This article was downloaded by: [Australian National University]

On: 13 October 2008

Access details: Access Details: [subscription number 788777827]

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Systematic Biology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713658732

Statistical Tests between Competing Hypotheses of Hox Cluster Evolution
Robert Lanfear @¢; Lindell Bromham 2

2 Centre for the Study of Evolution, School of Life Sciences, University of Sussex, Brighton, UK * Centre for
Macroevolution and Macroecology, School of Botany and Zoology, Australian National University, Canberra,
Australia ¢ Department of Biology, University College London, London, UK

First Published on: 01 October 2008

To cite this Article Lanfear, Robert and Bromham, Lindell(2008)'Statistical Tests between Competing Hypotheses of Hox Cluster
Evolution',Systematic Biology,57:5,708 — 718

To link to this Article: DOI: 10.1080/10635150802430079
URL: http://dx.doi.org/10.1080/10635150802430079

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be |iable for any | oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713658732
http://dx.doi.org/10.1080/10635150802430079
http://www.informaworld.com/terms-and-conditions-of-access.pdf

23:40 13 Qctober 2008

[Australian National University] At:

Downl oaded By:

Syst. Biol. 57(5):708-718, 2008

Copyright (© Society of Systematic Biologists
ISSN: 1063-5157 print / 1076-836X online
DOI: 10.1080/10635150802430079

Statistical Tests between Competing Hypotheses of Hox Cluster Evolution

ROBERT LANFEARY23 AND LINDELL BROMHAM!2

Centre for the Study of Evolution, School of Life Sciences, University of Sussex, Brighton, BN1 9QG, UK; E-mail: Rob.Lanfear@anu.edu.au (R.L.)
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Abstract—The Hox genes encode transcription factors that play vital roles in the anterior-posterior patterning of all bilaterian
phyla studied to date. Additionally, the gain of Hox genes by duplication has been widely implicated as a driving force
in the evolution of animal body plans. Because of this, reconstructing the evolution of the Hox cluster has been the focus
of intense research interest. It has been commonly assumed that an ancestral four-gene ProtoHox cluster was duplicated
early in animal evolution to give rise to the Hox and ParaHox clusters. However, this hypothesis has recently been called
into question, and a number of alternative hypotheses of Hox and ParaHox gene evolution have been proposed. Here, we
present the first statistical comparisons of current hypotheses of Hox and ParaHox gene evolution. We use two statistical
methods that represent two different approaches to the treatment of phylogenetic uncertainty. In the first method, we
estimate the maximum-likelihood tree for each hypothesis and compare these trees to one another using a parametric
bootstrapping approach. In the second method, we use Bayesian phylogenetics to estimate the posterior distribution of
trees, then we calculate the support for each hypothesis from this distribution. The results of both methods are largely
congruent. We find that we are able to reject five out of the eight current hypotheses of Hox and ParaHox gene evolution
that we consider. We conclude that the ProtoHox cluster is likely to have contained either three or four genes but that there
is insufficient phylogenetic signal in the homeodomains to distinguish between these alternatives. [Bayesian; Homeobox;

maximum likelihood; phylogenetics; ProtoHox; ParaHox.]

The expansion of the Hox cluster has been considered
a causal factor in the evolution and diversification of
animal body plans (Gellon and McGinnis, 1998; Budd,
1999; Hughes and Kaufman, 2002; Wagner et al., 2003),
and because of this, reconstructing the evolution of the
Hox cluster has been the focus of intense research inter-
est. It is commonly assumed that an ancestral four-gene
ProtoHox cluster duplicated early in animal evolution
to give rise to the Hox and ParaHox clusters (Brooke
et al., 1998; Kourakis and Martindale, 2000; Ferrier and
Holland, 2001; Martinez and Amemiya, 2002; Ferrier
and Minguillon, 2003). This hypothesis is based on the
observation that Hox and ParaHox genes tend to fall
into four main phylogenetic groupings: anterior (Hox1,
Hox2, and the ParaHox gene Gsx), group 3 (Hox3 and the
ParaHox gene Xlox), central (Hox4 to Hox8), and poste-
rior (Hox9 to Hox14 and the ParaHox gene Cdx; Brooke
et al., 1998; Kourakis and Martindale, 2000; Ferrier and
Holland, 2001; Martinez and Amemiya, 2002; Ferrier
and Minguillon, 2003). The lack of a ParaHox gene con-
nected to the central (Hox4 to Hox8) grouping was
originally attributed to the loss of the central ParaHox
gene soon after the ProtoHox cluster duplication event
(Brooke et al., 1998).

The four-ProtoHox gene hypothesis has recently been
called into question on three grounds. First, although
the monophyly of most Hox and ParaHox genes is well
supported, the support for some groupings of Hox and
ParaHox genes is poor, with bootstrap values ranging
from40% to 70%, well below levels required for confident
phylogenetic inference (Garcia-Fernandez, 2005). Sec-
ond, observations from the recently sequenced cnidar-
ian Nematostella vectensis suggest that the Cnidaria may
contain only two groups of Hox and ParaHox genes,
which has led to the suggestion that the ProtoHox clus-
ter may have contained either two or three genes, rather
than four (Finnerty and Martindale, 1999; Ferrier and

Holland, 2001; Garcia-Fernandez, 2005). Third, results
from recent phylogenetic analyses have challenged the
four-ProtoHox gene hypothesis, in particular indicating
that the ProtoHox cluster may have contained only two
genes (Chourrout et al., 2006), or that both the Hox and
ParaHox clusters arose via tandem duplication, with-
out the involvement of whole-cluster duplication (Ryan
et al., 2007).

Despite the fact that different phylogenetic analyses
of Hox genes have resulted in very different hypotheses
about the evolutionary history of the hox cluster, there
have been no explicit statistical comparisons of differ-
ent hypotheses of Hox and ParaHox gene evolution. Al-
though the majority of phylogenetic analyses provide
measures of clade support (such as bootstrap percent-
ages or Bayesian posterior probability values), these are
usually mapped onto the preferred tree from a given
analysis and tell us little about the relative support for
one hypothesis over another. In analyses that are limited
by such short alignments (typically restricted to the 60
amino acid homeodomain), it seems plausible that there
may be insufficient power in the data to allow the confi-
dent inference of evolutionary events that occurred over
500 million years ago.

Here we present the first statistical comparisons of cur-
rent hypotheses of early Hox and ParaHox gene evo-
lution. In total, we consider eight different hypotheses
(Fig. 1), each of which suggests a series of events leading
to the formation of the pre-bilaterian Hox and ParaHox
clusters. The first seven hypotheses represent different
assumptions about the number of genes contained in
the hypothetical ProtoHox cluster (two, three, or four
ProtoHox genes), and these are described below. The
first hypothesis we consider is the commonly assumed
four-ProtoHox gene hypothesis, which postulates that
the ProtoHox cluster contained four genes and then du-
plicated to form a four-gene Hox cluster and a four-gene
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Hypothesis

4 ProtoHox genes
1 ParaHox gene loss
1 duplication

3 ProtoHox genes
No gene loss
2 duplications

3 ProtoHox genes
1 ParaHox gene loss
3 duplications

3 ProtoHox genes
1 Hox gene loss
3 duplications

2 ProtoHox genes
No gene loss
4 duplications

2 ProtoHox genes
1 ParaHox gene loss
5 duplications

2 ProtoHox genes
1 Hox gene loss
5 duplications

Tandem Duplication
No gene loss
6 duplications

Abbreviation

4PL

3NL

3PL

3HL

2NL

2PL

2HL

TD

Timeline
ccto see
U U
Hox ParaHox
ProtoHox
1 i
Hox ParaHox

ProtoHox

ProtoHox

cogo sse
oo

Hox ParaHox

ProtoHox

D-O}O-O.-.T-.

(0] ae
Hox\/P@raHox

ProtoHox
ceoo sse
(0] [ ]

Hox\/ﬁgraHox

ProtoHox

D—O}C}O.ﬂ

ProtoHox

Hypothesis Tree

Hox

Hox
ParaHox

N/A

Example Tree

Posterior

[ _Gsx ]
[ Hox3 |

0

FIGURE 1. Eight different hypotheses of Hox and ParaHox gene evolution. The number of duplications and gene losses posited by each
hypothesis is indicated. Each hypothesis is shown as both a timeline, with time running upwards, and as a generalized phylogenetic tree of
the expected relationships between Hox and ParaHox genes for that particular hypothesis. An example of a phylogenetic tree consistent with
each hypothesis is also shown. For the tandem duplication (TD) hypothesis, both the timeline and the tree represent a particular example of that
hypothesis, rather than a generalization, as it is not possible to draw a generalized hypothesis tree for this hypothesis.
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ParaHox cluster, and that one ParaHox gene was subse-
quently lost (a ParaHox gene must be lost to accommo-
date the observation that extant bilaterians contain only
three groups of ParaHox genes, not four; 4PL, Fig. 1).
Second, we consider three possible versions of the three-
ProtoHox gene hypothesis. The three-Protohox gene hy-
pothesis postulates that the ProtoHox cluster contained
three genes and that it duplicated to form a three-gene
Hox cluster and three-gene ParaHox cluster. The three-
gene Hox and ParaHox clusters may have persisted un-
til the beginning of the radiation of the bilaterian phyla
with no gene losses (3NL, Fig. 1), a hypothesis that is
equally parsimonious to the 4PL hypothesis in terms of
the total number of gene loss and duplications events
required (Fig. 1). However, it is also possible to imagine
two further permutations of the three-ProtoHox gene hy-
pothesis, in which either the ParaHox or the Hox cluster
suffer the loss of one gene (Fig. 1, 3PL and 3HL, respec-
tively) before the bilaterian radiation. These hypotheses
are equally parsimonious to the 4PL hypothesis in terms
of gene loss events, although they are less parsimonious
overall as they require more duplication events than the
4PL hypothesis (Fig. 1). Finally, we consider three possi-
ble versions of the two-ProtoHox gene hypothesis: that
no gene losses occurred post-ProtoHox cluster duplica-
tion, that one ParaHox gene was lost or that one Hox gene
was lost (Fig. 1, 2NL, 2PL, and 2HL, respectively). All
versions of the two-ProtoHox gene hypothesis require
more gene loss and duplication events than any other
hypotheses considered (Fig. 1). Each hypothesis involv-
ing duplications of the ProtoHox cluster can be drawn as
a phylogenetic tree, in which the expected phylogenetic
relationships between Hox and ParaHox genes arising
from each hypothesis are laid out (Fig. 1).

The eighth hypothesis we consider is that the Hox and
ParaHox clusters arose by the sequential tandem dupli-
cation of one original gene into a single Hox/ParaHox
cluster, which was later separated into two distinct clus-
ters (Fig. 1, TD; Ryan et al., 2007). This hypothesis sug-
gests that each gene in the Hox/ParaHox cluster arose
as a duplicate of a neighboring gene in the cluster. It can-
not be represented as a single “hypothesis tree,” but an
example of a phylogenetic tree consistent with the TD
hypothesis is given in Figure 1. Because this hypothe-
sis postulates that each gene arose as the duplicate of a
neighboring gene, it is necessary to know the spatial rela-
tionships of the genes in the hypothetical Hox/ParaHox
cluster before the TD hypothesis can be tested. The ar-
rangement of genes within both the Hox and ParaHox
clusters is conserved in many bilaterian phyla; however,
their orientation with respect to one another in the hypo-
thetical Hox/ParaHox cluster cannot be known a priori,
and so we allow for two such possibilities in our analy-
ses, shown in Figure 2.

We used an amino acid alignment of 68 bilaterian
homeobox genes (50 Hox sequences, 13 ParaHox se-
quences, and 5 outgroup sequences; see Fig. 3) and
two different statistical approaches to explicitly compare
these eight hypotheses of Hox and ParaHox gene evolu-
tion (Fig. 1). We limit our analysis to the consideration

Q@%@&O&@%@“@ © PP E

Qp"%o&o’%o"iopo'& "('\o"'Cb 5"

FIGURE 2. Two possible gene orders in the hypothetical linked
Hox/ParaHox cluster.

of these eight hypotheses, as other hypotheses, such as
those generated by strict interpretation of the maximum-
likelihood topology, are far less parsimonious with re-
spect to gene duplication and loss events (Ryan et al.,
2007).

We use two methods to test between phyloge-
netic hypotheses—one maximum likelihood and one
Bayesian. These two methods represent fundamentally
different approaches to the treatment of phylogenetic un-
certainty and to hypothesis testing. In the first method,
we assume that the ML tree for a given hypothesis is
sufficient to represent that hypothesis. We then test be-
tween trees using a frequentist parametric bootstrap-
ping method. In the second method, we use a Bayesian
MCMC to estimate the posterior distribution of trees and
compare support for different hypotheses by assessing
the extent to which each hypothesis is over- or under-
represented in the posterior distribution. The Bayesian
approach explicitly incorporates uncertainty about the
true phylogenetic tree and does not assume that any one
tree is representative of any one hypothesis.

MATERIALS AND METHODS
Alignment

The dataset comprised an amino acid alignment of 68
bilaterian homeodomain sequences: 50 Hox sequences,
13 ParaHox sequences, and 5 Evx sequences (Fig. 3;
see Appendix 2 at www.systematicbiology.org for ac-
cession numbers). We do not use cnidarian sequences
in this analysis, as some of our methods require as-
sumptions to be made about gene orthology, and the
orthology of the cnidarian homeodomains is not cer-
tain (Ryan et al., 2007). Evx was used as an outgroup to
root phylogenetic trees because it has been convincingly
demonstrated to be outside the Hox/ParaHox clade but
nonetheless a close relative to it (Minguillon and Garcia-
Fernandez, 2003). All sequences were aligned by eye
in Se-Al (Rambaut, 1996). Regions outside the home-
odomain are extremely divergent between different Hox
paralogues, and between Hox and ParaHox genes, and
were thus excluded from the alignment.

Method 1: SOWH-Like Tests

In the first statistical method we used, we first cal-
culated the maximum-likelihood (ML) tree for each
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consensus SKRGRTAYTRYQTLELEKEFHFNRYLTRRRRIEIAHALNLTERQIKIWFQNRRMKWKKEN Dataset
Mmu HoxAl PNAV..NF.TK.LT......... K....A..V...AS.Q.N.T.V.......... Q..RE 1
Mmu HoxBl PGGL..NF.TR.LT....G....K..S.A..V...AT.E.N.T.V.......... Q..RE 1
Hox1 | Bfl Hoxl  PNN...NF.TK.LT....... Y.K....A..V...A....N.T.V.......... Q..RE 1
Cva_Hoxl  PNL...NF.NK.LT......... K....Ao..... A..G.N.T.V.......... Q..RM 1
Nvi Hoxl  PNM...NF.NK.LT......... K....Ao..... A..G.N.T.V.......... Q..RM 1
Mmu_HoxA2 .R.L..... NT.L.ouvuennn. K..C.P..V...AL.D..... VoVeeoonn. H.RQT 2
Bfl Hox2 .R.L..VF.NT.L........ Y.K.VCKP..K...SY.D.N...V......... RQ.RRD 2
Hox2 | Mmu HoxB2 .R.L..... NT.L.o'uuunnn. K..C.P..V...AL.D..... VoVeoooo.. H.RQT 2
Cva Hox2 PR.L..... NT.L.o'uuunnn. K..C.P...... AS.D..... VoVeoooo.. F.RQS 2
Alo_pb PR.L..... NT.L.ouvuennn. K..C.P...... AS.D..... VoVeeoonn. H.RQS 2
Mmu_HoxA3 ...A..... SALV..vuenenenn. C.P.oV.M.NL. vttt ieeeenennn Y..DQ 1,2
Mmu_ HoxB3 ...A..... SALV..vuenenenn. C.P..V.M.NL...S.euvuunnenennn Y..DQ 1,2
Hox3 | Bf1 Hox3 G..A..... SALV..oeen.. C.Pe V.M.AM. o e oo Y...Q 1,2
Cva_Hox3 A..... SALV..ovevennnn. C.Pove MALt ot e et Y...Q 1,2
Nvi Hox3 ...A NSA.LV....oovuenn. C.P....M.AL.S.S..\vienennnn. Y..DQ 1,2
Mmu HoxA4 P..S .S. 1
Mmu HoxB4 P..S 1
Bfl Hox4 T..S 1
Hox4 | vvipsd LT 1
Htr Lox1l8 N..A 1
Mmu HoxA5 G..A 2
Bfl Hox5 N..T 2
Hox5 | Mmu HoxB5 G..A 2
Lan_scr LT 2
Nvi_ scr LT 2
Mmu HoxA6 GR...
Mmu HoxB6 GR...
Bfl Hox6 K....
Mmu_HoxB7 R....
Mmu_HoxA7 R....
Hox6, | Bf1 Hox7 R....
Mmu HoxB8 RR..
Mmu HoxC8 RRS..
Hox7, IBf1 Hox8 RR...
Nvi_Lox5 Q..T.
Nvi_Lox2 RR...
Hox8 |nviLoxs EE...
Hme Lox4 RR...
Hro_Lox2 RR...
Hro_Lox5 Q..T.
Mmu_HoxA9 TRKK. ..M. 1
Mmu_HoxB9 .RKK. ..M. 1
Bfl Hox9 .RKK. .M. 1
Lan Postl MRKK .T. 1
Nvi Postl MRKK .T. 1
HOX9+ | Mmu_HoxA10 GRKK. .M. . 2
Mmu_HoxC10 GRKK. ..M. ...D. 2
Bfl Hox10 GRKK. ..M. ..S 2
Lan Post2 .FKQ. ..N. WAL .S. 2
Nvi Post2 QRKK. ..N. .8.I.. .S. ..L. 2
Mmu_ Gshl ...M...F.ST.L....R..AS.M..S.L...... TY...S.K.V........ V.H...G 1,2
Mmu Gsh2 G..M...F.ST.L....R..SS.M..S.L...... TY...S.K.V....on.. V.H...G 1,2
Gsx | Bf1 Gsx R.M...FSST.L....R..AS.M..S.L...... TF...S.K.V........ V.H...A 1,2
Csp_Gsx V..M...FSST.L....R..AS.M..S.L...... TY.S.S.K.V....on.. V.F...G 1,2
Mmu Xlox N..T...... A.L....... L..K.IS.P..V.L.VM...... = S E 1,2
Bfl Xlox N..T...... [ P K.IS.P....L.AM...... = S Q 1,2
Xlox fcsp Xlox N..T...... AL.ceiiunanan. I..P..V.L.AH..... [0) S DV 1,2
Pst_Xlox N..T...... AL..eiennnn. K.IS.P....L.AM...... = S DE 1,2
Mmu_Cdx1l  KDKY.VV..DH.R........ YS..I.I..KS.L.AN.G..... Veeewonnn A.ER.V 1,2
Mmu_Cdx2  KDKY.VV..DH.R......... S..I.I..KS.L.AT.G.S...V........ A.ER.IK 1,2
Cdx | Csp_cdx KDKY.IV.SE..KV..... YLYSK.I.IQ.KA.LSRSIG.S...V........ A.ER.QK 1,2
Bfl Cdx KDKY.VV.SDH.R....... YS.K.I.IK.KVQL.NE.G.S...V........ A.QR.MA 1,2
Nvi Cdx KDKY.VV..DH.R........ YS..I.I..KA.L.QN...S...V........ A.VITYK 1,2
Mmu_Evxl MR.Y...F..E.IAR..... YREN.VS.P..C.L.A....P.TT..V........ D.RQR 1,2
Mmu_Evx2 VR.Y...F..E.IAR..... YREN.VS.P..C.L.A....P.TT..V........ D.RQR 1,2
Eyx | BE1_EvxA  VR.Y...F..E.LAR..... YREN.VS.P..C.L.AQ...P.TT..V........ D.RQR 1,2
Hro eve LR.Y...F..E.LAK..... LKEN.VS.P..C.L.SQ.D.P.CT..V........ D.RQR 1,2
Ttr eve M..Y...F..D.LNK..Q.YQRET.VS.P..S.L.AT...PDST........... D.RQR 1,2
RULER Toveeennnn 10ceeeenn. 20 .0ennn. 300.cc.n.. 40........ 50.cceeenn.

FIGURE 3. Amino acid homeodomain alignment. The sequences included in datasets 1 and 2 (see Materials and Methods) are indicated in
the Dataset column. Abbreviations: Mmu, Mus musculus; Bfl, Branchiostoma floridae; Pst, Phascolion strombi; Lan, Lingula anatina; Csp, Capitella
species; Cva, Chaetopterus variopedatus; Nvi, Nereis virens; Htr, Helobdella triserialis; Hro, Helobdella robusta; Ttr, Theromyzon trizonare; Hme, Hirudo
medicinalis; Alo, Archegozetes longisetosus. For accession numbers see Appendix 2.

hypothesis (e.g., TDyy, for the tandem duplication hy-
pothesis). We then chose the hypothesis with the best ML
tree and compared each of the other seven hypotheses’
ML trees to the best ML tree using a parametric boot-
strapping technique. This technique is a variant of the
SOWH (Swofford-Olsen-Waddell-Hillis; Swofford et al.,
1996; Goldman et al., 2000) test, which we refer to as
the SOWH-like (SOWHL) test. The SOWHL test uses
simulated molecular data to establish a null distribution

against which to test the difference in likelihood between
two different phylogenetic trees, given the same align-
ment. That is, it is a test of whether the tree with the
higher likelihood score is a significantly better descrip-
tion of the data than the tree with the lower likelihood
score. In effect, the test treats the tree with the lower
likelihood score as the null hypothesis (Goldman et al.,
2000). The a posteriori selection of trees using maximum-
likelihood makes this test slightly different from the true
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SOWH test (sensu Goldman et al., 2000), hence the use of
the SOWHL acronym. However, this modification does
not violate any assumptions of the test.

For example, if the best ML tree corresponded to the
3HL hypothesis (as is the case in some analyses), we com-
pared the ML trees for all other hypotheses to the ML
tree for the 3HL hypothesis (3HLa1). For example, to test
whether the difference in likelihoods between the 3HL .
and 4PLyy. topologies was significant, we simulated 1000
replicate datasets in PAML (Yang, 1997) along the tree
with the inferior likelihood score (the 4PLyy. topology
in this case) using the model and parameters (gamma-
shape parameter and branch lengths) estimated from the
original data. For each simulated dataset, we then cal-
culated the likelihood of each topology (i.e., 3HLygand
4PLym) and the difference in likelihood between the two
topologies. The significance of the observed difference
in likelihood was assessed by comparison with a ranked
list of the simulated differences. For instance, if the ob-
served difference in likelihood between the two topolo-
gies ranked 30th in the list of 1000 simulated differ-
ences, then the P value was calculated as 30/1000 =
0.03.

For each set of SOWHL tests, we compared the best
of the eight hypotheses’” ML trees to the ML trees from
the other seven hypotheses. This allowed us to ascertain
whether the best ML tree is a significantly better descrip-
tion of the data than ML trees from the other seven hy-
potheses. In the following sections we first describe the
data used in the SOWHL tests, subsequently we describe
the way in which we generated all trees consistent with
each hypothesis, and finally we describe the methods
used to calculate likelihood values.

Data.—Because the computational burden of the
SOWHL tests is extremely high (each test requires 2000

a) b)
Assume monophyly Assume phylogenetic
of orthologues relationships within
orthologues, where known

Mmu_HoxA1 Mmu_HoxA1

Mmu_HoxB1 Mmu_HoxB1

Bfl_Hox1 Bfl_Hox1
Cva_Hox1 Cva_Hox1

Nvi_Hox1 Nvi_Hox1

Mmu_Evx1 Mmu_Evx1

Mmu_Evx2 Mmu_Evx2

Bfl_EvxA Bfl_EvxA Evx
Hro_Eve Hro_Eve

Ttr_Eve Ttr_Eve

maximum-likelihood computations) it was not feasible
to use the entire dataset of 68 homeodomain sequences
for each test. Consequently we used a targeted dataset
(which we call Data Set 1) of 38 ingroup sequences, com-
prising Hox1, Hox3, Hox4, Hox9+, Cdx, Xlox, and Gsx or-
thologues (each orthology group is shown in Fig. 3 by
vertical bars).

This dataset represents all four clades of Hox and Para-
Hox genes that have been consistently found in previous
analyses (anterior, group 3, central, and posterior). How-
ever, we rely on the assumptions that Hox1 is sufficient
to represent the anterior Hox genes, Hox4 is sufficient to
represent the central Hox genes, and that Hox9 is suf-
ficient to represent the posterior Hox genes. Although
these assumptions are not controversial, we further test
them by repeating all SOWHL tests with a second dataset
(which we call Data Set 2), which replaces the Hox1,
Hox4, and Hox9 sequences with Hox2, Hox5, and Hox10
sequences, respectively.

Construction of phylogenetic trees.—In order to calcu-
late the ML tree for each of the eight hypotheses, we
first constructed the set of all possible phylogenetic trees
consistent with each hypothesis as follows (see Fig. 4).
First, we assumed that all orthologues are monophyletic
with respect to all other orthologues (Fig. 4A). Second,
we assumed that the relationships within each orthol-
ogy group (e.g., the relationships among the Hox1 genes
from different taxa) match the known phylogenetic rela-
tionships among the taxa represented in that group (Fig.
4B). Third, we enumerated all combinations of relation-
ships between orthologous groups that were consistent
with each hypothesis (Fig. 4C). For instance, the 2NL
hypothesis requires that the Hox and ParaHox genes be
organized into two monophyleticsister groups, each con-
taining at least one Hox and one ParaHox orthologue. For

C) d)
Enumerate all possible trees Evaluate liklelihood
for hypothesis (2NL shown here)

InL = -1553.05

Tree 1

!

Tree 90 InL =-1553.12

FIGURE 4. Method by which the maximum-likelihood tree is calculated for each hypothesis, in order to perform the SOWH-like tests.
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each hypothesis, the likelihood of all possible trees con-
sistent with that hypothesis was calculated (Fig. 4D) and
the tree with the highest likelihood score (e.g., 2NLy)
was used for further analysis.

For the TD hypothesis, we began by considering all
trees in which Gsx is basal, a key requirement of the hy-
pothesis as stated by Ryan et al. (2007). From this set
we selected the highest likelihood tree that conformed
to the TD hypothesis. A tree was defined as agreeing
with the TD hypothesis if the sequence of bifurcations in
the tree was consistent with the generation of one of the
gene orders shown in Figure 2 by the sequential tandem
duplication of genes in a linked cluster. Although other
arrangements of the hypothetical Hox/ParaHox cluster
are possible, here we consider the two which are con-
sistent with the hypothesis as proposed by Ryan et al.
(2007).

Likelihood calculation.—Likelihoods of phylogenetic
trees were calculated in AAML (part of the PAML [Yang,
1997] package). Because the accuracy of the SOWHL test
is influenced by the model of substitution, SOWHL tests
were repeated under two commonly used amino acid re-
placement matrices: WAG (Whelan and Goldman, 2001)
and JTT (Jones et al., 1992). All likelihood calculations
allowed for gamma-distributed rates across sites, the
inclusion of which was determined, along with other
aspects of the model, using the second-order Akaike
information criterion (Hurvich and Tsai, 1989); see Ap-
pendix 1 (www.systematicbiology.org).

Method 2: Bayesian Tests

In this approach we use a Markov chain Monte Carlo
(MCMC) method to derive an estimate of the posterior
sample of phylogenetic trees, from which the posterior
probability of different hypotheses of Hox and ParaHox
gene evolution is inferred. We first calculated the poste-
rior distribution of trees for the full alignment of 68 home-
odomains. Each tree in the posterior distribution was
then classified in terms of the hypothesis (or hypotheses)
of Hox and ParaHox gene evolution that it supported.
The posterior probability of a given hypothesis was then
calculated as the sum of all the posterior probabilities
of the trees supporting that hypothesis. This quantity
represents the proportion of time the MCMC spent visit-
ing a given hypothesis of Hox and ParaHox gene evolu-
tion. The posterior probability was then compared to the
prior probability, which represents the amount of time
the MCMC would be expected to visit a given hypothe-
sis if all trees were equally likely. We compared support
for different hypotheses using the Bayes factor (BF), cal-
culated as follows:

BE; = 21n (P(M,-|D)/P(M,-| D))

P(M;)/ P(M))

where BF;; is the Bayes factor of hypothesis i compared
to hypothesis j, P(M;|D) is the posterior probability of
hypothesis i, and P(M;) is the prior probability of hy-

pothesis i. A negative Bayes factor represents support
for model j, and a positive Bayes factor represents sup-
port for model i, on the following scale: 0 to 2 shows
very weak evidence; 2 to 5 represents positive evidence;
5 to 10 represents strong evidence; and >10 represents
very strong evidence (Raftery, 1996). Although this scale
is useful and widely used as a rule of thumb for com-
paring hypotheses in a Bayesian framework, it should
be pointed out that we know of no solid theoretical un-
derpinning for its derivation. We therefore present not
only Bayes factors (Table 3) but also prior and posterior
probabilities of each hypothesis in the results (Table 2).
We use the Bayes factor in two ways: to compare the
support for hypothesis iversus all alternative hypothe-
ses (i.e., hypothesis j is the hypothesis that i is not true,
and hypothesis j therefore contains all possible phylo-
genetic trees that do not correspond to hypothesis i); and
to directly compare the support for different hypotheses
(i.e., where hypotheses iand j are two different hypothe-
ses of Hox and ParaHox gene evolution).

Unconstrained Bayesian analysis—The full dataset of
68 homeodomains was analyzed in MrBayes ver-
sion 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist
and Huelsenbeck, 2003). Analyses had one cold and
one heated chain, and samples were collected at 50-
generation intervals. The analysis consisted of two in-
dependent runs of 13,000,000 generations each, of which
the first 500,000 generations were discarded as burn-in.
These parameters were determined from previous runs
of MrBayes using the same dataset, which indicated that
the MCMC found the global optimum after <100,000
generations, and that the two independent runs con-
verged after around 3,000,000 generations (assessed as
the point at which the standard deviation of split fre-
quencies fell below 0.01). The posterior distribution of
phylogenetic trees was then estimated from the com-
plete 500,000 samples (250,000 samples from each of two
runs). As before, the analysis was repeated using both
the WAG (Whelan and Goldman, 2001) and JTT (Jones
et al., 1992) amino acid replacement matrices. All anal-
yses were checked for convergence using the program
Tracer version 1.3 (Rambaut and Drummond, 2003).

Tree classification.—Each tree in the sample of the pos-
terior distribution of trees was first rooted using the
outgroup sequences (Evx) and then classified by the min-
imum possible number of genes in the hypothetical Pro-
toHox cluster and the number of subsequent gene losses
necessary to explain the observed branching pattern in
the tree. For instance, if a phylogenetic tree contained
three monophyletic pairs of Hox and ParaHox genes,
with no Hox or ParaHox genes lying outside these pairs,
then it was classified as supporting a three-gene Proto-
Hox cluster with no gene losses (3NL, Fig. 1).

Because the TD hypothesis makes specific predictions
about the relative order of appearance of different Hox
and ParaHox genes, it was necessary to make assump-
tions about the orthology relationships among different
Hox and ParaHox sequences from different species (e.g.,
that all Hox1 sequences are orthologous to one another).
To do this, we followed the scheme of de Rosa et al.
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(1999), which has been widely confirmed in subsequent
analyses, in assuming that all sequences labeled as Hox1,
Hox2, Hox3, Hox4, Hox5, Cdx, Gsx, and Xlox in Figure
1 are orthologous within those groups (these assump-
tions are presented graphically as vertical bars in Fig. 3).
With the other central and posterior Hox genes (Hox6 to
Hox8 and Hox9+, respectively), the orthology relation-
ships between genes from different taxa are not known
with confidence, we therefore make the conservative as-
sumption that all remaining central Hox genes form one
large orthology group (Hox6 to Hox8, Fig. 3) and that
all of the posterior Hox genes form another orthology
group (Hox9+, Fig. 3). Thus we infer that a tree supports
the TD hypothesis if both of the following conditions
are met: all of the 10 orthology groups outlined above
must be recovered as monophyletic, and the sequence of
bifurcations between these ten orthology groups must
be consistent with the generation of one of the two pos-
sible orderings of Hox and ParaHox genes in the hy-
pothetical Hox/ParaHox cluster (Fig. 2) by single-gene
tandem duplication events. All tree classification was
carried out using a Python script, which is available from
the authors.

Calculation of the prior probability of each hypothesis.—
The prior probability of each hypothesis represents the
proportion of time the MCMC would be expected to
spend visiting that hypothesis if all phylogenetic trees
were equally likely; that is, we use a phylogenetically
uninformative prior. In this analysis, we have 63 Hox
and ParaHox gene sequences (the other 5 sequences are
outgroups used to root the trees), and therefore 1.04 x
10'% possible rooted phylogenetic trees. The prior prob-
ability of a given hypothesis is simply the proportion of
all possible trees which are consistent with that hypoth-
esis. Although the use of phylogenetically informative
priors might be preferred in some cases (e.g., to reflect
our beliefs about the likely monophyly of all Hox1 se-
quences), we are limited here by the available software
to use either uninformative priors or to constrain some
parts of the topology to be monophyletic in advance (i.e.,
a prior of 1). Given an appropriately long burn-in period
for the MCMC, the posterior probability of each hypoth-
esis should not be significantly affected by the use of
topologically uninformative priors; however, the prior
probability of each hypothesis (and thus the Bayes fac-
tors used to compare hypotheses) might be affected. For
this reason, we present both the posterior probability of
each hypothesis (which does not explicitly include infor-
mation about the prior) and the support for each hypoth-
esis (which does) in Table 2. If differences in the posterior
probabilities of hypotheses are comparable to differences
in the support for hypotheses (as is the case here, see Ta-
ble 2), this indicates that the use of topologically unin-
formative priors has not unduly affected calculation of
the prior probabilities of the hypotheses.

Prior probabilities of hypotheses were calculated as
follows. First, we calculated all possible ways of orga-
nizing the Hox and ParaHox genes into the number
of clades required by that hypothesis. For instance, the

2NL hypothesis requires that both the Hox and Para-
Hox genes be organized into two distinct clades. Second,
when any one of these clades contained more than two
sequences, we calculated all possible ways of arranging
the sequences into rooted subtrees. Third, we calculated
all possible ways of resolving any polytomies associated
with the hypothesis tree (Fig. 1). Finally, we calculated all
possible ways of arranging the required number of clades
of Hox and ParaHox genes (see Fig. 1) with respect to one
another. The total number of trees consistent with a given
hypothesis is simply the product of the four numbers cal-
culated above. All calculations were performed using a
Python script, which is available from the authors.

The total number of trees consistent with the tandem
duplication hypothesis could not be calculated analyti-
cally. Although the combinatorial mathematics exists to
calculate numbers of phylogenetic trees consistent with
gene duplication scenarios (Gascuel et al., 2003), ours is
a special case where we are interested simultaneously in
two possible gene orders (shown in Fig. 2). Because of
the requirement in the TD hypothesis that all orthology
groups be recovered as monophyletic (see above), we es-
timated the total number of possible trees consistent with
the TD hypothesis by calculating the number of such
trees in a randomly generated sample 3,500,000 rooted
phylogenetic trees of the 10 orthology groups (represent-
ing around 10% of the 3.4 x 107 total possible rooted trees
of 10 groups). The number of trees consistent with the
TD hypothesis in our random sample of trees was then
scaled up to estimate the total number of possible trees
consistent with the TD hypothesis. By this method, we
estimate that there are 9132 possible TD trees. The prior
probability of the TD hypothesis is therefore 9132/(1.0 x
10'%) = 8.8 x 1071%.

Constrained Bayesian analysis: dealing with low prior
probabilities—The extremely low prior probability of ob-
serving the TD hypothesis by chance (the prior proba-
bility of the TD hypothesis is 8.8 x 1071%) means that
it is highly unlikely that trees corresponding to this hy-
pothesis would be observed in our posterior sample of
500,000 trees. This complicates the estimation of the pos-
terior probability for the TD hypothesis. One way to ac-
count for this problem would be to calculate the marginal
likelihoods of the two hypotheses (in this case, the TD
hypotheses, and the hypotheses that TD is not true), us-
ing the harmonic mean of the likelihoods of a very large
number of visits to each model (Raftery, 1996; and see
e.g. Pagel and Meade, 2006). A large number of visits
to a given model can be generated by constraining the
MCMC to visit solely that model. In our case, this would
involve constraining an MCMC to visit trees consistent
with the TD hypothesis. Unfortunately, the TD hypoth-
esis cannot be represented as simple constraints trees in
the conventional sense, which means that the method
is impossible to implement in currently available soft-
ware. As an alternative to this method, we constrained
the MCMC to visit a small sample of the possible trees,
which contains all possible trees consistent with the TD
hypothesis. The sample is defined by a constraints tree
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that assumes the monophyly of all orthology groups
which we previously defined as a necessary prerequi-
site for a tree to support the TD hypothesis. Namely,
the following groups are constrained to be monophyletic
(see Fig. 1): (Hox1), (Hox2), (Hox3), (Hox4), (Hox5), (Hox6,
Hox7,Hox8), (Hox9+), (Cdx), (Xlox), (Gsx). The prior prob-
ability of observing a tree consistent with the TD hy-
pothesis in this constrained analysis is 2.6 x 107, thus
we would expect to observe over 130 such trees in our
posterior sample of 500,000 trees. In this way, the poste-
rior probability of the TD hypothesis can be calculated
with more confidence. Constrained analyses were run in
MrBayes3.1.2, as before.

Model Testing

In all cases, the fit of a particular model (either JTT or
WAGQG) to a particular dataset (Data Set 1, Data Set 2, or the
complete dataset comprising all sequences shown in Fig.
3) was assessed using the Goldman-Cox test (Goldman,
1993). For each Goldman-Cox test, we first estimated the
ML topology for the dataset and model in question us-
ing PhyML (Guindon and Gascuel, 2003; Guindon et al.,
2005). We then calculated both the unconstrained (i.e.,
model-free) and constrained (i.e., assuming a particular
model) likelihoods for this topology, as well as the free
parameters of the model, using PAML (Yang, 1997). We
then simulated 200 replicate datasets in PAML (Yang,
1997) along the ML topology, using the model and free
parameters estimated from the original data. For each
replicate dataset, we recalculated the difference between
the unconstrained and constrained likelihood scores. The
observed difference was then compared to a ranked list
of the simulated differences. If the observed difference
falls outside the 95% confidence intervals of the simu-
lated differences, this indicates that the model is a poor
fit to the given data and should be rejected.

RESULTS
Method 1: SOWHL Test Results

In total, three sets of SOWHL tests were performed.
The first uses the WAG (Whelan and Goldman, 2001)
amino acid replacement matrixand Data Set 1, the second
uses the WAG amino acid replacement matrix and Data
Set 2, and the third uses the JTT (Jones et al., 1992) amino
acid replacement matrix and Data Set 1. Goldman-Cox
tests indicate that the assumed model cannot be rejected
in any of the three sets of tests (P = 0.33 for WAG and
Data Set 1, P = 0.41 for WAG and Data Set 2, and P =
0.59 for JTT and Data Set 1).

All three sets of SOWHL tests indicate that we can
reject the 3PLyy, 2HLmr, 2NLwmr, and 2PLyyp, topologies
in favor of the most likely topology. Of the remaining
four topologies (TDwmr, 4PLmr, 3NLymr, 3HLaw), the first
set of SOWHL tests indicates that there is no significant
difference between the likelihoods of these topologies,
whereas the other two sets of SOWHL tests indicate that
the 3HLMp, topology is significantly preferred over all
other topologies (Table 1). If a Bonferroni correction for

TABLE 1. Results of Method 1: SOWHL tests. Each row shows the
results of a single SOWHL test. For each hypothesis, the likelihood of
the best tree from all possible trees is shown in —InL. The hypothesis
with the best overall tree is highlighted in bold. A gpservea is the likelihood
difference between each tree and the best overall tree. For each set of
SOWHL tests, the best overall tree was compared to the ML trees from
each of the other seven hypotheses (indicated by P values) but not
to itself (indicated by n/a). P values significant at the 5% level are
highlighted in bold.

Model and dataset ~ Hypothesis ML tree —InL Agbserved P
WAG Data Set 1 4PHy —1553.2 0.6 0.127
3HLyp —1552.8 0.1 0.053
3NLy —1553.7 1.1 0.119
3PLyp —1555.9 3.2 0.011
2HLy —1557.2 4.5 0.003
2NLy —1556.7 4.0 0.003
2PLae —1562.1 94 <0.001
TDw —1552.7 0.0 n/a
WAG Data Set 2 4PHy —1460.6 5.1 0.002
3HLy —1455.5 0.0 n/a
3NLy —1462.0 6.6 <0.001
3PLyp —1459.3 3.8 0.009
2HLy —1463.2 7.7 <0.001
2NLyg —1460.5 5.1 0.003
2PLy —1466.5 11.1 <0.001
TDw —1458.6 3.1 0.002
JTT Data Set 1 4PHyy, —1543.7 1.9 0.008
3HLy —1541.8 0.0 n/a
3NLy —1544.0 2.2 0.013
3PLy —1545.2 3.4 0.007
2HLyp —1546.5 4.6 0.003
2NLyg —1546.5 4.6 <0.001
2PLy —1548.5 6.7 <0.001
TDw —1542.5 0.6 0.041

multiple tests is applied (giving a threshold P value of
0.00714 after correcting for seven independent tests), the
3PLw topology is rejected only when using the JTT ma-
trix (all other results remain unchanged).

This indicates that the power of the SOWHL test to dis-
tinguish between different hypotheses of Hox and Para-
Hox gene evolution is somewhat dependent on the data
used and the model of evolution assumed. The use of
Data Set 1 with the WAG model of amino acid substitu-
tion gives the poorest resolution, but changing either the
dataset (to Data Set 2) or the model of evolution (to the
JTT model) increases the ability of the test to distinguish
between models.

It is difficult in this case to find convincing reasons to
prefer the use of one dataset over another or the use of one
model of amino acid substitution over another. For in-
stance, the WAG model of amino acid substitution might
be preferred because it was derived using a maximum-
likelihood approach, rather than a maximum parsimony
approach as is the case for the JTT model (Whelan and
Goldman, 2001). The WAG model is therefore less likely
to underestimate parameters in the resultant amino acid
substitution rate matrix, and it is likely that this is what
underlies the difference in results between the WAG and
JTT results shown here. However, even when using the
WAG model, the ability of the SOWHL test to resolve
different hypotheses of Hox and ParaHox gene evolu-
tion is still dependent on the dataset used; furthermore,
Goldman-Cox tests indicate that neither the WAG nor
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TABLE 2. Results of Method 2: Bayesian prior and posterior probabilities of the eight hypotheses of Hox and ParaHox gene evolution shown
in Figure 1. Results are shown for both the unconstrained and constrained Bayesian analyses. Posterior probabilities were calculated under two
different models of amino acid evolution—the JTT and WAG replacement matrices. Abbreviations for hypotheses are as in Figure 1. Support for
each hypothesis is indicated as a Bayes factor, in which hypothesis i is the hypothesis in the given row, and hypothesis j is the hypothesis that
i is false (i.e., hypothesis j includes all possible phylogenetic trees that do not belong to hypothesis i). Where the posterior probability is zero,
support is calculated assuming that the posterior probability is <(1/500,000); i.e., that less than one tree in the entire posterior sample of trees

was concurrent with that hypothesis.

JTT WAG

Constrained Hypothesis Prior Posterior Support Posterior Support
No 4PL 23 x 107 2.6 x 107% 41.7 2.3 x 107 46.0
No 3NL 3.6 x 107 4.0 x 107% 41.7 1.1 x 107% 48.3
No 3PL 75 x107P 0.0 x 10+ <38.8 6.0 x 107 41.0
No 3HL 7.2 x107? 1.0 x 107™ 46.7 1.3 x 107* 47.2
No 2NL 1.7 x 107 0.0 x 10+% <41.8 0.0 x 10+ <41.8
No 2PL 1.7 x 107" 0.0 x 10+ <41.8 0.0 x 10* <41.8
No 2HL 1.7 x 1071 0.0 x 10+% <41.8 0.0 x 10+ <41.8
No TD 8.8 x 1071 0.0 x 10+ <429.9 0.0 x 10+ <429.9
Yes TD 2.7 x 107™ 1.6 x 107 12.8 1.3 x 107" 12.3

the JTT model can be rejected for the datasets used. It
therefore seems prudent in this case to take the conser-
vative view and to reject only those hypotheses which
were consistently rejected in all SOWHL tests; i.e., the
3PL, 2HL, 2NL and 2PL hypotheses.

Method 2: Bayesian Test Results

All results of the Bayesian analyses are shown in
Table 2 and the Bayes factors comparing support for
different hypotheses are shown in Table 3. Bayes fac-
tors comparing different hypotheses were similar in the
Bayesian runs which assumed different models of pro-
tein evolution (either JTT or WAG), so for brevity Table
3 shows only the results from the runs which assumed
the WAG replacement matrix. As with the SOWHL tests,
Goldman-Cox tests indicate that neither the WAG nor the
JTT model can be rejected when applied to the complete
dataset (P = 0.55 and P = 0.64, respectively).

Unconstrained Bayesian analysis.—In the unconstrained
Bayesian analyses, the support for each hypothesis is
somewhat sensitive to the assumption of a particular
model of evolution (compare the “support” for JTT and
WAG, Table 2); however, the relative support for differ-
ent models is largely similar. Bayes factor (BF) values
comparing those hypotheses (4PL, 3NL, 3HL, 3PL) that
had posterior probabilities greater than zero are shown

TABLE 3. Bayes factors comparing different models of Hox and
ParaHox gene evolution (unconstrained analysis). Positive values indi-
cate support for the model i, whereas negative values indicate support
for model j. Posterior odds used to calculate Bayes factors were de-
rived from an unconstrained Bayesian MCMC using the WAG amino
acid replacement matrix.

Model i
4PL 3NL 3PL 3HL
Model j
4PL — 2.3 -5.0 1.2
3NL 2.3 — 7.3 -1.0
3PL 5.0 7.3 — 6.2
3HL -1.2 1.0 -6.2 —

in Table 3. These BF values show that the 3PL hypothe-
sis can be confidently rejected: all BF values in the 3PL
column are negative and less than 5, indicating strong ev-
idence against this hypothesis when compared to each
other hypothesis. Comparison of the BF values of the re-
maining hypotheses indicates that it is not possible to
distinguish between the 4PL, 3NL, and 3HL hypotheses,
as no single hypothesis shows strong support over the
other two.

Trees supporting some hypotheses (namely the 2NL,
2HL, 2PL, and TD hypotheses) were not observed in
the sample of the posterior distribution of topologies,
regardless of the model of evolution assumed. The pos-
terior probability of these hypotheses is therefore zero.
In these cases, a bound was placed on the support level
by calculating the support that would have resulted if
one instance of each hypothesis had been observed in
the posterior sample of topologies (i.e., the bound of the
posterior probability is 1/500,000). For instance, in the
case of the two-ProtoHox hypotheses (2NL, 2HL, and
2PL), it can be shown that the support must be less than
41.8 in each case (Table 2). This approach can also be
used to place bounds on the BF values comparing the
two-ProtoHox hypotheses to other hypotheses of Hox
and ParaHox gene evolution.

Placing bounds on the BF values for hypotheses with
posterior probabilities of zero suggests that there is al-
most always strong evidence against the two-ProtoHox
hypotheses (2NL, 2HL, and 2PL) in favor of alternative
hypotheses: in the JTT analysis the 2NL, 2HL, and 2PL
hypotheses would be rejected in favor of the 3HL hy-
pothesis (BF > 4.9), and in the WAG analysis they would
be rejected in favor of the 4PL (BF > 4.2), 3NL (BF > 6.5),
and 3HL (BF > 5.4) hypotheses. We can therefore confi-
dently reject the 2NL, 2HL, and 2PL hypotheses in favor
of other hypotheses.

Constrained Bayesian analysis—Unfortunately, placing
bounds on the BF value is uninformative for the TD hy-
pothesis, as knowledge of the support value is restricted
to the observation that it must be below 429.9, which
precludes meaningful comparison with other values
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(Table 2). In the constrained Bayesian analysis, the TD
hypothesis is shown to have some support. However,
the value of the support for the TD hypothesis (12.8 us-
ing the JTT model, and 12.3 using the WAG model) in
the constrained analysis is far lower than that achieved
for many other hypotheses in the unconstrained analy-
ses (4PL, 3NL, 3PL, 3HL, which have support >40). The
comparison of these values suggests that the TD hypoth-
esis has considerably less support from the data than any
of the 4PL, 3NL, 3PL, or 3HL hypotheses.

In summary, the comparison of support values for all
of the Bayesian analyses indicates that five of the eight
hypotheses tested can be rejected in favor of the 4PL,
3NL, and 3HL hypotheses. Comparison of the support
values for the 4PL, 3NL, and 3HL hypotheses using BF
values indicates thatitis not possible to reject any of these
three hypotheses in favor of any others of the three.

DISCUSSION

There are a number of viable hypotheses in the lit-
erature concerning the early evolution of the Hox and
ParaHox clusters. The results from the ML analysis pre-
sented here show that the best overall tree recovered (and
the hypothesis of Hox and ParaHox gene evolution that
tree supports) was sensitive to small adjustments in both
the model of evolution and the dataset used. These ob-
servations go some way to explaining the large number
of hypotheses of Hox and ParaHox gene evolution cur-
rently discussed in the literature.

In this study, we compared the support for different
hypotheses of Hox and ParaHox gene evolution directly,
using two contrasting statistical methods (one ML and
one Bayesian) that account for phylogenetic uncertainty
in different ways. In the ML approach, we generated all
possible trees consistent with eight different hypotheses
of Hox and ParaHox gene evolution (Fig. 1) and assessed
the likelihood of each of these trees. We then compared
hypotheses by comparing the ML trees from different hy-
potheses using a parametric bootstrap. In the Bayesian
analysis, we assessed the degree to which each hypothe-
sis was over- or underrepresented in the posterior distri-
bution of trees, and compared hypotheses using Bayes
factors.

The results of both the ML and Bayesian analyses are
largely congruent. In the ML analyses, results of the
statistical tests between topologies were consistent re-
gardless of assumptions made. In particular, the results
indicate that the 3PL, 2HL, 2NL, and 2PL hypotheses are
consistently rejected regardless of the model of evolution
assumed or the dataset used. Similarly, in the Bayesian
analysis, the results allow us to reject the 3PL, 2HL, 2NL,
2PL, and TD hypotheses in favor of the 4PL, 3HL, and
3NL hypotheses.

The most conservative interpretation of these results
is to reject only those hypotheses that were consistently
rejected in all tests; i.e., the 3PL, 2HL, 2NL, and 2PL hy-
potheses. In this case, we would conclude that there is
sufficient phylogenetic signal in the homeodomain to re-
ject the all hypotheses in which the ProtoHox cluster con-

tained two genes and the hypothesis that the ProtoHox
cluster contained three genes with a subsequent loss of
one ParaHox gene. However, the case of the TD hypothe-
sisis difficult—it was rejected in two out of three SOWHL
tests, and it was rejected in the Bayesian analysis. We be-
lieve that the failure to reject the TD hypothesis in one of
the SOWHL tests is due to the inherent assumption of the
SOWHIL test that one particular topology (in this case, the
ML topology) is sufficient to represent a given hypothe-
sis. A number of observations point to this not being the
case for our data. The results from the Bayesian analyses
(not shown) indicate that the tree with the highest poste-
rior probability in any analysis was visited a total of nine
times in 500,000 samples of the MCMC and that the ma-
jority of trees in sample of the posterior distribution were
visited only once. These results indicate that there is no
overwhelming support for any one tree in the analysis,
and therefore that a given ML tree is unlikely to be a fair
representation of a given hypothesis. That is, the phy-
logenetic uncertainty in the data may well preclude the
assumption of any one particular tree as a reasonable
representation of the true state of affairs. The Bayesian
analysis does not rest on the assumption that one par-
ticular tree is the best or representative tree for a given
hypothesis. Rather, it explicitly allows all possible trees
for each hypothesis to contribute to the support for that
hypothesis, essentially integrating over the phylogenetic
uncertainty in the data. We therefore suggest that the re-
jection of the TD hypothesis in two of the three SOWHL
tests and in the Bayesian analysis is sufficient evidence
on which to reject the TD hypothesis.

We conclude that despite the very limited sequence
data available to assess hypotheses of Hox and ParaHox
gene evolution, it is nevertheless possible to make infer-
ences about evolutionary processes that occurred over
500 million years ago. We are able to reject five out of
eight hypotheses of Hox and ParaHox gene evolution,
and conclude that the ProtoHox cluster did indeed exist
and that it contained either three or four genes before it
duplicated to form the Hox and ParaHox clusters.

The inability to distinguish between three different
hypotheses of Hox and ParaHox gene evolution (4PL,
3NL, and 3HL) might be remedied by the use of a larger
dataset of Hox and ParaHox genes than is used here;
however, we think this is unlikely. Rather, it seems plau-
sible that the phylogenetic signal contained in the sixty
amino acid homeodomains is simply insufficient to dis-
tinguish between certain similar hypotheses of Hox and
ParaHox gene evolution, largely as a result of the degra-
dation of the phylogenetic signal over 500 million years
of evolutionary time. That is, the inability to distinguish
between certain hypotheses is probably not down to a
lack of power but rather down to a lack of reliable sig-
nal. One approach to distinguishing the three remain-
ing hypotheses is to consider the number of gene losses
and gene duplications that they require. In this case, one
might prefer the 4PL and 3NL hypotheses (which require
two loss/duplication events each) to the 3HL hypoth-
esis (which requires four loss/duplication events; see
Fig. 1). Another possible approach to extract more of the
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remaining phylogenetic signal from the homeodomains
would be to develop evolutionary models that are specif-
ically tailored to the homeodomain. The models used
here were estimated using extremely large datasets of
proteins and therefore represent a rather coarse-grained
view of the probability of one amino acid being replaced
by another over evolutionary time. Although elegant ap-
proaches exist for the inference of tailored models of
amino acid replacement (Lartillot and Philippe, 2004)
their application here is again hampered by the very lim-
ited sequence data available.
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