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DIFFERENT GYMNOSPERM OUTGROUPS HAVE (MOSTLY)
CONGRUENT SIGNAL REGARDING THE ROOT OF FLOWERING
PLANT PHYLOGENY!
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We examined multiple plastid genes from a diversity of gymnosperm lineages to explore the consistency of signal among dif-
ferent outgroups for rooting flowering plant phylogeny. For maximum parsimony (MP), most outgroups attach on a branch of the
underlying ingroup tree that leads to Amborella. Maximum likelihood (ML) analyses either root angiosperms on a nearby branch
or find split support for these neighboring root placements, depending on the outgroup. The inclusion of two species of Hydatel-
laceae, recently recognized as an ancient line of angiosperms, does not aid in inference of the root. Cost profiles for placing the
root in suboptimal locations are highly correlated across most outgroup comparisons, even comparing MP and ML profiles. Those
for Gnetales are the most deviant of all those considered. This divergent outgroup either attaches on a long eudicot branch with
moderate bootstrap support in MP analyses or supports no particular root location in ML analysis. Removing the most rapidly
evolving sites in rate classifications based on two divergent angiosperm root placements with Gnetales yields strongly conflicting
root placements in MP analysis, despite substantial overlap in the estimated sets of conservative sites. However, the generally high
consistency in rooting signal among distantly related gymnosperm clades suggests that the long branch connecting angiosperms

to their extant relatives may not interfere substantially with inference of the angiosperm root.
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The radical rerooting of the crown clade of flowering plants
around the branch leading to Amborella trichopoda, Amborel-
laceae (and perhaps the water lilies, Nymphaeaceae) was argu-
ably one of the most exciting new findings to emerge since the
dawn of plant molecular systematics—although for a new gen-
eration of plant biologists it has fast become basic textbook
knowledge (e.g., Raven et al., 2005; Judd et al., 2008). This
realignment was coupled with the recognition that Austrobai-
leyales, a small group of woody taxa, is the probable sister
group of most other angiosperms (/Mesangiospermae; Cantino
et al. 2007). The root node defines the ancestor of all living
angiosperms and thus indicates the correct order of the deepest
splits in crown angiosperm phylogeny, which is critical for re-
constructions of character evolution and for estimating the timing
and rate of early diversification events. The “circa-Amborella”
root placement and our revised understanding of the remainder
of the angiosperm backbone continue to trigger re-evaluations
of comparative data in diverse fields of plant biology, from pa-
leobotany and morphology to ecophysiology and plant genom-
ics (e.g., Friis et al., 2006; Feild and Arens, 2007; Doyle, 2008;
Endress, 2008; Soltis et al., 2008; also see various articles in
this issue).

A flurry of publications (Mathews and Donoghue, 1999,
2000; Parkinson et al., 1999; Qiu et al., 1999, 2000; Soltis et al.,
1999, 2000; Barkman et al., 2000; Graham and Olmstead,
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2000a, b; Graham et al., 2000) followed the initial announce-
ment of the reordered angiosperm tree (at the XVI Interna-
tional Botanical Congress, St. Louis, Missouri, USA, 1999).
These findings have been widely accepted because of the over-
all consistency of results among different studies, which rep-
resented a broad array of taxon samplings, gene and genome
samplings, and analytical methods. Further support and refine-
ment has come from studies that considered additional loci
and approaches (e.g., Qiu et al., 2001, 2005, 2006; Zanis et al.,
2002; Borsch et al., 2003; Hilu et al., 2003; Nickerson and
Drouin, 2004; Miiller et al., 2006) and from combined analysis
of molecular and morphological data (e.g., Doyle and Endress,
2000). While there is still a dearth of support from morphol-
ogy for any particular root of angiosperms (although see
Doyle, 2008), this is likely a function of the large morphologi-
cal distance separating extant angiosperms from related seed
plants. Our current understanding of angiosperm morphology
appears to be readily reconcilable with the revised root of
flowering-plant phylogeny (e.g., Endress and Doyle, 2009, pp.
22-66 in this issue). These molecular systematic findings on
the early diversification of the extant angiosperms were capped
by the recent discovery, based on plastid, nuclear, and mor-
phological data, that Hydatellaceae, a small and poorly known
family of diminutive aquatic plants traditionally thought to be
monocots, are actually the sister group of the water lilies
(Saarela et al., 2007). This result has added a significant new
strand to our understanding of the morphological diversity of
the lines that descended from the earliest evolutionary splits in
the crown angiosperms (e.g., Friis and Crane, 2007; Rudall
et al., 2007, 2008; Friedman, 2008; Remizowa et al., 2008;
Sokoloff et al., 2008).

The report of a rooting of angiosperms away from Amborella
and along the line leading to grasses (Goremykin et al., 2003,
2004, 2005) created a subsidiary stir (e.g., Soltis and Soltis,
2004; Soltis et al., 2004; Martin et al., 2005; Lockhart and
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Penny, 2005). However, it quickly became apparent that this
minority report was likely a consequence of the small and taxo-
nomically skewed sample of whole plastid genomes available,
which evidently caused artefactual attraction between long, un-
divided branches in the ingroup and outgroup. The branch con-
necting angiosperms to other seed plants is particularly lengthy,
and only one seed plant outgroup (Pinus) was available at the
time. In addition, one of the most heavily sampled angiosperm
clades in these studies, the grasses, is well known to have an
elevated substitution rate (e.g., Gaut et al., 1992), resulting in
substantially longer branches than for most other groups of
monocots (e.g., Graham et al., 2006). All subsequent phyloge-
netic analyses of angiosperms using whole plastid genomes
have had denser samplings, including improved samplings of
monocots and other key lineages absent in the studies of Gore-
mykin et al. (2003, 2004, 2005). They consistently uphold a
root on the branch leading to Amborella, or to Amborella and
water lilies, using a variety of analytical methods (e.g.,
Stefanovi¢ et al., 2004; Leebens-Mack et al., 2005; Cai et al.,
2006; Hansen et al., 2007; Jansen et al., 2007; Moore et al.,
2007; Mardanov et al., 2008). This supports the conjecture of
Soltis and Soltis (2004), Stefanovi¢ et al. (2004) and Leebens-
Mack et al. (2005) that the grass rooting of angiosperms seen by
Goremykin and colleagues was primarily a function of strong
long-branch attraction between ingroup and outgroup taxa (see
Felsenstein, 1978; Hendy and Penny, 1989), in turn a conse-
quence of too-limited taxonomic sampling.

The high degree of congruence concerning the root of flow-
ering plant phylogeny from nearly all molecular phylogenetic
studies is reassuring. Nonetheless, we should pay attention to
the possibility that the broad convergence in analyses of avail-
able data might mask subtle (or perhaps not so subtle) patho-
logical behavior in inferences of the root of angiosperm
phylogeny, reflecting imperfectly understood long branch ef-
fects, or imperfectly modeled molecular evolution on these
branches (e.g., Matsen and Steel, 2007). In simulation studies
of rapid radiations subtended by long outgroup branches, Hol-
land et al. (2003) and Shavit et al. (2007) pointed out that arbi-
trarily long DNA sequence alignments can give misleading
results, even when the methods used are statistically consistent
(note that consistency is a property of infinitely large data sets).
They also reminded us that the mathematical behavior of long
branches is still poorly understood outside relatively limited
analytical examples involving a handful of taxa. In general,
rapid radiations subtended by long outgroup branches can be
difficult to resolve satisfactorily (e.g., Graham et al., 2002;
Rodriguez-Ezpeleta et al., 2007; Murdock, 2008). For angio-
sperms, Zanis et al. (2002) noted the possibility that some out-
groups may have a higher ratio of noise to phylogenetic signal
than others, and at least one of the major (and the longest of all)
outgroup branches, Gnetales, is well known to “misbehave” in
seed plant phylogenetic inference using molecular data (e.g.,
Burleigh and Mathews, 2004; Mathews, 2009, pp. 228-236
in this issue). This raises the possibility that this outgroup (at
least) might provide aberrant estimates of the root of angio-
sperm phylogeny. Even slight systematic bias may become
magnified in these situations (Hedtke et al., 2006).

Simulation studies have generally shown that dense taxon
sampling helps to minimize long-branch attraction artefacts
and improves accuracy (e.g., Hillis, 1998; Zwickl and Hillis,
2002; Hillis et al., 2003; Hedtke et al., 2006). However, there
are well-defined upper limits as to how far taxonomic sam-
pling can be improved in molecular studies regarding the root
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of flowering plant phylogeny, because extinction has signifi-
cantly pruned much of the early diversity of angiosperms and
of the major seed plant clades in general (e.g., Rothwell and
Stockey, 2002; Crane et al., 2004; Mathews, 2009). Arguably,
most molecular studies that have addressed the issue do have
an appropriate sampling of the diversity of the early crown
angiosperm lines. However, it is surprising that no study to
date has systematically examined the effect of variable out-
group sampling. This should be a point of some concern be-
cause most published studies have a relatively low density of
the few gymnosperm lines that have persisted to the modern
day (e.g., currently no more than three for the whole plastid
genome studies cited earlier). While a low number of out-
groups (perhaps even one) may prove to be adequate, the con-
sistency of the signal among available outgroups regarding the
placement of the angiosperm root would benefit from further
study.

Since we first published on the question of the root of the
flowering plants (Graham and Olmstead, 2000b; Graham et al.,
2000), we have accumulated a large number of outgroup taxa
for a comparable gene sampling (17 plastid genes), represent-
ing all of the major lineages (cycads, Ginkgo, Gnetales, and two
major lines of conifers, Pinaceae and /Cupressophyta; the slash
before the latter major clade of conifers indicates that it is a
non-Linnean name; Cantino et al., 2007) with reasonably ex-
tensive sampling densities in most cases (Rai et al., 2003, 2008;
Zgurski et al., 2008). In principle, different gymnosperm out-
groups provide at least partly independent estimates of the root
of flowering plant phylogeny, because the path (sum of
branches) between a given outgroup terminal and the angio-
sperm root is only partly shared with other outgroups (see Gra-
ham et al., 2002, for a comparable example in monocots). We
therefore use different outgroup combinations here to assess
whether they provide substantially different signals concerning
the root of angiosperm phylogeny and whether adding a dense
sampling improves our confidence in the results. We also in-
cluded an additional member of Hydatellaceae and examined
the effect of removing rapidly evolving characters in a likeli-
hood-based classification of site rates for one outgroup that is
potentially especially problematic, Gnetales.

MATERIALS AND METHODS

Taxonomic and genomic sampling—The plastid matrix considered here
includes 66 seed plant representatives (30 angiosperms and 36 gymnosperms),
representing all major lineages. The regions examined are those considered in
Saarela et al. (2007), comprising atpB, rbcL, 10 photosystem II genes (psbB,
psbC, psbD, psbE, psbF, psbH, psbJ, psbL, psbN, psbT), three ribosomal pro-
tein genes (rpl2, 3'-rpsi2, rpl2), two NADH dehydrogenase subunit genes
(ndhB and ndhF), and several conservative noncoding regions (one intron each
in ndhB, rpl2, and 3'-rpsi2; the intergenic spacers between 3'-rpsi2 and rps7,
and between ndhB and trnL[CAA]). Collectively, these represent approxi-
mately one tenth of the plastid genome. The final matrix is included as online
material (Appendix S1, see Supplemental Data with the online version of this
article). Sequences from Trithuria filamentosa Rodway, Hydatellaceae (T.
Feild 210 (TENN); GenBank numbers (FJ514801-FJ514808) are new here;
source details and GenBank numbers for the other taxa are in Graham and Ol-
mstead (2000a, b); Graham et al. (2006), Rai et al. (2003, 2008), Saarela et al.
(2007) and Zgurski et al. (2008). Methods of DNA extraction, amplification,
sequencing, and alignment follow Graham and Olmstead (2000b), Graham et
al. (2000, 2006) and Rai et al. (2003, 2008).

Phylogenetic analyses—We used PAUP* version 4.0b10 (Swofford, 2002)
for the maximum parsimony (MP) analyses, performing heuristic MP tree
searches with 100 random addition replicates, but otherwise using the default



218 AMERICAN JOURNAL OF BOTANY

settings in the program PAUP* (e.g., tree-bisection-reconnection [TBR]
branch-swapping). For ML analysis, we determined the optimal maximum like-
lihood (ML) model for the angiosperms using the hierarchical likelihood ratio
test (hLRT) and the Akaike information criterion (AIC), as implemented in the
program ModelTest version 3.7 (Posada and Crandall, 1998). The GTR + " +1
model was supported as the optimal DNA substitution model by both methods
(this model assumes a general-time-reversible [GTR] rate matrix with the pro-
portion of invariable sites [I] considered, and with among-site rate variation
accounted for using the gamma [I'] distribution). Because there is unlikely to be
a decrease in model complexity with the addition of distant outgroup taxa, we
used this model for all ML analyses performed here, estimating model param-
eters during ML analysis, but using empirical estimates of the base frequencies.
We used the program PhyML version 3.0 (an updated version of 2.4.4, Guindon
and Gascuel, 2003, website at http://www.atgc-montpellier.fr/phyml) for ML
heuristic tree searching with default search settings (i.e., a BIONJ starting tree
and nearest-neighbor interchange [NNI] branch-swapping) and used PAUP*
for the ML versions of the tree rooting experiments outlined later.

Bootstrap support for optimal and nearly optimal root placements—We
estimated MP and ML branch support using nonparametric bootstrap analysis
(Felsenstein, 1985) for 100 bootstrap replicates, using the general search set-
tings noted already, but with a single random addition replicate per bootstrap
replicate for parsimony analysis. For branches of interest with less than 50%
bootstrap support, we inferred support values from the bootstrap bipartition
log in PAUP*. We generated a comparable log for the ML analyses by con-
verting the PhyML bootstrap tree output to Newick format to allow calculation
of a majority-rule consensus in PAUP*. We repeated tree searches using a
variety of outgroup combinations. We employed as outgroup taxa, respec-
tively, 10 cycads, 18 /Cupressophyta conifers (i.e., all sampled conifers ex-
cluding Pinaceae), three Gnetales, Ginkgo alone, four Pinaceae, and all 36
gymnosperms together; all analyses included the same 30 ingroup (angio-
sperm) taxa. We used these different combinations to determine whether the
choice of outgroup had an effect on the inference of the optimal root, and with
what support.

Shimodaira—Hasegawa tests of optimal and nearly optimal root place-
ments—The underlying angiosperm topology inferred with MP and ML with
all 36 outgroups included is identical, when pruned of these outgroups, to the
MP tree inferred with no outgroups (see Results). We rerooted this angiosperm
topology to examine whether several nearly optimal roots were significantly
worse than the optimal one using the Shimodaira—Hasegawa (SH) test (Shimo-
daira and Hasegawa, 1999) implemented in PAUP* to compare the resulting
tree scores (see Saarela et al., 2007, for details). We repeated this comparison
for six different outgroups (cycads, /Cupressophyta, Gnetales, Ginkgo,
Pinaceae, all gymnosperms). The outgroup subtree topologies (“clades”) as-
sumed in each case are as follows: the cycad subtree in Zgurski et al. (2008,
their Fig. 2) pruned of two floating taxa (Bowenia and Stangeria); the /Cu-
pressophyta subtree in Rai et al. (2008), Ginkgo by itself, the Gnetales and
Pinaceae subtrees in Rai et al. (2008), and the entire gymnosperm subtree
shown in Fig. 2 here.

Generating cost profiles for all possible roots of the 30-taxon subtree—We
also assessed the cost of forcing the angiosperm root to increasingly suboptimal
locations for all possible branches on the unrooted subtree noted before, repeat-
ing these analyses using two different optimality criteria (MP vs. ML) for the
six different outgroups, and for two MP comparisons using Gnetales where we
focused on conservatively evolving sites (discussed later). We first generated
the 57 possible angiosperm roots for the 30-taxon unrooted angiosperm tree
[number of possible roots = (2 x number of taxa) — 3 branches] using the “All
rootings” option in MacClade v. 4.03 (Maddison and Maddison 2001). Each
tree file (containing the 57 possible roots) was then edited so that the spliced
stem branch of an outgroup subtree was reattached to the different root nodes,
with tree files set up for each of the six outgroups considered (i.e., the same
outgroup subtrees used for the SH tests). Trees generated from MacClade are
truly rooted (i.e., time-irreversible), and so we converted them to “unrooted”
trees in PAUP* to permit the use of time-reversible criteria such as the GTR
DNA substitution model for ML analysis and unordered (Fitch) parsimony. For
these criteria, the root of a given subtree is a matter of perspective, given exter-
nal knowledge about how the presumptive ingroup and outgroups attach to the
rest of the tree of life (PAUP* and PhyML make no assumptions about where
the root of a given taxon set lies during tree-searching using time-reversible
criteria, even when an outgroup is “defined.”). However, since we can safely
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assume that the root of the seed-plant tree as a whole does not lie within extant
angiosperms, the point of connection between angiosperms and outgroups
(gymnosperms) provides certainty over the local arrow of time, and so it defines
the root of the angiosperms as a whole.

Effect of removing rapid sites on root inference using Gnetales—As Gnetales
are a particularly divergent seed plant outgroup (see Results), we explored
whether rooting preferences using this three-taxon outgroup were substantially
affected by removing sites inferred to be very rapidly evolving, at least accord-
ing to a ML-based rate method for classifying the rate class of each aligned site.
We employed the program HyPhy version 0.99 beta (Kosakovsky Pond et al.,
2005; version released on 8 December 2006) to partition the matrix into differ-
ent rate classes, given a GTR model and using two different user-supplied trees.
As two extremes, we considered site-rate classifications based on the angio-
sperm subtree considered earlier, but rooted with Gnetales at the optimal
MP root of angiosperms in this case (i.e., a long terminal branch leading to
Arabidopsis; see Results), or at the branch leading to Amborella. HyPhy
assigns each aligned nucleotide to its most likely individual rate category (e.g.,
for nine classes, RCO represents sites with no change and RC8 the fastest sites).
We deleted the two fastest rate classes (RC7 and RC8) and re-ran the MP analy-
ses described using the remaining (and more conservative) characters (i.e.,
RCO-RC6).

Generating and comparing root cost profiles—Each tree file (representing
a given outgroup choice) was input in PAUP* in turn. We used the “Tree
scores” option to calculate the cost (tree length) for all 57 possible roots in that
profile, repeating this for MP and ML. Logs of root scores were edited and input
into the program Excel (Microsoft, Redmond, Washington, USA). We visually
compared a given pair of profiles of these root cost profiles (sets of 57 MP or
ML tree scores, representing multiple points of attachment of a particular out-
group to the ingroup) using bivariate scatter plots. For example, we compared
the profile of ML rooting costs along different parts of the angiosperm back-
bone using Gnetales as an outgroup vs. using Ginkgo as an outgroup. We also
calculated the correlation coefficient, r, for each pair of root cost profiles (see
Graham et al., 2002). For six outgroups and two phylogenetic criteria (MP and
ML) plus the two MP comparisons for Gnetales made after removing rapidly
evolving sites, there are (14 x 14) — 14 = 182 unique pairwise comparisons of
root cost profiles. We depict a subset of these as scatter plots below. This subset
was chosen to display the range of correlation scores that we observed. Using
(1 —r) as a pairwise distance metric between root cost profiles, we then inferred
aneighbor-joining (NJ) tree using the Neighbor module of the program PHYLIP
3.67 (Felsenstein, 2007) to visually summarize the overall relationship among
all 182 pairwise comparisons.

RESULTS

When the trees recovered from MP analyses using different
outgroups are pruned of all outgroups, they yield a single angio-
sperm subtree topology (a rooted version of this tree is shown
in Fig. 1). This tree places monocots as the sister group of (eu-
dicots + Ceratophyllum), and Chloranthaceae as the sister group
of magnoliids. Chloranthaceae plus magnoliids were then sister
to the clade consisting of monocots, eudicots, and Ceratophyl-
lum. Almost all the branches in this tree have consistently mod-
erate (270%) to strong (=90%) bootstrap support from MP
analysis across all outgroup combinations (most not presented
here, but values for the case with all 36 outgroups included are
shown in Fig. 1, along with the results when no outgroups were
included). Most of the ML analyses using different outgroup
combinations inferred an angiosperm subtree that was identical
to this tree, except that it depicts (eudicots + Ceratophyllum) as
the sister group of (magnoliids + Chloranthaceae), with mono-
cots sister to all of these. However, these arrangements were
poorly supported by all ML bootstrap analyses (not shown),
and the ML analysis that include all 36 gymnosperm outgroups
recovered the core angiosperm topology seen in the MP analy-
ses (Fig. 2), albeit rooted in a different position from the equiv-
alent MP analysis using these outgroups (Fig. 1).
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Fig. 1. Rooted maximum parsimony (MP) phylogeny of flowering plants inferred from 17 protein-coding plastid genes and six associated noncoding

regions using all 36 outgroups depicted in Fig. 2 (all trimmed here). Bootstrap values above branches from maximum likelihood (ML) analysis; those below
branches from MP analysis (left: with outgroups included; right: outgroups excluded). Strongly supported branches (=90% support) indicated in bolder
font. Two branches around root are absent in unrooted tree (na: bootstrap support not applicable). The optimal rooted ML tree for angiosperms is identical
to this topology, apart from placement of root (note circled values). For comparison, the ML root arrangement (depicted in Fig. 2) has 55% ML bootstrap

support and negligible MP bootstrap support (see Table 1).

Bootstrap support for major outgroup branches in the analy-
sis that included all 66 taxa was generally very strong (for ML
bootstrap values of major clades see Fig. 2). However, the posi-
tion of Gnetales relative to the two major clades of conifers,
Pinaceae and /Cupressophyta, was only weakly supported. The
best ML tree placed Gnetales as the sister group of /Cupresso-
phyta, with <50% support (Fig. 2). In contrast, the best MP tree
(not shown in full) placed Gnetales as the sister group of
Pinaceae, with moderate support (71% for the branch connect-
ing Pinaceae and Gnetales, with the monophyly of both taxa
well supported). The branches in Gnetales are among the lon-
gest in the seed plants, rivaled in length only by the well-sup-
ported branch connecting angiosperms to gymnosperms (which
is marked as the “angiosperm stem branch” here; Fig. 2). Most
branches within the angiosperms were also well supported
(boldface numbers in Fig. 1).

Levels of bootstrap support in angiosperms were generally
highly consistent across analyses, regardless of the phyloge-
netic criterion (MP vs. ML; Fig. 1), and regardless of whether
outgroups were included or not (e.g., Fig. 1). Apart from the

relative arrangement of eudicots, Ceratophyllum and monocots
(discussed before), the main inconsistency concerns the posi-
tion of the root of the angiosperms. In most parsimony analy-
ses, Amborella was inferred to be the sister group of the
remaining angiosperms (see underlined values in Table 1), gen-
erally with moderate to strong support (Table 1, Fig. 1), with
the next best-supported root placing Nymphaeales s.l. (water
lilies + Hydatellaceae) as the sister group of the remaining an-
giosperms. In contrast, most ML analyses yielded an optimal
tree in which a clade consisting of Amborella + Nymphaeales
s.l. was the sister group of the remaining angiosperms. The dis-
tinction between the bootstrap support values for the optimal
and next-best root placements for the ML analysis was gener-
ally less sharp than was the case for MP analysis (Table 1).

Shimodaira—Hasegawa tests comparing nearly optimal
roots—Although the (Amborella + Nymphaeales s.1.) root was
typically the best of the three for ML, it was statistically indis-
tinguishable from the next two best roots according to the SH
test, that is, when compared either to a clade consisting of
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Fig. 2. Unrooted maximum likelihood (ML) phylogeny of flowering plants (angiosperms) and gymnosperms, inferred from 17 protein-coding plastid
genes and six associated noncoding regions (=InL = 143436.87 [PAUP*] or 143 689.39 [PhyML]; branch lengths computed using PhyML). ML bootstrap
support values for major branches indicated beside branches (see Fig. 1 for values in angiosperms). Corresponding maximum parsimony (MP) trees (not
shown) are identical to this tree, apart from minor details in cycads and Podocarpaceae, the position of Gnetales (Gnetales are sister to Pinaceae for MP),
and the root of angiosperms (Amborella sister to remaining angiosperms for MP; Fig. 1). Angiosperm stem branch (“stem” assumes that root of extant seed
plants is located elsewhere among gymnosperms) and major clades of angiosperms are marked.

Nymphaeales s.1. as sister to the remaining angiosperms or to
Amborella alone (Table 2). Other suboptimal root placements
were statistically worse, but most outgroup combinations had
trouble distinguishing Austrobaileyales as a significantly worse
place to root the angiosperms than the optimal placement (Ta-
ble 2). This root was only definitively rejected when all 33 out-
groups were included as outgroups (Table 2). The relative
penalties for the suboptimal root positions considered in the SH
tests were generally smaller using Gnetales as an outgroup than
for any other combination considered here (Table 2).

Comparing root cost profiles across the ingroup tree—Con-
sidering all 57 forced root placements on the core angiosperm
subtree, there was a very strong linear relationship between the
costs inferred using different outgroups for a given optimality
criterion (e.g., Figs. 3, 5, 6; these specific comparisons were
chosen to visually demonstrate the range among the many pair-
wise comparisons made). All pairwise correlations in root cost

profiles were significant, but the weakest correlations were ob-
served when one of the root profiles under consideration was
for Gnetales (e.g., Figs. 7-10; note how these plots show con-
siderably more scatter than Figs. 3-6). These include signifi-
cant correlations in comparisons of each outgroup but using
different optimality criteria (MP vs. ML, e.g., Figs. 4 and 8 for
Ginkgo and Gnetales, respectively), although the amount of
scatter in the MP vs. ML comparison was again greatest for
Gnetales, of all outgroups considered here (Fig. 8 and see the
pairwise MP : ML distances for each outgroup taxon in Fig. 11).
The two outliers in all of the bivariate scatter plots represent
forced root placements on each of two sampled branches in Hy-
datellaceae. These branches apparently define a relatively re-
cent split, with the consequence that a high penalty must be
incurred to place the angiosperm root inside the family. Re-
moving these two outlier branches has essentially no effect on
any of the pairwise correlations estimated here (data not
shown).
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TaBLE 1. Bootstrap support for three optimal or nearly optimal roots of
flowering plants according to various outgroups, using maximum
likelihood (ML) and parsimony (MP); optimal root in corresponding
tree-rooting experiments is underlined. Unless noted, there is
100% bootstrap support for monophyly of angiosperms, for Nym
s.l. (Nymphaeales s.I. = water lilies and Hydatellaceae), and for
clade comprising /Mesangiospermae and Austrobaileyales. Amb =
Amborella; “=” = Not seen in bootstrap log (<5%). See text for
outgroup composition in each case.

Sister lineage to the remaining angiosperms

Outgroup used (phylogenetic

criterion) (Amb+Nym s.1.) Amb Nym s.L.
All outgroups (ML) 55% 32% 13%
All outgroups (MP) — 76% <249 *
Cycads (ML) 32% 57% 11%
Cycads (MP) — 81% <19%
/Cupressophyta (ML) 80% 20% —
/Cupressophyta (MP) — 93% 5% *
Gnetales (ML) ® <8% ¢ 7% —
Gnetales (MP) b — — —
Ginkgo (ML) 45% 38% 17%
Ginkgo (MP) — 84% <16% *
Pinaceae (ML) 85% 13% 2%
Pinaceae (MP) — 66% <32% *?

aMaximum values in these cases, because monophyly of Nymphaeales
s.l. (= water lilies and Hydatellaceae) has <100% MP bootstrap support
here (range: 70-96%); support for clade consisting of /Mesangiospermae
and Austrobaileyales ranges from 98 to 100% in these cases.

bBest supported root unclear for ML here, because of weak support for
multiple clades around root of angiosperms. For MP, best-supported root
places Arabidopsis as sister to other angiosperms, with 70% bootstrap
support.

¢Maximum value.

The NJ tree shown in Fig. 11 summarizes pairwise compari-
sons among all 182 possible comparisons. Most comparisons
fall close to the range shown in Figs. 3-6, except for those in-
volving Gnetales (e.g., note correlation coefficients on individ-
ual plots and compare to correlation-based distances in Fig. 11).
ML profiles involving all of the outgroups behave virtually in
lock-step in terms of rooting preferences, except for those based
on Gnetales (Fig. 11, and compare the example scatter-plots
shown in Figs. 5 or 6 to Figs. 9 or 10, respectively). The pair-
wise comparisons among the MP root profiles involving most
outgroup combinations were also very similar, but Gnetales
were again a substantial outlier (Fig. 11, and compare Figs. 3
and 7). However, a given ML cost profile for Gnetales was less
weakly correlated to those of other outgroups (for ML), than
the same MP root profile was to corresponding cases for MP
(Fig. 11).

The best MP root found using Gnetales as the outgroup was on
the long branch leading to Arabidopsis (i.e., within the eudicots;
not shown). This unusual arrangement was moderately well sup-
ported by bootstrap analysis (70% support). In contrast, the best
ML root for this outgroup was on the branch leading to Ambo-
rella (one of three marked in Figs. 9, 10), although there was
very poor ML bootstrap support for any particular relationship
among the major clades of angiosperms in this case (Table 1).

Rate classifications and root inference using Gnetales—When
the fastest site-rate classes (RC78) inferred using Gnetales as
an outgroup were removed from consideration, the resulting
MP root profiles (i.e., for RC06 based on either the Amborella
root favored in ML analysis using Gnetales or the improbable
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Arabidopsis root favored in MP analysis) were substantially
more similar to those inferred with ML analysis (for any out-
group), than to the MP analysis with all characters included for
Gnetales (Fig. 11). Despite this apparent convergence, the two
different RCO06 rate classifications yielded strongly supported
but conflicting MP trees (not shown). The RC06 classification
based on the Gnetales root at Amborella strongly favored an
Amborella root placement for this outgroup (95% MP boot-
strap support), whereas one based on the Arabidopsis rooting
strongly favored an Arabidopsis root (98% MP support). It ap-
pears that relatively few characters led to inference of these
contrasting arrangements; of 1406 variable characters found
across the two RCO06 classifications, only 13 and 20 sites are
unique to each one (i.e., for classifications based on the a priori
Gnetales root assignments for Amborella vs. Arabidopsis roots,
respectively).

DISCUSSION

The especially long branch separating extant angiosperms
and gymnosperms in all molecular phylogenies is a function of
the extended time since their most recent common ancestor,
the repeated thinning of intervening lineages by extinction and
perhaps also of elevated substitution rates along this branch.
Graham et al. (2002) noted that increasing the sampling among
the most closely related outgroups should increase our ability
to discriminate the root of an ingroup, when outgroups and
ingroup are distantly related to each other (see also Shavit
et al., 2007); this is not unexpected given the general improve-
ment expected in phylogenetic accuracy with denser taxon
sampling (e.g., Zwickl and Hillis, 2002). However, given the
small number of major gymnosperm lines that have survived
to the present day, there may be limits to the improvement that
is possible here (e.g., Mathews, 2009). Nonetheless, there are
still four or five major seed plant outgroups that can be used as
somewhat independent estimators of the angiosperm root.
They can be considered partly independent because a good
fraction of the homoplasy that might mislead rooting the in-
group tree should have accumulated in different ways for each
outgroup, on the divergent branches neighboring the long an-
giosperm stem branch (marked in Fig. 2). Homoplasy de-
creases phylogenetic information (by removing states at sites
that would have been informative about the correct relation-
ship) and also potentially increases misinformation (due to the
accumulation of parallel substitutions). The latter effect is
more problematic because it may lead to long-branch attrac-
tion, but we might expect it to affect different outgroups in
somewhat different ways, assuming independent substitutions
following divergence from common outgroup ancestors. A
first step in determining whether there may be bias in the infer-
ence of the angiosperm root is therefore to characterize rooting
preferences for different outgroups. Encouragingly, the com-
parisons performed here show that there is significant correla-
tion among all the root cost profiles, regardless of outgroup or
phylogenetic criterion (MP vs. ML).

More remarkably, for most of the outgroup comparisons the
root cost profiles are nearly perfectly correlated when we use
ML as the optimality criterion (Figs. 5, 6, 11). We would expect
ML to be less affected by long-branch problems than MP (e.g.,
Anderson and Swofford, 2004). However, in most cases there is
also barely any more scatter in rooting preferences between
outgroups when using MP alone (see Fig. 3 for an example).
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TaBLE 2.  Shimodaira—Hasegawa tests of whether suboptimal roots of flowering plants are significantly different from optimal root one, according to
maximum-likelihood comparisons that consider various seed plant outgroups. Amb = Amborella; Nym s.1. = Nymphaeales s.l. (= water lilies +
Hydatellaceae); Hyd = Hydatellaceae; Nym s.s. = water lilies; Aust = Austrobaileyales. See text for outgroup composition in each case.

Increase in —InL for alternative root placements

Outgroup (=InL of best) (Amb+Nym s.1.) Amb Nym s.I. Hyd Nym s.s. Aust

All outgroups Best root 2.00 3.32 95.28%** 95.29%* 45.09*
(143436.87)

Cycads (85752.39) Best root 0.76 2.40 77.95%%* 77.95%%* 30.93~

/Cupressophyta Best root 2.63 6.04 85.01%* 85.23%* 27.25n
(115549.03)

Gnetales (83143.54) 0.601 Best root 1.43 39.12%* 39.12%%* 14.05

Ginkgo (79429.04) Best root 1.16 1.62 65.10%* 65.10%* 24.147

Pinaceae (82257.26) Best root 3.21 3.36 59.03%%* 59.03#* 16.38

Notes: ** P <0.001; * P <0.05. *: P<0.10

The modest divergence in rooting preferences between MP and
ML for a given outgroup (Fig. 11, and see Fig. 4 for an exam-
ple) indicates that parsimony and likelihood “see” the angio-
sperm root in somewhat different ways, even though they
largely agree on what they “prefer.” This is also reflected in
distinctive behavior of these two optimality criteria in terms of
bootstrap support for the angiosperm root. Ignoring Gnetales
for the moment, the MP bootstrap analyses tend to favor a sin-
gle root, the Amborella root, with moderate to strong support
(Table 1). In contrast, the ML bootstrap analyses are frequently
more “agnostic,” with little to separate an Amborella root or a
root on the lineage leading to (Amborella and Nymphaeales
s.l.), at least when cycads, Ginkgo, or the combination involv-
ing all 36 outgroups are used (Table 1). Graham et al. (2002)
suggested that outgroups with randomized signal may prefer
“terminal” (unbroken ingroup) branches rather than the “inter-
nal” branches on an unrooted tree, even when the latter are quite
long, which is perhaps an expression of a tendency toward cer-
tain tree topologies when outgroups are used to root rapid radia-
tions (Shavit et al., 2007). We wonder if a preference for an
Amborella root in most MP analyses here might therefore re-
flect a somewhat greater susceptibility to tree misinference for
this optimality criterion. In this regard, it is notable that MP
analysis provides no appreciable bootstrap support for the root
placement in which a clade consisting of Amborella + Nympha-
eales s.1. is the sister group of all other angiosperms (Table 1),
the root preferred in most ML analyses.

The outgroup that appears to be most divergent in its rooting
preferences, Gnetales, has no firm preference in ML analysis
(Table 2), but clearly prefers an incorrect root in MP analysis
(70% support for an angiosperm root on the branch leading to
Arabidopsis, one of the longest terminal branches in the ingroup
tree here). The “agnosticism” of ML analysis using a Gnetales
root seems desirable in this situation.

Removing the most rapidly evolving characters according to
likelihood-based site rate classifications improved the correla-
tion of MP root cost profiles for Gnetales as compared to other
outgroups (Fig. 11). Unfortunately, however, the starting tree
used to estimate these rate classes can have a strongly mislead-
ing effect on phylogenetic inference. Each set of rate classes
resulted in strong bootstrap support for the root placement that
was used to generate the rate classification (i.e., Arabidopsis vs.
Amborella, with 98% and 95% bootstrap support, respectively).
Both of these roots cannot be correct, and so at least one of
them must be strongly misleading. These contrasting rate clas-
sifications inferred nearly the same set of slowly evolving char-

acters (RCO06; see Results), but evidently the few characters that
they did not share were sufficient to mislead phylogenetic infer-
ence using parsimony. It should be of concern that a small
handful of characters from a large DNA sequence alignment
seems to be responsible for strongly misleading tree inference
in this situation. Because we do not know what the correct root
is in advance and different model trees affect the ML-based
site-rate classifications sufficiently to yield conflicting tree in-
ferences, using these classifications may not be a solution to the
misinference of the angiosperm root using Gnetales. Even if it
turned out that Gnetales are the sister group of angiosperms
among extant plants, a relationship recovered in most morphol-
ogy-based studies (e.g., Rothwell et al., 2009, pp. 296-322
in this issue, but see Doyle, 2006), we do not recommend using
them to root the flowering plant tree using molecular data be-
cause of their evident tendency to misinfer the root node of an-
giosperm phylogeny.

Most outgroups behaved very consistently in the inference of
the root node. However, we cannot definitively rule out the pos-
sibility that undetected DNA substitutional events on the angio-
sperm stem branch might have misled our ML analyses. If so, ML
models that take account of this complexity could provide a dif-
ferent answer to what we found here. For example, partitioned
likelihood analyses may be an improvement over the ML analy-
ses we performed. However, we generally find that different
character subpartitions of the plastid regions used here yield com-
parable phylogenetic results, even for older crown clades (e.g.,
cycads; Zgurski et al., 2008), and so we did not extensively ex-
plore this possibility. Nonetheless, we re-examined our correla-
tion results for one outgroup combination (all 36 outgroup taxa
considered simultaneously) by considering whether the first two
codon positions behave substantially differently than the third
codon position. These two data partitions exemplify quite distinct
DNA substitutional dynamics. The former data partition tends to
reflect nonsynonymous substitutions and is often considered to be
less “saturated” than the latter data partition, which largely com-
prises synonymous substitutions (e.g., Sanderson et al., 2000).
Despite these differences, a circa-Amborella root was the optimal
one for both data partitions; they marginally preferred a root plac-
ing Amborella and Nymphaeales as sister to other angiosperms
(data not shown). The two root cost profiles based on these codon
partitions were also highly correlated to each other (r = 0.853).

More complex substitutional processes may have occurred
that are not properly taken account of in partitioned likelihood
analyses (or in corresponding Bayesian analyses), such as het-
erotachy, a change in substitution rate parameters over time at



January 2009] GRAHAM AND [LES—ROOTING ANGIOSPERMS WITH DISTANT OUTGROUPS 223
13400 12400
r=0.993 - r=0.899 .
13200 12200
Cycads Ginkgo
(MP steps) . (MP steps) .
Se
13000 r'(" 12000 | !:!'.
& sl
] b o
b ®e e
o cg *
a_e a
12800 11800 ; ; ‘
11825 12025 12225 79350 79550 79750 79950 80150
Ginkgo (MP steps) Ginkgo (-InL)
86700 82825
86500 . i _ °
Cycads r=10.998 Pinaceae r=099
82625
(-InL) 86300 (-InL)
86100
o 82425
[} .o( s ; ’
) 0)
85900 ot - ”~
5 o a'_ .
85700 L —2€ 82225 ‘ . :
79400 79600 79800 80000 80200 79400 79600 79800 80000 80200
Ginkgo (-InL) Ginkgo (-InL)
Figs. 3—-10.  Cost of rooting angiosperms along different ingroup branches using Ginkgo (Figs. 3—6) or Gnetales (Figs. 7-10), compared to correspond-

ing penalties when alternative outgroups or contrasting optimality criteria (maximum parsimony [MP] vs. maximum likelihood [ML]) are considered.
Correlation coefficient, r, for each contrasted pair of root cost profiles noted (each is significant; df = 55; P < 0.01). Costs are total tree length (-InL for
ML; parsimony steps for MP) when stem branch connecting angiosperms to various gymnosperm outgroup combinations is attached on each of 57 possible
ingroup branches on unrooted version of angiosperm tree (Fig. 1). Three optimal or nearly optimal roots marked in each case: a = Amborella sister to other
angiosperms; b = Amborella + Nymphaeales s.l. sister to other angiosperms; ¢ = Only Nymphaeales s.1. sister to other angiosperms. 3. Contrasted angio-
sperm root cost profiles for Ginkgo (MP) vs. cycads (MP). 4. Contrasted angiosperm root cost profiles for Ginkgo (ML) vs. Ginkgo (MP). 5. Contrasted
angiosperm root cost profiles for Ginkgo (ML) vs. cycads (ML). 6. Contrasted angiosperm root cost profiles for Ginkgo (ML) vs. Pinaceae (ML).

all sites or subsets of them (Kolaczkowski and Thornton, 2004,
Philippe et al., 2005). Currently implemented models for these
kinds of substitutional process are likely unable to adequately
account for heterotachy as it occurs in real biological data, a
problem that will require development of better (more complex)
ML models. This is an unsolved problem in phylogenetic anal-
ysis (Gruenheit et al., 2008). However, our analyses across
most seed plant outgroups (except Gnetales) infer remarkably
parallel estimates of the root of angiosperm phylogeny, despite
considerable opportunities for the accumulation of misinforma-
tive sites and general reduction in signal in each gymnosperm
line (i.e., along the outgroup branches that are not shared among
them; Fig. 2). All of the seed plant outgroups except Gnetales
have virtually identical rooting preferences, particularly in ML
analysis (e.g., Fig. 11). Therefore, we speculate that poorly cor-
rected substitutional events along the angiosperm stem branch
were not severe enough to grossly mislead inference of the an-
giosperm root.

Nonetheless, we have also seen that small numbers of nucle-
otide differences from the site-rate classifications can lead to
quite divergent results, at least for Gnetales. This is clearly a
problematic outgroup taxon when used on its own, and so may
perhaps be disregarded. However, a moderately strong ML
bootstrap support for one root position (80-85% support for a
root along the branch leading to Amborella + Nymphaeales s.1.;
Table 1) when using Pinaceae or /Cupressophyta may be in-
dicative of the accumulation of more homoplasy in these diver-
gent outgroups (Table 1), rather than of more signal (see also
Table 2, where SH tests find no evidence for a convincing dif-
ference in root preference among three nearly optimal roots us-
ing these two outgroups). The ML bootstrap results for these
two outgroups can be contrasted with those for Ginkgo and cy-
cads, which in general are highly comparable to the 36-taxon
outgroup combination in terms of their overall performance
(Tables 1, 2; Fig. 11). It is possible that Ginkgo and cycads have
a reduced amount of accumulated homoplasy compared to
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7. Contrasted angiosperm root cost profiles for Gnetales (MP) vs. cycads (MP). 8. Contrasted angiosperm root cost profiles for Gnetales (ML) vs. Gn-
etales (MP). 9. Contrasted angiosperm root cost profiles for Gnetales (ML) vs. cycads (ML). 10. Contrasted angiosperm root cost profiles for Gnetales (ML)

vs. Pinaceae (ML).

Pinaceae and /Cupressophyta. If so, this would be consistent
with the lower rate of plastid genome evolution for the former
two lineages compared to other seed plants (Rai et al., 2003).

None of the outgroup combinations considered here can read-
ily discern among three nearly optimal root placements using SH
tests (Amborella; Amborella plus Nymphaeales; Nymphaeales).
Including an extra member of Hydatellaceae here did not help in
this regard compared to Saarela et al. (2007), where we only had
information for one taxon. This is perhaps because its inclusion
did little to break up the relatively long branch leading to a previ-
ously sampled member of this family. Clearly, the divergence
between these two taxa happened relatively recently. This may
reflect a relatively recent origin of the crown clade of Hydatel-
laceae. We are currently working on a densely sampled phylog-
eny of the family to address this possibility.

Resolving the root of the crown clade of angiosperms pro-
vides the arrow of time for angiosperm phylogeny; the unrooted
tree, in contrast, has no reference point for inferring the direction
of evolution. Accurate inference of the root node is therefore
pivotal to unraveling some of the mysteries surrounding the ori-
gin and early radiation of the flowering plants. On the whole, our
analyses suggest that the current near-consensus in published
studies regarding the root node of angiosperms (i.e., at or very

close to the branch leading to Amborella) is robust, because
most seed plant outgroups have highly congruent signal and the
one that does not (Gnetales) is clearly deviant in its behavior
within seed plant phylogeny. Nonetheless, definitive resolution
on this question may await the addition of more genes from mul-
tiple outgroup taxa. We should also be alert to the possibility
that better models of DNA sequence evolution may lead to the
detection of slight (or perhaps not so slight) systematic biases
too subtle to detect using current data and methods. Even a small
distortion may be sufficient to nudge the inferred root off course,
toward a nearby but incorrect position.

Turning the logic of the current study around, it is also worth
considering the possibility that inference of seed plant (or gym-
nosperm) relationships as a whole may be affected by different
samplings of angiosperms in phylogenetic analysis or even by
different plausible angiosperm roots. While this hypothesis is
worth testing, we predict that it is unlikely to have a major ef-
fect so long as angiosperms are sampled sensibly (i.e., by avoid-
ing long ingroup branches like Arabidopsis). The crown
angiosperms originated relatively recently (perhaps within the
last 130 Myr; Magallén and Castillo, 2009, pp. 349-365 in
this issue) and radiated very rapidly into the major extant lines,
whereas the five gymnosperm lineages considered here (and
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MP: Gnetales:
(RCO06-Arabidopsis root)

Fig. 11.

MP: Gnetales

Neighbor-joining tree summarizing dissimilarity (1 — pairwise correlation coefficient, r) of angiosperm root-preference profiles, for different

seed-plant outgroup combinations and two phylogenetic optimality criteria (ML, MP; maximum likelihood and parsimony, respectively). MP calculations
of root preferences using Gnetales as outgroup were performed using all the data and also using the seven slowest of nine rate classes (RC0-6), as deter-
mined in ML classifications based on two extreme root placements for Gnetales (i.e., with Amborella sister to all other angiosperms or Arabidopsis sister

to all other angiosperms).

seed plants as a whole) are all considerably older. Given the
different time scales involved in these radiations, there is likely
to be only limited opportunity for disruption of seed plant rela-
tionships as a whole by the minor but nonnegligible uncertainty
that we found concerning the placement of the root node of
angiosperm phylogeny.
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