an ITS-1 distance of 19 nucleotides corresponds to
a distance of approximately 300 AFLP bands. Given the
fact that the combined AFLP data set contained 1030 vari-
able bands, the maximum level of AFLP variation within
supported groups is approximately 30%.

The phylogenies discussed above were constructed us-
ing unweighted parsimony, assuming equal probabili-
ties of loss and gain of restriction sites. For restriction
site data such as AFLPs, this assumption is violated, and
therefore Dollo parsimony was used as an alternative
(see DeBry and Slade, 1985). Using Dollo parsimony, the
assumption is that a restriction site can be gained only
once, but that it can be lost many times. The MPTs result-
ing from the Dollo parsimony analysis differed from the
unweighted MPTs mainly in the position of three groups
of accessions: L. aculeata, L. virosa accessions 15679 and
15680, and L. sibirica. In all three cases, the positioning
in the unweighted MPTs is in accordance with the ITS
MPTs and with independent taxonomic data (reviewed
in Feráková, 1977, and Koopman et al., 1998), whereas
the positioning in the Dollo MPTs is not. These results
suggest that the unweighted parsimony criterion better
fits the loss/gain probabilities in the Lactuca s.l. AFLP
data set than the Dollo criterion does.

As an alternative to both unweighted and Dollo par-
simony, the Lactuca AFLP data set was analyzed us-
ing weighted parsimony (or relaxed Dollo) according
to Jansen et al. (1991), Holsinger and Jansen (1993), and
Holsinger (personal communication), with a weight of
1.02 in favor of losses. The resulting tree topology was
identical to that of the unweighted MPT, suggesting that
either the loss/gain ratios in the AFLP data set are more
or less equal, or that the applied weight is not appro-
priate for analyses of these data for some other reason.
Further study is needed to understand the loss/gain ra-
tio of fragments in AFLP data sets.

The present study showed a general congruence of
the AFLP-based and ITS sequence-based MPTs, indicat-
ing the presence of phylogenetic signal in the AFLP data
set. A detailed comparison of the ITS and AFLP MPTs
showed that AFLPs are more variable markers than ITS

sequences, providing phylogenetic information where
ITS sequences are too conserved. An extensive literature
survey of biosystematic studies employing both ITS and
AFLP markers showed that congruence of AFLP and ITS
trees is the general rule in fungi, oomycetes, plants, and
bacteria. However, in several cases the general congru-
ence is also accompanied by local conflicts in topology
for some of the species. Nevertheless, the congruence of
ITS and AFLP trees can be used to establish the level of
variation at which AFLP data can provide reliable rela-
tionship information.

Fungi

Tredway et al. (1999) examined seven species of
Epichloë, Neotyphodium (the anamorph of Epichloë), and
Balansia (Clavicipitaceae) using heuristic parsimony
analyses of AFLP and ITS data. MPTs for these data were
congruent as to the relationships among Epichloë and Bal-
ansia accessions, but the AFLP MPT was more resolved.
The AFLP MPT showed poorly supported clades (54%
or less) for species differing by zero to one nucleotide
or by more than six nucleotides, and well-supported
clades (87%) for species differing by three or four ITS
nucleotides. The MPTs were entirely in conflict regard-
ing the relationships among the Neotyphodium acces-
sions. According to Tredway et al. (1999), this conflict
may result from vegetative hybridization between Neo-
typhodium and Epichloë. Such hybridization events can
result in an evolutionary history for ITS sequences that
is not necessarily similar to that of the genome as a whole
(see Tredway et al., 1999, for a more detailed discussion).
Bakkeren et al. (2000) determined ITS sequences of 13
species of Ustilago, Sporisorium, and Tilletia (Ustilagino-
mycetes) and examined a subset of eight species using
AFLP markers. The eight species form a single clade in
the ITS tree, consisting of two subclades. The one sub-
clade consists of two species and is basal to the other
subclade that shows a polytomy of three smaller clades.
The three smaller clades in the polytomy are a branch
with one species, a resolved clade with two species, and
a polytomy with three species, respectively. The AFLP
tree shows the same clades as the ITS tree, but both poly-
tomies present in the ITS tree are resolved in the AFLP
tree. The AFLP tree shows poorly supported clades for
species with identical ITS sequences (62%) or sequences
differing seven nucleotides or more (70%), and well-
supported clades (99% to 100%) for species differing zero
to five nucleotides.

Montiel et al. (2003) used neighbor joining to ana-
lyze AFLP data on 24 isolates of four Aspergillus species.
The AFLP-based relationships are in line with those ap-
parent from ITS-2 sequencing, but AFLP markers pro-
vide a better resolution. The AFLP tree shows two large
clades with a 100% bootstrap support. The first clade
contains a mixture of A. oryzae and A. flavus acces-
sions. The accessions within this clade show two types
of ITS-2 sequences, differing by one gap: one type is
shared by both species, the other type is confined to
some of the A. flavus accessions. The second AFLP clade
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comprises three subclades: one with only A. sojae acces-
sions, one with only A. parasiticus accessions, and one
with a single anomalous A. parasiticus accession. These
subclades and their interrelationships all have a 100%
bootstrap support in the AFLP tree, whereas they differ
by zero to two ITS-2 nucleotides. The ITS-2 difference
between the two larger clades ranges from five to seven
nucleotides.

Cluster analyses of (dis)similarities derived from
AFLP profiles also provide insight into the potential of
phylogenetic analysis of AFLP data. Although interpre-
tation of some of the studies is not straightforward and
support values are not always included, a general pic-
ture emerges. First, accessions with identical or simi-
lar ITS sequences usually cluster together in the AFLP
analyses. This was found by Gräser et al. (1999) for Tri-
chophyton and by Gräser et al. (2000) for Microsporum, but
detailed comparison of ITS and AFLP results is compli-
cated by the fact that the AFLP results are analyzed and
presented together with results obtained with PCR fin-
gerprinting. In a study of Castella et al. (2002), 66 Peni-
cillium accessions clustered in two large AFLP groups.
Their ITS sequences showed only two variable positions,
resulting in three different sequences. One sequence was
common to both groups; the two remaining sequences
were group specific. Wyand and Brown (2003) examined
63 isolates of four formae speciales of Blumeria graminis
and detected three different ITS sequences. One sequence
was shared by all f. sp. tritici and f. sp. secalis accessions,
whereas the tritici/secalis sequence differed in 14 nu-
cleotides from that of f. sp. avenae, and in 11 nucleotides
from that of f. sp. hordei. The ITS sequences of f. sp. ave-
nae and f. sp. hordei showed 17 nucleotide differences.
The AFLP patterns of f. sp. tritici and f. sp. secalis were
reported to be “similar,” whereas the differences between
the tritici/secalis, avenae, and hordei AFLP patterns were
so large that the patterns could only be analyzed sepa-
rately for each forma specialis. Second, AFLP patterns
are usually more variable than ITS sequences. In a study
of Bao et al. (2002), four groups of ITS sequences were
found among 42 Fusarium oxysporum strains. For groups
I, II, and IV, all accessions within a group shared the same
sequence. The sequences in group III differed from each
other and from those in group IV by single nucleotide
polymorphisms only. In contrast, the AFLP analysis re-
vealed considerable intragroup variation, with simple-
matching similarities down to 0.7 (as estimated from the
UPGMA dendrogram). Similar results are reported by
Abeln et al. (2002) for Phoma exigua, Castella et al. (2002)
for Penicillium, and Wyand and Brown (2003) for Blume-
ria graminis. Third, within the groups that show similar
or identical ITS sequences, the relative positions of the
accessions within clusters/clades are usually different
in the AFLP and ITS trees (Bao et al., 2002; Abeln et al.,
2002). Fourth, considering the relationships among the
groups with similar or identical ITS sequences, there is a
general congruence between ITS phylogenies and AFLP
trees. This is apparent from the study of Gräser et al.
(2000) for clades that are two to four nucleotides apart,
but again the comparison is hampered by the fact that

AFLP and PCR fingerprinting results are presented to-
gether. In a study of Douhan and Rizzo (2003), the AFLP
data allowed clustering of 20 Hypomyces isolates into two
moderately supported groups (73% and 88% bootstrap).
Each group was subdivided into two well-supported
subgroups (99% to 100% bootstrap). Both the groups and
subgroups were reflected in the ITS NJ tree, but without
much support.

In addition to studies showing congruence at low lev-
els of divergence, several studies indicate that above a
certain level of ITS divergence, AFLP markers are some-
times too variable to properly detect relationships among
groups. (Gräser et al., 1999, for clades that are 6 to 10
ITS nucleotides apart; Wyand and Brown, 2003, where
groups of Blumeria accessions differing by 11 to 17 ITS
nucleotides could not be matched).

Four studies are not in concordance with this general
picture. In a study on Eutypa, DeScenzo et al. (1999)
report ITS differences as large as 0 to 46 nucleotides
between strains, whereas Bao et al. (2002) report 3 to
46 nucleotide differences within Fusarium. Nevertheless,
the large groups in their AFLP trees are still in general
accordance with those of the ITS MPT. Aquino de Muro
et al. (2003) examined 48 isolates of Beauveria bassiana
with AFLP markers and a subset of 26 using ITS se-
quences. They reported a maximum ITS sequence di-
versity of less than 2%, with many accessions showing
identical sequences. The AFLP markers were much more
variable, yielding different AFLP patterns for all acces-
sions. Both the ITS and AFLP trees show a sequential
branching-off of (groups of) accessions, but there seems
to be little similarity in branching order between the
trees. An anomalous study by Arroyo-Garcia et al. (2003)
did not detect any supported structure in neither the ITS
tree nor the AFLP tree in a study on Fusarium.

Oomycetes

In oomycetes, the most informative studies are those
by Werres et al. (2001) and Mirabolfathy et al. (2001).
Werres et al. (2001) examined 14 isolates of Phytophthora
ramorum together with 8 related Phytophthora species. In
both the ITS and AFLP trees the accessions clustered
together according to their species designation. The dis-
tance between the most closely related species (P. ramo-
rum and P. lateralis) in the ITS tree was 11 nucleotides (far
more for less related species), and all clades had a moder-
ate to good bootstrap support (73% to 100%). However,
the AFLP tree showed totally different species relation-
ships, even between P. ramorum and P. lateralis. The most
closely related species in the AFLP UPGMA tree were
P. lateralis and P. cinnamomi, with a Nei and Li distance
of 0.65. Although not discussed by Werres et al. (2001),
the discrepancy between the trees can be explained by
assuming that the AFLP markers are too variable to re-
flect species relationships in Phytophthora. The results of
Mirabolfathy et al. (2001) support this view. Their ITS
neighbor-joining tree shows the well-supported relation-
ships (>89% bootstrap) of eight Phytophthora species. The
Pearson/UPGMA dendrogram supports the ITS-based
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relationships for the four most closely related species
(clustering at 0.3), but differs for the more distantly re-
lated species. The larger variability of AFLP markers rel-
ative to ITS sequences is also apparent from a study of
Ivors et al. (2004) showing 31 distinct AFLP genotypes
among 85 Phytophthora ramorum isolates, although all iso-
lates had identical ITS sequences. Brasier et al. (1999)
indicated a congruence of ITS and AFLP relationships
for Phytophthora species differing in 12 positions (but not
all varying among all species). Studies by Chowdappa
et al. (2003a, 2003b) showed that ITS and AFLP mark-
ers identify similar groups in Phytophthora. The results
of Rehmany et al. (2000) on Peronospora are in line with
the observations on Phytophthora. In a study on 33 iso-
lates of Peronospora parasitica and two related outgroup
species, Rehmany et al. (2000) found five different ITS-
1 sequences, each corresponding to a distinct group in
the Jaccard/UPGMA AFLP tree. The groups with AFLP
similarities of 0.3 or larger were well supported; groups
with 0.12 or less similarity were not supported (<58%
bootstrap support).

Plants

In plants, phylogenetic analysis of AFLP data seems
to be more common than in Fungi and oomycetes. Most
studies use heuristic parsimony, but neighbor joining is
also frequently used and, more recently, Bayesian infer-
ence. Focusing on the parsimony studies, the general pic-
ture is comparable to that in Fungi. Most importantly:
(1) Similar clades/groups are detected by both ITS and
AFLP markers. (2) AFLP markers are usually more vari-
able than ITS sequences. (3) There is a general congru-
ence of ITS and AFLP MPTs, although exceptions may
occur for individual accessions. Similar to the situation
in Fungi, the congruence of ITS and AFLP MPTs de-
pends on the evolutionary distance between the acces-
sions involved. In Phyllostachys (Bambusoideae, Poaceae)
(Hodkinson et al., 2000), the relationship between the sec-
tions Phyllostachys and Heteroclada (32 changes apart) is
recovered in the AFLP MPT with 97% bootstrap support,
as is the relationship between the two species in Sect. Het-
eroclada (12 changes apart, 81% support). On the other
hand, the relationships within Sect. Phyllostachys (1 to 9
changes) are usually not recovered in the AFLP tree. In
the study of Xu and Sun (2001) the accessions of Ama-
ranthus fall in three clades that are 5 to 15 changes apart,
and the relationships among these clades are recovered
in the AFLP tree (100% bootstrap support). The acces-
sions of Trollius studied by Despres et al. (2003) are 0 to
6 changes apart, but the resolution in their AFLP tree
was too low to resolve among species relationships. The
study by Pelser et al. (2003) on Senecio included 10 species
that were present in both the ITS and AFLP analysis. Six
species used as ingroup in the AFLP analysis differed by
1 to 20 ITS nucleotides, and the relationships among these
species were totally unresolved in the strict consensus
ITS tree. The AFLP strict consensus tree is partially re-
solved, showing well-supported relationships (97% and
71% bootstrap) between species that are 10 and 16 ITS

nucleotides apart. A polytomy in the AFLP tree includes
four species that are 1 to 12 ITS nucleotides apart. The
relationship of two outgroup species differing by 34 ITS
nucleotides is well supported (100%). In a study on Ipo-
moea (Huang et al., 2002), the ITS consensus tree showed
a grade comprising two species and a large polytomy.
The polytomy consists of eight single accessions, a clade
of two species, and a clade of three species. The grade is
reflected in the AFLP MPT, but the polytomy is resolved
there. Both groups that were nested within the polytomy
in the ITS tree are present in the AFLP tree, with 78% and
81% bootstrap support.

Neighbor-joining analyses of AFLP data generally
show a similar picture as maximum parsimony analy-
ses. In a study by Hodkinson et al. (2002) on Miscanthus,
ITS polymorphisms suggested that M × giganteus was
a hybrid of M. sinensis and M. sacchariflorus. The AFLP
NJ tree confirmed this view, showing M × giganteus in
an intermediate position between M. sinensis and M. sac-
chariflorus. A study of Beardsley et al. (2003) in Mimulus
showed topological congruence between the AFLP tree
and the ITS MPT for ITS clades that are an estimated
1 to 14 changes apart. Beardsley et al. (2003) also con-
ducted a heuristic parsimony analysis and reported that
it recovered the same well-supported clades as did the
neighbor-joining analysis. The work of Semerikov et al.
(2003) on Larix showed well-supported topological con-
gruence of the ITS MPT and the AFLP NJ tree for a group
of six species differing by 1 to 49 nucleotides, but also
conflicting sister group relationships in a group of three
species differing by 4 to 20 nucleotides. Proposed causes
of the conflicts were possible sampling error, differences
in genome evolution between the species, and AFLP
markers being too variable. A study of El-Rabey et al.
(2002) on Hordeum highlights genome evolution events
as a possible cause of discrepancies between AFLP and
ITS phylogenies. The AFLP and ITS NJ trees show major
topological incongruences, and only the AFLP topology
is in accordance with independent data. Their explana-
tion is that single loci (ITS sequences) can be misleading
in the reconstruction of complex evolutionary histories
such as those present in Hordeum. In contrast, these com-
plex histories are better reconstructed using a multilocus
sampling strategy as obtained with AFLP. In addition
to congruence between ITS MPTs and AFLP phyloge-
nies, congruence of ITS MPTs and AFLP phenograms
was reported for Datura and Brugmansia (Mace et al.,
1999a), Solanum (Mace et al., 1999b), Cichorium (Kiers
et al., 1999), Oxalis (Tosto and Hopp, 2000; Emshwiller
and Doyle, 1998), and Soldanella (Zhang et al., 2001). In
such cases when representing complex evolutionary his-
tories of plants, phylogenetic network methods such as
Split Decomposition and NeighborNet appear to have
promising potential (Perrie et al. 2003a, 2003b).

Bacteria

Complex evolutionary histories may be found in
plants, but they are most obvious in bacteria, where ex-
change of genetic material between species is a common
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phenomenon. In Bradyrhizobium, a general topological
congruence of ITS NJ trees and AFLP phenograms was
demonstrated, but incongruences occurred for many in-
dividual strains/species. Willems et al. (2001, 2003) show
a Bradyrhizobium ITS tree consisting of two major clades
and various subclades. The subclades largely correspond
to previously determined AFLP groups (Willems et al.,
2000). However, the level of variation within the AFLP
groups corresponding to either of the ITS clades is strik-
ingly different. One clade shows low AFLP similarity
(50% to 55%, Willems et al., 2000) and moderate ITS
sequence similarity (85% to 100%, Willems et al., 2001;
>64.6%, Willems et al., 2003), whereas the other clade
shows a higher AFLP similarity (55% to 90%, Willems
et al., 2000) and a higher ITS similarity (94% to 100%,
Willems et al., 2001; >92.5%, Willems et al., 2003). Both
the incongruences between the ITS and AFLP trees and
the high levels of variation in the one ITS clade are ex-
plained by lateral gene transfer, exchange, and recom-
bination. In case of incongruences, the ITS results were
better in line with DNA-DNA hybridization data than
were the AFLP results. Therefore, ITS data are considered
a more reliable indicator of taxonomic affinity. This is
rather surprising, because one would expect the multi-
locus AFLP approach to best reflect the whole-genome
DNA-DNA hybridization similarities (as seems to be the
case in Hordeum). Clearly, the issue of species description
based on independent multilocus (AFLP) data versus ITS
data deserves attention in future studies in bacteria.

Summary

In summary, AFLP markers in Fungi seem to be most
reliable at a level of variation corresponding to a differ-
ence of two to five ITS nucleotides. For genotypes differ-
ing by zero to two nucleotides, AFLP-based relationships
are often not in accordance with ITS-based relationhips,
or are poorly supported. The lack of congruence at this
level of variation is probably caused by the ITS sequence
variation being too small to yield reliable ITS-based re-
lationships. The lack of support is more serious and may
indicate a lack of sufficient signal in the AFLP data. How-
ever, the fact that AFLP markers usually show resolu-
tion even in the absence of ITS variation indicates that a
limited amount of signal may be present. Increasing the
number of AFLP markers (i.e., primer combinations) will
therefore probably still result in well-supported topolo-
gies. At a level of six or more ITS nucleotide differences,
AFLP markers are too variable to detect any phyloge-
netic signal. In oomycetes, detailed information on the
levels of variation is scarce, but it may indicate that AFLP
markers are useful at a higher level of ITS variation (up
to 12 nucleotides?) than is the case in Fungi. However,
additional information is needed for a better estimate in
this group. In plants, AFLP-based relationships among
genotypes that are 10 to 30 (10 to 35?) ITS nucleotides
apart are usually recovered with good bootstrap sup-
port. For genotypes with ITS differences above 30 to 35
nucleotides, AFLP markers seem too variable to be use-
ful as phylogenetic markers. For genotypes with differ-

ences below 10 ITS nucleotides, AFLP markers failed to
detect congruent or well-supported relationships in sev-
eral cases. However, in other cases well-supported AFLP
relationships were recovered, indicating that phyloge-
netic signal can also be present when genotypes differ
by less than 10 ITS nucleotides. Therefore, increasing the
number of AFLP markers will probably yield better sup-
ported relationships at lower levels of ITS divergence,
too. In bacteria, AFLP profiles should be interpreted with
caution, because processes such as lateral gene trans-
fer, exchange, and recombination complicate the issue
of species identity.

CONCLUSIONS

All three approaches used in the present study indi-
cated statistically significant phylogenetic signal in the
Lactuca s.l. data sets, although significant conflict also
existed in some parts of the AFLP and ITS MPTs. As
stated in the introduction, restriction fragment mark-
ers have a number of limitations that theoretically could
lead to a loss of phylogenetic signal in AFLP data sets.
The presence of significant signal in the Lactuca s.l. test
data sets indicates that, in practice, the influence of these
limitations is limited. It should be noted, however, that
the present conclusions only apply to data sets with
closely related species, because AFLP markers are highly
variable and the proportion of nonhomologous frag-
ments increases with taxonomic divergence (O’Hanlon
and Peakall, 2000). In data sets including more distantly
related taxa, proportions of nonhomologous fragments
among taxa may become so high that phylogenetic signal
is lost. However, data sets can be tested on the presence
of phylogenetic signal, and (parts of) data sets without
signal can be discarded. The exact level of divergence
that can be studied varies among taxa and should be
determined for each group separately. A procedure to
test for significant phenetic similarity among individual
genotypes in AFLP data sets is described in Koopman
and Gort (2004).

An extensive literature survey revealed topological
congruence of (parts of) AFLP and ITS trees in a wide
range of taxa, indicating the presence of phylogenetic sig-
nal in virtually all AFLP data sets. Gross topological in-
congruence of AFLP and ITS MPTs was reported in only
a few cases, but these incongruences were usually lim-
ited to very specific parts of the trees. Thus, the results on
Lactuca s.l. are generally corroborated by a large amount
of data from the literature, indicating that the present
study is representative for AFLP data sets in general.

The present study indicates that AFLP markers can be
applied at similar taxonomic levels as ITS sequences, but
that AFLP markers are generally somewhat more vari-
able. Analyses of the Lactuca s.l. data sets, and inventory
of the literature, enabled a rough estimate of the level
of divergence at which ITS and AFLP markers are phy-
logenetically informative. In Fungi, AFLP markers are
most valuable when the corresponding ITS variation is
between 0 and 5 nucleotides. However, for ITS diver-
gence levels between 0 and 2 nucleotides, the number
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of AFLP markers should be increased in order to obtain
sufficient phylogenetic information. In oomycetes, AFLP
markers may be useful at divergence levels of up to 12
ITS nucleotides, but more information is needed for a
better estimate. In plants, AFLP markers are most reli-
able at ITS divergence levels between 10 and 30 (35?)
nucleotides, whereas above this level they are too vari-
able. At divergence levels below 10 ITS nucleotides, an
increased number of AFLP markers is needed to obtain
reliable phylogenetic estimates. In bacteria, AFLP mark-
ers should be used with caution, because they may be
sensitive to the genome rearrangement processes that
are common in this group. Nevertheless, phylogenetic
information seems to be present in bacterial AFLP data
sets, too.

All in all, AFLP markers appear to be a valuable
source of phylogenetic information among closely re-
lated taxa. Being somewhat more variable than ITS se-
quences, they are well suited for studying phylogenetic
relationships when ITS sequences are too conserved. In
general, however, for studies at that level to generate
reliable phylogenetic hypotheses, the numbers of AFLP
markers employed should be increased relative to what
is presently customary.

RECOMMENDATIONS

As was stated in the introduction, two of the most
important limitations of AFLP markers are their possi-
ble lack of independence and their possible lack of ho-
mology. Several studies have indicated that the problem
of nonhomology is related to the phylogenetic distance
among the taxa involved (see introductory section of this
article), so it can be diminished by excluding taxa that are
too distantly related. An attempt to estimate this distance
is provided in Koopman and Gort (2004). No elaborate
study into the nonindependence of AFLP fragments has
been conducted yet. Given the importance of noninde-
pendence of characters in parsimony analysis, detailed
examination of the nonindependence of AFLP markers
seems worthwhile.

Another serious drawback of AFLP markers as phylo-
genetic characters is their unequal loss-gain probability
(see introductory section of this article). In the present
study, two approaches were tested that theoretically
could compensate for this unequal probability: Dollo
parsimony and weighted parsimony. However, Dollo
parsimony was too restrictive, whereas weighted parsi-
mony yielded the same tree topology as did unweighted
parsimony. Although it is merely speculation, these re-
sults could indicate that a proper weighing scheme
should indicate weights somewhere between these two
extremes. If this is true, the development of more re-
fined weighing schemes could prove a fruitful way to
more fully exploit the phylogenetic potential of AFLP
markers.
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