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“False facts are highly injurious to the progress of science, for they ofteri endure long; but
false views, if supported by some evidence, do little harm, for every one takes salutary pleas-
ure in proving their fulseness; and when that is done, one path towards ervor is closed and the

road fo truth is often at the same time opened.”

Introduction

The family Drosophilidae currently contains over
3500 described species distributed in most habitat
types (Biichli 2008). Members of the genus Dro-
sophila have been the subject of genetic and devel-
opmentzl research for the past century and this
group also serves as a model system for evolution-
ary and comparative studies (Markow & O’ Grady
2007). Phylogenetic relationships within Droso-
philidae, with particular emphasis on the iargest
genus, Drosophila, have been examined since
Sturtevant’s taxonomic work in the 1920s (re-
viewed in Markow and O'Grady 2006). Throck-
morton (1962, 1966, 1975, 1982) formalized mor-
phological relationships in this family in a series
of landmark papers. The first molecular studies on
this group (Hubby 1963; Hubby and Lewontin
1966; Hubby and Throckmorton 1963; Lewontin
and Hubby 1966; Throckmorton 1962) led the way
to extensive allozyme work in the 1960s and 1970s
(reviewed in Powell 1997). This work was fol-
fowed by restriction fragment polymorphism stud-
ies in the early 1980s (e.g., DeSalle et al. 1987),
widespread use of DNA sequences in the 1990s
(DeSalle 1992; Pelendakis et al.1991; Pelendakis
and Solignac 1993; Remsen and O'Grady 2002;
Tatarenkov et al. 1999) and full genome sequences
in the early 2150 century (Adams et al. 2000;
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Pollard et al. 2006; Drosophila 12 genome
Consortium 2007). These studies have continually
refined our notions of phylogenetic relationships
within this group, Barly molecular phylogenetic
work (Pelendakis et al. 1991; and Solignac 1993)
suggested that the genus Drosophilae was not a
monophyietic group and subsequent studies have
corroborated these findings (e.g., Remsen and
O’ Grady 2002),

Coincident with these studies was the wide-
spread acceptance of phylogenetic methods and
their appiications to evolutionary biology. Syste-
matists began revising para- and polyphyletic
groups in favor of monophyletic assemblages in
order to generate taxonomic hierarchies that are
concordant with evolutionary relationships. The
bulk of these revisionary efforts have been driven
by primary character information (i.e., morpholog-
ical or molecular characters) and follow tradition-
al taxonomic and nomenclatural process, Recently
supertree methods, the most common of which
codes source trees into a presence-absence matrix
represented using parsimouny (MRP), have been
introduced to summarize the results of primary
data and generate hypotheses based on secondary
analyses (phylogenetic trees). While this may be
acceptable for character analysis in a comparative
framework, it has some serious drawbacks includ-
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ing lack of a statistical framework (but see Moore
et a1 2006), reliance on secondary sources of infor-
mation, and non-independence between studies
that partially overlap in taxon and character sam-
pling.

Our critique of the van der Linde and Houle
(2008) paper is based on three main points: (1)
issues with supertree methods in general, (2)
issues with the specific methodology employed by
van der Linde and Houle, and (3) their approach of
using of supertree data as the basis of taxonomic
and nomenclatural revisions.

Supertrees vs. supermatrices

Supertrees are generated by coding multiple input
tree topologies into a single character matrix and
analyzing these data using a parsimony algorithm
(Sanderson et al, 1998; Bininda-Emonds et al.
2002). The strength of such an approach is that a
single composite phylogeny can be generated from
many studies with different gene and taxon sam-
pling strategies. The supermatrix apptoach
{Gatesy et al. 2002) is an alternate method to sum-
marize multiple phylogenetic studies. In a super-
matrix analysis primary character information
from different studies is combined into a large
matrix and analyzed using phylogenetic methods.
The benefits of this approach are that analyses can
be placed in a statistical context, analytical meth-
ods that accommodate rate heterogeneity and dif-
ferent rates of evolution can be used, and conflicts
between characters can be resolved in a total evi-
dence framework. If researchers do decide to pur-
sue a supertree approach, an understanding of the
basic assumptions, and potential pitfails of these
methods is required.

Non-independence. ~ Supertree methods, while
they provide an adequate summary of previous
studies may not constitute independent corrobora-
tion of research findings. This is particularly true
if the input trees are based on ovetlapping data
matrices. This is an issue common to many studies
and can Jead 1o bias in resultant supertrees topolo-
gy due to the effective overweighting of some data
and underweighting of others. Gatesy and
Springer (2004) state “all redundant source data
are unacceptable and must be eliminated to avoid
the non-independence problem.” While others
(e.g., Bininda-Emonds et al. 2004) consider non-
independence to be a major issue in tree combina-
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tion, they point out that it is usually impossible to
eliminate. Bininda-Emonds et al. {2004) present
an explicit set of guidelines for minimizing the
impact of overlapping data including selecting dif-
ferent genes that do not share a common evolu-
tionary history, including non-overlapping taxa
sets derived from the same gene, coding total evi-
dence analyses generated by unique or partially
overlapping data sets, picking the most recent
study or most taxonomically inclusive analysis for
a given locus, or using the hypothesis explicitly
preferred by the authors, While not all authors may
agree with these criteria, it is important that they
be explicitly stated in their methods so that non-
independence can readily be assessed and
supertree analyses can be repeated by subsequent
workers.

Stetistical support. - Statistical suppori in phylo-
genetic analyses, including supettree analyses, is
critical in expressing confidence in tree topology
and in subsequent inference. Recent studies de-
scribe ways in which uncertainty can be expressed
oa a superfree using bootstrapping procedures
(Buzleigh et al. 2006; Moore et al. 2006). Three
approaches have been described, each differing in
the way in which they deal with issues of supertree
reconstraction. The first, referred to as bootstrap-
weighted MRP, weights data columns in the
matrix proportionally to nodal support in source
trees. This method, while it does not provide a
direct estimate of nodal support, incorporates sup-
port in analyses of primary data into the superitee
analysis (Moore et al. 2006; Ronquist 1996;
Bininda-Emonds and Bryant 1998). This is prefer-
able, because treating all nodes as equally support-
ed, regardless of whether support at that node in a
phylogenetic study was 100% or 51%, may have
the effect of downweighting well supported nodes
and upweighting those that are not statisticaily
supported.

Two other methods allow for direct approxima-
tion of nodal support from the MRP matrix using
source-tree bootstrapping and hierarchical bodt-
strapping {(Moore et al 2006; Burleigh et al 2006,
Page 2004), Source tree bootstrapping is similar in
spirit to stanctard bootstrapping procedures, where
resampted data columns are representative of input
trees rather than amino acid of nucleotide sites.
Hierarchical bootstrapping draws trees from origi-
nal bootstrap sets derived from primary data in the
creation of a supertree bootstrap matrix (Page



2004). In empirical and simulation studies supes-
tree support measures generally produce lower
support, more trees, and more ambiguity (Burleigh
et al 2006). Hierarchical bootstrapping methods
generally oufperform source-tree bootstrapping
{(Moore et al. 2006). Regardless, boolstrapping
supertrees provides some measure of support for
hypotheses and conclusions and should be per-
formed. Each of the three methods described here
are implemented in the program tREeBOOT
{Smith and Moore, submitied).

The van der Linde and Houle approach

van der Linde and Houle's supertree methods are
flawed in at least three major ways: (1) the criteria
for how a study was selected for inclusion in the
MRP matrix was not stated in the paper, {2) sever-
al analytical errors were made in how searches
were conducted on their MRF matrix and (3} there
was no effort made to estimate statistical support
on their supertree topology.

Input tree bias. — Supertree methods in general
suffer from a “garbage in — garbage out” problem
in that the guality of studies coded into the MRP
matrix ate directly related to the quality of the
resultant supertree {(Bininda-Emonds et al. 2004).
Most supertree analyses must, therefore, winnow
down the phylogenies that are coded into the
supertree matrix to those that contain trees based
on different genes, unique combinations of genes
from published phylogenies, andfor trees con-
structed with rigorous phylogenetic analyses
(Bininda-Emonds et al 2004). The van der Linde
and Houle (2008) study containg no explicit state-
ment concerning the selection of input trees.
Outgroup selection is critically important in
order to rigorously test the monophyly of the
ingronp and to polarize characters on a phylogeny
(Maddison et al 1984}, van der Linde and Houle
(2008) employ a composile outgroup strategy in
order to root their supertree. Aside from issues
with composiie taxa (see below), this can create a
bias, depending on how outgroups were designat-
ed in the original analyses. Many drosophilid phy-
logenies use outgroups that are nested within the
genus Drosophila as it is currently circumscribed.
For example, Tatarenkov et al. (1999) used the Ha-
wailan Drosophila as an outgroup while Kam-
bysellis et al (1995) used D. melanogaster. Both
taxa are in distinetly different parts of the phyloge-

ny and neither is outside of the genus Drosophila.
Combining these with outgroups from outside the
family Drosophilidae (e.g., Ceratitas; Kwiatowski
& Ayala 2001) can influence the signal af the root
node and may create bias in the resultant supertree.

Bininda-Emonds and others suggest that, when
a single study publishes multiple phylogenies,
only those preferred by the original authors should
be included in the supertree reconstruction (Bi-
ninda-Emonds et al. 2004; Gatesy et al. 2002).
This is particularly important when including
studies that analyze several independent loci and
then: combine themn into a single “total evidence”
analysis. van der Linde and Houle (2008) do not
follow this suggestion. Instead, they code all indi-
viduai trees, even when the original authors cited
the combined analysis as preferred. While we
agree that authors taking a supertree approach
should be free to select their input trees, we also
strongly feel that some discussion of how these
were selected should be included. Such discussion
is especially important when the supertree authors
may disagree with the original authors. No such
discussion is evident in the van der Linde and
Houle (2008) paper.

When selecting input trees, several authors
(e.g., Gatesy et al. 2002) have advocated only
using published phylogenies. Restricting source
trees to the published literature means that some
sort of peer review process has vetted the phyloge-
ny and the methods employed to generate source
trees are available for the community to assess.
One or more studies used fo generate the present
supertree (e.g., van der Linde et al, flexa and van
der Linde et al. quadrilineata) are unpublished and
violate this basic tenent of supertree construction.

Many of the datasets utilized by van der Linde
and Houle (2008) overlap with respect to the genes
employed. Although an effort s made to exclude
some studies, weighting is applied to reduce the
problem of non-independence of data. Decisions
about exclusion and weighting should be clearly
defined and based on logically defensibie criteria.
This is lacking in the submitted paper. They used a
total of 117 source trees, drawn from “over 120
studies” to build their supertree. There is no
explicit statement of how they selected these trees.
Together, these 117 trees included over 620 spe-
cies [they state “624” (line 67}, “623” (line 1496),
and “about 623 (line 120}]. A total of 185 spp.
were in a single tree, 141 were in two trees and 75
were present in three trees. The summary of their
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supertree analysis includes 293 taxa (they say 297
on line 147 and their matrix includes 296 taxa).

Analytical biases. — There are alse several clear
analytical biages in this study that may have a sig-
nificant impact on the phylogenetic hypothesis
proposed by van der Linde and Houle (2008).
These include an incomplete search of tree space
and a non-repeatable weighting scheme. When
performing a phylogenetic analysis it is critically
important to thoroughly and aggressively search
tree space in order to discover all equally parsimo-
nious solutions. It is known that heuristic algo-
rithms are not guaranteed to discover the shortest
trees (Felsenstein 2004 and Maddison (1991} has
clearly demonstrated that multiple islands of
equally parsimonious trees can exist for a single
data matrix. Failore to search tree space adequate-
ly erroneously represents information provided by
the data, van der Linde and Houle (2008) con-
structed starting trees using closest addition.
Closest, or simple, additions are not sufficient be-
cause the starting trees will aiways be the same
and only a single area of tree space, containing
very similar trees, will be explored. Fusthermore,
van der Linde and Houle (2008) only performed a
single replicate. If only some of the most parsimo-
nious trees are discovered in an analysis, resolu-
tion of the resulting phylogenetic hypothesis can
be overestimated. In order to more fully explore
tree space multiple, random additions should be
performed (Maddison 1991). While they don’t
specifically detail most of the methods, it is clear
that their heuristic search strategy was less than
exhaustive and additional equally parsimonious
phylogenies likely exist in the “tree space™ for
their matrix (Maddison 1991).

Another issue with this study is that they do not
specify the exact number of trees discovered. In-
stead, they state that “over 20,0007 trees were
found. This suggests that their search was not
allowed to go all the way to completion. If this is
the case, the trees presented may also be more
resolved than the data actually support, meaning
that some nodes in the van der Linde and Houle
(2008) phylogeny are not actually supported by
the data.

Finaily, van der Linde and Houle (2008) make a
compelling case for including only those analyses
that use species as terminal taxa in their superma-
trix. Some studies (e.g., Remsen and O'Grady
2002) are excluded because they use composite
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taxa, We agree with the rationale behind such an
approach but are confused by van der Linde and
Houle’s composite outgroup approach. Using
composite taxa, whether they are in the ingroup or
outgroup, makes an assumption of monophyly and
should be avoided unless it is clearly justified.

Weighting bias. — Supertree analyses often weight
nodes in a phylogeny based on how well support-
ed the relationships are in the original studies
(Ronquist 1996; Bininda-Emonds and Sanderson -
2001). This allows for some incorporation of sta-
tistical support (see above) and brings the super-
free analysis in closer correspondence with pri-
mary data information (Cotton and Page 2002;
Page 2004). Advocates for weighting approaches
also consider the amount of data fn source trees,
suggesting weighting schemes consider total se-
quence length or the number of variable characters
(Burleigh et al. 2006).

van der Linde and Houle used a novel weighting
scheme in an attempt to ameliorate the problem of
non-independence between studies employing the
same gene or sets of genes to infer phylogeny.
They apply weights to the entire matrix based on
the number of genes involved. A weight of 1 is
given to an analysis that uses 1 gene or morpholo-
gy, 2 for 2 genes and so on. Studies with more
extensive gene sampling were given higher
weights, up to a maximum weight of 5. Such an
approach Is subjective because a considerable gap
in weighting exists for those studies using between
5 genes and a large portion of the entire genome
(~9000 genes). In fact, in the van der Linde and
Houle paper, specifically what constitutes a large
enough dataset to warrant a weight of 5 relative to
one with a weight of 4 is never explicitly dis-
cussed. Furthermore, giving a genome wide analy-
sis a weight of § and a morphological analysis a
weight of 1 is problematic when one considers the
difference in taxon sampling between these stud-
ies. The largest genome study included a total of
12 species; the largest morphological study had
over 180 taxa. This approach may lead to datasets
with dense taxon sampling being down weighted
relative to those where many genes and few taxa
were sampled. This may lead to an amplification
of issues involved with poor taxon sampling (long
branch attraction, incorrect placement of taxa
who’s genomes haven’t been sequenced, ete.).

A weighting scheme simply based on the num-
ber of genes employed in source studies is prob-



lematic, however, as the number of genes used is
not necessarily a proxy for the number of charac-
ters used in the primary data sets or for how well
those studies may be supported based upon pri-
mary character data. Finally, the authors mention
also doing an unweighted comparigson, but the dif-
ferences between these two supertrees, if any, are
never discussed,

Statistics. — Despite several possible statistical ap-
proaches, van der Linde and Houle (2008) do not
generate any confidence Intervals or statistical
support values for nodes on the resultant supertree.
Without support values for taxonomic relation-
ships in their supertree hypothesis, the authors are
limited in their ability to draw conclusions from
their results. Support methods, described above,
are easily implemented using programs like PAUP
for source-tree bootstrapping, or tREeBOOT,
which can perform all three described methods
(Burleigh et al, 2006, Moore et al. 2006). Instead
of assessing support, van der Linde and Houle
(2008) suggest that supertrees present an “aver-
age” of the nodes supported in the literature. This
is not precisely the case. Under such a scenario,
highly supported nodes are effectively given the
same weight as those with little or no statistical
support. This may weight nodes that are present in
all trees, but not statistically supported in any, over
those with strong support in some, but not all
analyses. Thus, readers and researchers still have
no way of interpreting the validity of taxonomic
conclusions presented in their paper’s conclusion,

Reanalysis of van der Linde & Houle’s
MRP matrix.

We repeated van der Linde and Houle’s (2008)
weighted analysis using their original data matrix.
We ran a single random addition replicate using
TBR branch swapping and discovered 106,659
equally parsimonious trees (4155 steps) before ter-
minating the search after only 24 hours. This sug-
gests that there are far more than 20,000 trees, as
stated by van der Linde and Houle (2008), and
may mean that the phylogeny they present is more
resolved than the data warrant.

Even though we discovered more than ten times
more equally parsimonious trees than van der
Linde and Houle (2008), it is clear that tree space
has still not been exhaustively searched. In fact,
the 106,659 trees we did find are likely to be very

similar to one another. In order to avoid having the
analysis stuck on a single large platean of equally
parsimonious (rees and o explore tree space for
more dissimilar, yet equally parsimonious, phylo-
genies we performed a series of random addition
replicates where the maximum pumber of trees
was set to either 1060 or 5000. Each replicate was
allowed to swap completely on all trees in memo-
ry in an effort to find shorter trees. In addition, we
performed random addition searches swapping on
only 100 trees and saving a maximuom of 10000
trees if trees of 4155 steps or shorter were discov-
ered. These analyses are summarized in Table 1.
Out of a total of 556 random addition searches,
only 24 (4.3%) discovered trees of 4155 steps, the
most parsimonious in our reanalysis. Of the
239,659 total trees found, 225,803 (94.2%) were
vnique. This search strategy was by no means
comprehensive, as the percentage of unique trees
discovered in each search was over 87%. This sug-
gests that many more equally parsimonious trees
await discovery for this data matrix and that the
phylogeny presented by van der Linde and Houle
(2008) was far more resolved than their data would
support.

Similar results were recovered in the reanalysis
of the unweighted superiree matrix (Table 1). A
single random addition replicate using TBR branch
swapping discovered 550,236 trees after only 20
hours. Combining these trees with those derived
from subsequent searches setfing maxtrees to
either 1000, 5000, or 10000 trees yielded 729,584
novel trees. Asterisks on Figure 1 indicate nodes
collapsing in the unweighted strict consensus.

The strict consensus of the 225,803 (weighted;
Figure 1) and 729,584 (anweighted; Figure 1, aster-
isks) unique most parsimonious trees discovered
in our analyses are far less well resolved that pre-
sented in van der Linde and Houle (2008). This
includes the immigrans-tripunciata and virilis-
repletq clades, the genus Scapromyza, and large
portions of the melanogaster and obscura species
groups. While the basal nodes are still resolved,
and still support van der Linde and Houle's asser-
tion that the genus Drosophila is paraphyletic, we
would caution against taking this as support for
their taxonomic redesignation. Based on the large
number of equally parsimonious trees that likely
exist, the biased analytical methods employed
(e.g., weighting), and the lack of statistical sup-
port, their topology should be considered tentative
at best.
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Table 1. Swmmary of maximum parsimony reanalyses

Weighted Analysis

# Char (# Trees)! #Taxa?  Tree Length3 Maxtrees # Reps (# MPT)5 % MPTs6 # Trees (# Unique)” % Unique?

3343 (181) 296 4155 None 1(1)? 100 106,639 (106,659) 100
10,000 11 (6) 54.3 60,000 (58,484) 913
5,000 40 (14 35 70,000 (63,664) 90.9
1,000 514 (3) 0.6 3,000 (2,635) 87.8
Total 556 (24) 4.3% 239,659 (225,803)10 94.2%

Unweighted Analysis

1919 (115} 296 2543 None (D) 9 100 530,236 (550,236) 100
10,000 10 (9) 90 90,000 (89.096) 99
5,000 83 (18) 21.2 90,000 (89,196) 99.1
1,000 394 (16) 4.1 16,000 (13,576) 84.9
Total 490 (44) 9% 746,236 (729,584)10 97.7%

Nursber of characters in MRP (matrix representation with parsimony) matrix; number of trees used to generate matrix.

H.
2. Number of taxa analyzed.

3. Length of most parsimonious tree(s) discovered.
4.

Maximum number of shortest trees (Maxtrees) held and swapped on each replicate.
If trees equal to length of MPT were not found, then non-optimal trees were discarded and the next replicate was started.

5. Number of random addition sequence replicates (f Reps) performed under each maxtree setting;

number of replicates finding an island equal to the most parsimonious trees (# MPT).
6. Percent of replicates discovering trees equal in length to the MPT {% MPTs).

7. Total number of MPTs discovered using each maxtree setting (# Trees); total number of unique MPTs (# Unique).

Unigue trees were identified using the “condense trees” command in PAUP#, version 4.0, (Swofford, 2008).
8. Percent of unique trees (% unique) discovered under each maxtree setting.
9. This search was terminated prematurely because of the large number of most parsimonious trees in memory.

Alowing branch swapping to continue would have led to the discovery of many more equally parsimonious trees,

10. The number of unique trees is not additive because of overlap between trees from different searches.
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Figure 1: Strict consensus of 225,803 unique trees discovered in the reanalysis of van der Linde and Houle’s weight-
ed supertree matrix. While the backbone relationships presented by van der Linde and Houle are still evident, many
equally parsimonious trees likely remain endiscovered. Asterisks indicate nodes that collapse in the strict consensus
of 729,584 trees discovered in the unweighted supertree analysis. Little support for the genera proposed by van der
Linde and Houle is evident in these analyses.
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Supertrees as guides for taxonomy

One of the main goals of taxonomy is to provide a
predictable, stable framework in which to describe
new species and clagsify existing taxa. Taxonomic
hypotheses, like those proposed in other scientific
disciplines, must be based upon well-supported,
repeatable analyses of primary data using philo-
sophically rigorous and published methods.
Taxonomic progress, in the sense of creating sta-
ble, natural groupings of monophyletic taxa, is not
served by revisions of existing nomenclature
based on poorly executed or incomplete studies,
particularly when these do not add any new data
relevant 1o the problem, Phylogenetic analysis can

adusta
pallida
alhovittata
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be used as an aid to taxonomy in order to place an
unknown species within a certain group and sort
out higher-level taxonomy {e.g., APG 1998; 2005;
Ward 2007), or to delineate cryptic species (e.g.,
Herbert et al 2004). Supertree methods may also
be useful in taxonomy, but care needs to be taken
because supertree approaches are highly suscepti-
ble to biases in phylogenetic method (long branch
attraction, etc.). It is, therefore, critical that sonrce
trees be selected discerningly and objectively to
minimize problems. The methodological imple-
mentation should likewise be consistent, objective,
repeatable, and statistically supported.

In the van der Linde and Houle (2008) study,
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ananassaeg
palfivosa
phaeopleura
hipectinala
parabipectinata
malerxotifana
pseudoananassae
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simuians
melanogaster
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pseudotakahashii
ficusphila
ayraria .
biauraria
quadratia
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lacteicornis
rufa |
trapezifrons
constricta
barbarae
mayrl.
birchii
bicornuta
diplacantha
dgssoui
nikanany
tsgcasi
vulcana
greeni.
geguyt
jambuling
nagarholensis
puhjablensis
watanabei
serrata
orasa
bocki
kikkawai
leontia
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aZieca
tolteca
helvatica
miranda.
parsimlis
pseudoobscura
pB. bogotana
ambigua
bifagciata
imali )
kitumensis
obscura
subsilvestris
tristis
guanche
fnadeirensis - -
subobscura
neocordata
prosaftans
saftans
emarginata
sturt&vanti
subsaltans
capricorni
sucinga
nabulosa
equinoxialis
paulistorum
willistoni
tropicalis
ngularis
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there is no explicit statement of how irees were
selected or weighted in the supertree analysis. In
addition, we discovered severe methodological
biases in our reanalysis, suggesting that their
results are effectively non-repeatable. Given the
status of the current data, there is no question that
a comprehensive taxonomic revision of the genus
Drosophila will be necessary in the future if the
taxonomy is to reflect phylogenetic relationships,
However, basing taxonomic revisions on a super-
tree analysis that only discovers a fraction of the
equally parsimonious trees possible for the MRP
matrix is unacceptable if one’s goal is fo create a
stable taxonomic framework. Rather than invest
time and effort in a poorly justified supertree
approach, the Drosophila systematics community
should collaborate to construct phylogenetic rela-
tionships based on primary data and use these
hypotheses to drive thorough taxonomic revisions.
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