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Abstract—Four molecular data sets are available for the diploid intersterile genera of the cereal
grain tribe Triticeae, and there are numerous differences among the four published trees. All six
pairwise combinations of data sets were examined using tree comparisons, the incongruence
length difference test, the Wilcoxon signed ranks test, and a permutation test. We describe some
advantages, disadvantages, and properties of the different comparison methods. Test results pro-
vide no evidence for significant differences in the phylogenetic signal among the three nuclear
data sets, with the exception of the placement of a single taxon. The chloroplast DNA restriction
site data, however, support a significantly different tree, and the differences probably reflect a
separate evolutionary history of the chloroplast genome. [Gramineae; incongruence length differ-
ence test; permutation test; phylogenetic congruence; Poaceae; T-PTP test; Triticeae; Wilcoxon

signed ranks test.]

The options for handling multiple phy-
logenetic data sets for the same taxa have
been the focus of increasing discussion in
recent years. The issue is not new, but it
has become of practical concern with the
greater availability of molecular data. Top-
ics of discussion have included measures
of dissimilarity among trees (e.g. Esta-
brook et al., 1985; Penny and Hendy, 1985;
Day, 1986; Lapointe and Leiendre, 1992)
and data sets (e.g., Mickevich and Farris,
1981; Templeton, 1983; Kluge, 1989),
whether or under what circumstances
multiple data sets should be combined into
a single analysis (e.g., Kluge, 1989; Bull et
al., 1993; Eernisse and Kluge, 1993; Jones
et al, 1993; Kluge and Wolf, 1993; Che-
varria and Carpenter, 1994; Chippindale
and Wiens, 1994; Huelsenbeck et al., 1994),
and whether trees from separate analyses
should be used to generate consensus trees
(e.g., Mickevich and Farris, 1981; Miya-
moto, 1985; Barrett et al., 1991, 1993; de
Queiroz, 1993; Nelson, 1993). Options for
analyzing multiple data sets have been re-
viewed (Swofford, 1991; de Queiroz et al,,
1995; Miyamoto and Fitch, 1995; Huelsen-
beck et al., 1996). The decision to keep data
sets separate generally reflects a hypothe-
sis that (1) different evolutionary processes
are acting on different data sets or portions
of data sets or (2) different data sets reflect
different phylogenetic histories.

Recent studies of the grass tribe Triti-
ceae provide a unique opportunity to in-
vestigate these issues. This economically
important group, which includes wheat,
barley, rye, and several significant forage
crops, has been the focus of numerous evo-
lutionary and phylogenetic investigations
using morphological, cytogenetic, and mo-
lecular data. The present study focuses on
comparisons among four molecular data
sets, including sequences from the spacers
of two separate nuclear 55 ribosomal DNA
(rDNA) loci (Kellogg and Appels, 1995),
sequences of the internal transcribed spac-
er (ITS) of the nuclear ribosomal repeat
(Hsiao et al.,, 1995), and chloroplast DNA
(cpDNA) restriction sites (Mason-Gamer
and Kellogg, 1995). We found that the gene
trees disagree extensively in the interge-
neric relationships they suggest. Because
all of the data sets sample throughout the
tribe and include only diploid representa-
tives of intersterile genera, we are confi-
dent that the differences are not merely a
result of poor sampling or inclusion of ob-
viously reticulate taxa. To determine
whether the disagreements reflect differ-
ences among the phylogenetic histories of
the four DNA segments, we performed
several tests of congruence among the data
sets. Biological and evolutionary interpre-
tations of the differences and similarities
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among the data sets have been presented
in detail elsewhere (Kellogg et al., 1996).
Here, we focus on the details of the com-
parisons among the data sets.

We examined six pairwise data set com-
binations using four methods. First, tree-
based comparisons were performed by in-
spection of pairwise topologies and
assessment of bootstrap support of both
trees by both data sets. This approach re-
veals differences between trees and wheth-
er data sets show underlying support for
alternative trees. The remaining three
methods statistically test the null hypoth-
esis that the data sets are congruent. The
incongruence length difference (ILD) test
(Farris et al., 1994) addresses whether two
data sets are merely arbitrary subdivisions
of what should be considered one large
data set. Wilcoxon signed ranks (WSR)
tests (Siegel, 1956; Templeton, 1983) and
Compare-2 permutation tests (Swofford,
1995) use constrained parsimony analyses
to examine the increase in number of steps
required by a data set on an alternative
tree topology. We chose these four com-
parison methods from among many pos-
sibilities because they provide statistical
assessment of hypotheses of conflict and
are easily implemented. We report on
some advantages, disadvantages, and
properties of these methods and draw con-
clusions about congruence and conflict
among the data sets. We are convinced that
some of the differences among the individ-
ual topologies reflect differences among
the phylogenetic histories of the genes or
genomes.

METHODS
Data Sets

The 55 rDNA genes are in tandem ar-
rays at two loci on different chromosomes
in most of the Triticeae. The loci can be
distinguished from one another by the
length and sequence of the intergenic spac-
ers (Gerlach and Dyer, 1980; Kellogg and
Appels, 1995). There appears to be little or
no interlocus recombination; the spacer se-
quences remain distinct even in polyploids
(Scoles et al., 1988; Dvofak et al, 1989).

Therefore, the two loci appear to provide
independent phylogenetic estimates. The
complex pattern of evolution of the 5S
rDNA arrays has been described in detail
(Kellogg and Appels, 1995); there are strik-
ingly high levels of variation within arrays
and among arrays within species. This
variation does not greatly affect the phy-
logenetic utility of the spacer sequences,
however, because spacers from within spe-
cies or genera are nearly always more
closely related to each other than to those
from other species or genera.

The ITS sequences also are found in tan-
dem arrays at two separate loci on differ-
ent chromosomes throughout most of the
Triticeae (Flavell and Smith, 1974; Flavell
and O'Dell, 1976; Miller et al., 1983; Gill
and Appels, 1988), but unlike the 55 rDNA
loci, the ITS loci are homogenized by re-
combination. In contrast to the 55 rDNA
spacer sequences, no intraspecific ITS se-
quence variation has been detected, and
levels of intrageneric polymorphism are
generally low (Hsiao et al., 1995).

The chloroplast genome is clonally and
maternally inherited in most angiosperms,
including the few grasses examined so far
except Secale, in which biparental inheri-
tance has been observed (reviewed by Har-
ris and Ingram, 1991). Chloroplast DNA
restriction site data provide strong support
for some intergeneric relationships in the
Triticeae (Mason-Gamer and Kellogg,
1995). In some cases, species within genera
can be distinguished clearly, but levels of
intraspecific variation are low.

Comparisons were performed on each of
the six pairwise combinations of data sets.
Within each pair, the two data sets were
reduced to match exactly to the level of
species (Table 1). In many cases, matched
species represent the same individual
plant. In three cases, “matched”” genera are
represented by different species, because
to drop them would have required drop-
ping the genus from that pair altogether.
Pairing the different species is reasonable
because all of the available data support
the monophyly of these genera. The num-
ber of taxa in the data set pairs differs con-
siderably because different data sets are
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TABLE 1. Triticeae taxa in individual and pairwise combinations of data sets.* Taxa in only a single data set
are not shown.

Pairwise combinations

58-S 558 55L ITS 555 55L
X X X X X X

Individual data sets

Taxon Abbreviation 58-S 5S-L ITS cp 55-L ITS ITS cp cp cp
Aegilops bicornis Aeg bic X X X
A. comosa Aeg com X X X
A. longissima Aeg lon X X X
A. searsii Aeg sears X X X X X X
A. sharonensis Aeg shar X X X X X X
A. speltoides Aeg spelt X X X X X X
A. tauschii Aeg tau X X X X X X X X X
A. umbellulata Aeg umb X X X X X X
A. uniaristata Aeg uniar X X X
Agropyron cristatum Agro cris X X X X X
A. c. ssp. puberulum Agro pub X X X
A. mongolicum Agro mon X X X
Australopyrum pectinatum Aust pect X X X
A. retrofractum Aust ret X X X X X X
A. velutinum Aust vel X X X X X X
Bromus inermis Bromus X X)
B. tectorum Bromus X X X)
Critesion bogdanii Crites X (X) X)
C. brevisubulatum Crites X X)
C. californicum Crites cal X X X
C. violoaceum Crites viol X X XxX) X
Crithopsis delileana Crith del X X X X X X
Dasypyrum villosum Das vil X X X X X X
Eremopyrum bonaepartis 2X Eremo bon X X X
Henrardia persica Hen pers X X X X X X
Heteranthelium piliferum Het pil X X X
Hordeum bulbosum Hord bulb X X X
Peridictyon sanctum Per sanc X X X
Psathyrostachys fragilis Psa frag X X X
P, juncea ‘ Psa junc X X X X X X
Pseudoroegneria libanotica Pse Iib X X X X X X
P, spicata Pse spic X X X X X X X X X X
Secale cereale Sec cer X X X X X X X X X X
S. montanum Sec mon X X X X X X X X X X
S. sylvestre Sec syl X X X
S. vwilovii Sec vaw X X X
Taeniatherum caput-medusae Tae cm X X X X X X
Thinopyrum bessarabicum Thi bes X X X X X X
T. elongatum Thi elon X X X X X X X X X X
T. scirpeum Thi scir X X X
Triticum monococcum Trit mon X X X X X X X X X X

255-S = 55 rDNA short spacers; 53-L = 55 rDNA long spacers; ITS = internal transcribed spacers; cp = chloroplast DNA.
Parentheses indicate cases where one genus was represented by different species in the pairwise comparisons.
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missing different taxa. In particular, one or
the other of the 55 rDNA loci is absent in
some taxa (Kellogg and Appels, 1995). For
each pair of data sets, a combined data set
was created. Within a pair, one data set or
its trees are hereinafter referred to as “ri-
val” to the other member of the pair. The
paired data sets are available on the Sys-
tematic Biology Worldwide Web site (http:/
/ www.utexas.edu/depts/systbiol/) and
have been submitted to TreeBASE (San-
derson et al., 1994; http://phyloge-
ny.harvard.edu/treebase/).

Unweighted parsimony analyses were
done for each of the 12 reduced data sets
and the 6 combined data sets with PAUP
3.1.1 (Swofford, 1993) using the heuristic
search with the tree bisection-reconnection
branch-swapping procedure. For each data
set, the set of shortest trees, the strict con-
sensus tree, and bootstrap estimates of
support for nodes on the consensus tree
were obtained. All of the analyses were
carried out on unweighted data. No at-
tempts were made to improve the most-
parsimonious trees by experimenting with,
for example, the removal of taxa or char-
acters. Such analyses have been carried out
elsewhere (Kellogg et al.,, 1996). The num-
ber of potentially informative characters,
number and length of most-parsimonious
trees, consistency index (uninformative
characters excluded), retention index, and
rescaled consistency index were obtained
following individual and combined anal-
yses using PAUP 3.1.1.

Methods of Comparison

Inspection and assessment of support.—In
the initial comparisons, the most-parsi-
monious consensus trees from the individ-
ual data sets were inspected. Paired trees
were examined for conflicts involving
nodes with bootstrap values >70%. Weak-
ly supported nodes only ambiguously rep-
resent patterns within individual data sets,
and therefore conflict among data sets can-
not be inferred from comparisons involv-
ing weak nodes. Although our 70% cutoff
is not unreasonable (Hillis and Bull, 1993),
any single line drawn between strong and

weak bootstrap support must be consid-
ered arbitrary.

From each data set, underlying boot-
strap support for each node on the rival
tree was estimated using the table of ““par-
titions found in one or more trees and fre-
quency of occurrence”” from the PAUP 3.1.1
bootstrap output. The results indicate
whether a data set supports any rival
nodes that do not appear in its own most-
parsimonious tree.

ILD tests—The data sets were further
compared using the incongruence length
difference test (Farris et al, 1994), imple-
mented as the combinability test in PAUP*
4.0 29d-31d (Swofford, 1995). The test
compares the Mickevich and Farris (1981)
index to a null distribution based on mul-
tiple randomizations (Farris et al, 1994,
1995). First, the lengths of the shortest
trees are obtained for each data set and are
added to give a sum of tree lengths. The
data sets are then combined and randomly
repartitioned into two subsets equal in size
to the original data sets, and the lengths of
the shortest trees and the sum of tree
lengths is again determined. The random
repartitioning is repeated multiple times to
generate a random distribution of the sum
of tree lengths. Finally, the sum of tree
lengths from the original data sets is com-
pared with the random distribution. If the
probability of randomly obtaining a small-
er sum of tree lengths than that of the sep-
arate data sets is low, the data sets are in-
terpreted as incongruent. Here, 999
random repartitions were used to generate
the distribution.

WSR tests—More detailed comparisons
were done using nonparametric WSR tests
(Siegel, 1956) as proposed by Templeton
(Templeton, 1983; see also Larson’s [1994]
discussion of the Templeton test). This ap-
plication of the WSR test compares tlfe
number of changes required by each char-
acter on the most-parsimonious tree with
the changes required by the same charac-
ters on a constraint tree. When data are
reanalyzed using a constraint tree, some
characters may require more steps than on
the most-parsimonious tree and others
may require fewer. Using PAUP 3.1.1, char-
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Aeg sears 75 Aeg sears 86 Aeg sears
Aeg shar (b) % TE Aeg shar (C) a9 { Aeg shar
Aeg tau * e Aegtau Aeg tau
Aeg umb L Aegumbd Aeg umb
Trit mon Thi elon Trit mon
Trit mon 100 Aust vel Trit mon
Thi elon 100 31 Pse spic Thi elon
Pse spic 100 Trit mon Aust vel
Aust vel 98 : Trit mon Pse spic
Sec mon Sec mon Sec mon
75 — Sec cer Sec syl . 81 Sec cer
16 I__ Sec syl Secvav | Sec vav
Sec vav Sec cer Sec syl
58 Short Spacers 58 Long Spacers Combined
69 Aeg tau 31 Aeg tau 82 Aeg tau
(d) 75 ﬁ‘:: Trit mon (e) 25 0 Hen pers (f) _—: Trit mon
Taecm 0 Crith del Taecm
Thi bes 100 Sec cer Thi bes
Crith del 54 34 100 Sec mon Crith del
Thi elon o |32 {0 Tae cm Thi elon
Aust pect 0 Thi bes Aust pect
Pse lib 29 [: Thi elon Pse lib
Pse spic 0 Trit mon Pse spic
Hen pers Aust pect Hen pers
100 — Sec cer 77 [: Pse lib 100 l: Sec cer
100 L— Sec mon 32 Pse spic Sec mon
Psa junc Psa junc Psa junc
5S Short Spacers ITS Combined
Aeg spelt h _1&[: Aeg spelt Aeg spelt
Aeg tau ( ) 6.2 Aeg tau Aeg tau
Thi elon Trit mon Thi elon
Agro cris Thi elon Aust ret
Pse spic 60 i: Sec cer Trit mon
Sec cer 94 100 Sec mon Sec cer
Sec mon Agro cris Sec mon
Aust ret Aust ret Agro cris
Trit mon Das vil Pse spic
Das vil Pse spic Das vil
Crites Crites Crites
Hord bulb Hord bulb Hord bulb

58 Lohg Spacers

ITS

Combined

FIGURE 1. Results of individual and combined parsimony analyses for the six pairs of Triticeae data sets.
Taxon abbreviations are given in Table 1. Numbers above nodes give the bootstrap support for the tree by the
data used to generate the tree. Numbers below the nodes give bootstrap support from the rival paired data
set. Asterisks indicate individual nodes that give a significant Wilcoxon signed ranks two-tailed test result
when tested against the rival paired data set: *P < 0.1; **P < 0.05; **P < 0.01.
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[ Aeg spelt Aeg spelt 99 Aeg spelt
(j) E{: Aeg tau Aeg o (l) _G_I_[E Aeg tau
0 Trit mon Eremo bon Trit mon
gnth del }CIen Z;sl 55 f———a——o— grlth del
ec cer rit 1 100 ec cer
Sec mon Thi elon ] Sec mon
Tae cm Trit mon ——— Taecm
Das vil Sec cer 39 ——— Das vil
Psq Lib Sec mon 66 | Pse lib
Thi bes Tae cm Pse spic
Thi elon Thi bes 91 Thi bes
Pse spic Agro cris —{_ Thi elon
Het pil Agro mon m| —————— Hetpil
Agro cris Agro pub 100 Agro cris
Agro mon Aust ret Agro mon
Agro pub Das vil 33 Agro pub
Eremo bon Per sanc 93 64 97 Eremo bon
Hen pers Psa freg 43 Hen pers
Aust ret Psa junc Aust ret
Per sanc Pse lib Per sanc
Crites cal Pse spic 100 Crites cal
Crites viol Het pil Crites viol
Psa frag Crites cal 100 — Psafrag
Psa junc Crites viol — Psa junc
Bromus Bromus Bromus
Combined
Aeg bic r——— Aeg bic 93 Aeg bic
el Aeg lon 93 |85 —— Agglon ‘Acg lon
(m) 0 Aeg shar (n) 0 |61 '— Aeg shar (0) 6592 Aeg shar
98 :‘A}Eg com 8(-]——— 298 sears pvs ﬁeg sears
eg sears 44 eg com eg com
62 04 Aeg tau ’5_2‘_25_4: Aeg uniar Aeg uniar
xxx[dd] [ Aegumb f————— Aegtau ———— Acg tau
75 ‘——— Aeg uniar Aeg umb Aeg umb
Trit mon 50 Trit mon Trit mon
s2| 0 Crith del Tae cm
Sec cer 58 Pse lib
Sec mon 51 Pse spic
ae cm 89 Thi elon
Pse lib Thi scir
Thi bes Thi bes
Thi elon Crith del
Thi scir Aust vel
Pse spic Hen pers
Aust vel 100 — Seccer
Hen pers — — Sec mon
Psa junc Psa junc - Psa junc
5S Short Spacers cpDNA Combined
84 Aeg sears 9 Aeg sears 98 Aeg sears
(P) 94 31_{: Aeg shar (q) 64 W: Aeg shar (r) Aeg shar
*xx[0 [ Aegtau o1 62 Aeg tau Aeg tau
70 ! Aeg umb % W‘E Aeg umb Aeg umb
0 Aeg spelt 92 | : Trit mon Aeg spelt
42 Ty Thi elon 0 Aeg spelt Sec cer
[0] 6 Agro cris ”é"f 94 —— Sec cer Sec mon
* 46 0 Pse spic ) 100 L—— Secmon Trit mon
77 0 92 Aust ret sk Das vil Das vil
12 99 Aust vel ——709——E Pse spic Thi elon
_._l.gf___: Sec cer Thi elon Pse spic
Sec mon 82 Agro cris 88 Agro cris
Trit mon —(T_EQE Aust ret ——_@ Aust ret
Das vil ’ 92 Aust vel Aust vel
Crites Crites - Crites
5S Long Spacers cpDNA Combined
FIGURE 1. Continued.

acters that differ in the number of steps
they require on the most-parsimonious
tree versus the constraint tree can be iden-
tified by comparing the “tree steps” col-
umns of the “character diagnostics” out-

put from both searches. For each character,
the difference in number of steps required
is ranked according to its magnitude re-
gardless of the direction of the change. The
original positive or negative signs are then
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applied to the rank values, and the posi-
tive and negative ranks are summed sep-
arately. If, according to a table of signifi-
cance values for the WSR test, the sum of
the ranks of characters requiring more
steps on the rival tree is significantly great-
er than the sum of ranks of characters re-
quiring fewer, the data are assumed to dis-
agree significantly with the constraint
topology. Like Larson (1994), we followed
the recommendation of Felsenstein (1985)
and used two-tailed probability values,
which give conservative estimates of sig-
nificance values. For each pair of data sets,
both sets were tested using numerous con-
straint trees based on trees from the rival
data set. Constraints included (1) the rival
strict consensus tree, (2) the 70% majority
rule bootstrap rival tree, representing the
combination of all nodes with moderate to
strong support, (3) sets of trees with single
resolved nodes, each of which includes one
of the nodes from the 70% bootstrap ma-
jority rule rival tree, and (4) the strict con-
sensus topology from the combined anal-
ysis of the two data sets. In this way, we
tested whether a data set conflicts with the
well-supported features of the rival tree
and then tested which nodes were the
sources of conflict.

Compare-2 tests—The last method of
comparison was the Compare-2 test (Swof-
ford, 1995), which is related to the topol-
ogy-dependent cladistic permutation tail
probability (T-PTP) test described by Faith
(1991). The “compare-2” option in PAUP*
4.0 29d-31d (Swofford, 1995) was used. In
this test as applied here, the number of
steps required by a data set on its most-
parsimonious tree is determined, followed
by the number of steps required by the
same data on a test constraint tree. The
data are then permuted by individually
randomizing each character’s states among
the taxa. The randomized data are ana-
lyzed, constrained first by the most-parsi-
monious tree and then by the test con-
straint tree. Multiple data set permutations
are created, and constrained analyses are
repeated for each to create a random dis-
tribution of the difference in steps required
on the most-parsimonious tree versus the

TABLE 2. Statistical information® for Triticeae trees
in Figure 1.

No.
in-
form-
ative
charac- No. Tree
Data set ters  trees length CI RI RCI

55 Short 20 39 128 0.883 0925 0.817
55 Long 88 12 121 0.843 0.890 0.750
Combined 178 3 255 0.843 0.893 0.753
55 Short 111 9 188 0.782 0.701 0.548
ITS 40 4 69 0.667 0662 0.441
Combined 151 2 262 0.737 0.663 0.489
55 Long 126 1 220 0773 0.600 0.464
ITS 56 61 98 0.653 0.630 0412
Combined 182 1 326 0.718 0.576 0.413
cpDNA 74 19 109 0679 0.843 0.572
ITS 77 9 168 0.583 0.657 0.383
Combined 151 15 293 0.587 0.717 0421
5S Short 141 12,510 278 0.719 0.713 0.513
cpDNA 33 13 44 0.750 0.888 0.666
Combined 174 3 341 0.683 0.708 0.484
5S Long 126 18 219 0.763 0.677 0.516
cpDNA 33 6 39 0846 0919 0778
Combined 159 1 279 0.717 0.664 0476

*CI = consistency index; RI = retention index; RCI = re-
scaled consistency index.

test constraint tree. If the difference in
steps required by the real data set on the
two topologies is significantly greater than
that required by randomized data, then the
data might be assumed to disagree with
the test tree. In our pairwise tests, the test
constraint tree was the strict consensus
from the rival data set, and the difference
in the number of steps required by the real
data on the rival tree versus its own most-
parsimonious tree was compared with a
distribution generated from 999 randomi-
zations of the data set.

REesuLTs
Phylogenetic Analyses and Tree Comparisons

A summary of the individual and com-
bined tree topologies, along with the boot-
strap support for each node from both
paired data sets, is shown in Figure 1. Tree
statistics, obtained from PAUP 3.1.1, are
shown in Table 2.

5S short spacers and 5S long spacers.—
These trees differ mainly in the placement
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of a single taxon, Triticum monococcum
(Figs. 1a, 1b). Although the 5S short spacer
data place this species as sister to the Ae-
gilops clade with bootstrap support of 95%,
the 5S long spacers instead place Thinopy-
rum elongatum as sister to Aegilops with
96% bootstrap support. The 5S long spac-
ers show only 1.3% bootstrap support for
the Triticum [ Aegilops clade, and similarly
the 55 short spacers show only 0.6% boot-
strap support for the Thinopyrum [ Aegilops
clade (Figs. 1a, 1b). Clearly, the data sets
do not show strong underlying support for
the conflicting rival nodes. The combined
analysis reflects the 5S short spacer tree
with regard to the placement of Triticum
monococcum, although the bootstrap sup-
port is considerably lower (Fig. 1c). Anoth-
er but more poorly supported difference
between the trees is the relative place-
ments of Australopyrum velutinum and Pseu-
doroegneria spicata. The 5S long spacers sug-
gest they are sister taxa, with 60%
bootstrap support (Fig. 1b, below node).
However, the 5S short spacers also exhibit
weak underlying support for the clade,
with 31% bootstrap support (Fig. 1b), and
the two data sets together provide mod-
erate (71%) support for the clade in the
combined tree (Fig. 1c).

5S short spacers and ITS.—Although the
5S short spacer topology has little in com-
mon with the ITS tree (Figs. 1d, 1le), the
ITS nodes are not well supported; there-
fore, there are no indisputable differences
between the trees. The ITS data provide
very weak support for the nodes on the 55
short spacer tree (Fig. 1d), and the 5S short
spacer data provide no bootstrap support
for any of the intergeneric nodes on the ITS
tree (Fig. 1e). The combined ITS and 5S
short spacer tree (Fig. 1f) reflects the short
spacer topology, with similar bootstrap
support for nearly all nodes. Two nodes
show increased bootstrap support in the
combined analysis: from 69% to 82% for
the Aegilops tauschii/ Triticum monococcum
node and from 36% to 64% for the clade
of Aegilops tauschii, Triticum monococcum,
Taeniatherum caput-medusae, Thinopyrum bes-
sarabicum, Crithopsis delileana, and Thino-
pyrum elongatum. In both cases, the ITS

data alone exhibit weak underlying sup-
port for these nodes (Fig. 1d, below nodes).

58 long spacers and ITS.—This tree com-
parison (Figs. 1g, 1h) is limited by the lack
of resolution of the ITS strict consensus
(Fig. 1h). The ITS data provide between 0%
and 13% bootstrap support for intergener-
ic nodes on the 5S long spacer tree (Fig.
1g, below nodes). The combined topology
is well resolved, with several moderately
to well-supported nodes (Fig. 1i). Al-
though the ITS data alone provide little
resolution, their influence in the combined
analysis is easily seen. The combined tree
differs from the 55 long spacer tree in sev-
eral respects, particularly in the reversed
positions of the Australopyrum retrofrac-
tum [ Triticum monococcum clade with the
Agropyron cristatum [ Pseudoroegneria spicata
clade. In addition, support for two nodes
that appear in the 5S long spacer tree and
not in the ITS tree increases in the com-
bined analysis. Support for the basal po-
sition of Dasypyrum villosum, Critesion, and
Hordeum bulbosum increases modestly,
from 66% to 74%; the ITS data alone show
13% bootstrap support for this node (Fig.
1g, below node). Support for Aegilops spel-
toides, A. tauschii, and Thinopyrum elonga-
tum increases from 54% to 84%. This result
is surprising, given the low level of ITS
support for the node (0.2%; Fig. 1g, below
node).

Chloroplast genome and ITS.—These to-
pologies differ in many details (Figs. 1j,
1k); none of the well-supported interge-
neric clades in the cpDNA tree are
reflected in the ITS tree, except the Eremo-
pyrum bonaepartis | Henrardia persica clade.
Although the ITS data weakly support
(22% bootstrap) the chloroplast node that
places Psathyrostachys and Critesion at the
base of the tree, their support for the other
apparently conflicting intergeneric chloro-
plast nodes ranges from 0% to 1.2% (Fig.
1j, below nodes). The cpDNA data give
weak (11%) support to the ITS Agropyron/
Australopyrum node but only very weak
support (0-1%) to the other intergeneric
ITS nodes (Fig. 1k, below nodes). The com-
bined topology (Fig. 1) is similar to the
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cpDNA tree, with the nodes showing sim-
ilar to much lower bootstrap support.

5S short spacers and chloroplast genome.—
Differences between these trees involve
several well-supported nodes from both
data sets (Figs. 1m, 1n). Both data sets
moderately support the Triticum / Aegilops
clade (5S short: 62%; cpDNA: 44%). The
cpDNA data show <1% support for the
other intergeneric 55 short spacer nodes
(Fig. 1m, below nodes), just as the 5S short
spacer data show <1% bootstrap support
for the other cpDNA intergeneric nodes
(Fig. 1n, below nodes). The combined to-
pology (Fig. 10) shares features of both of
the individual trees and has some unique
nodes. The Aegilops / Triticum clade is more
strongly supported in the combined tree

an in either individual tree, and the re-
lationships within it are more resolved
than in either individual tree.

5S long spacers and chloroplast genome.—
These trees differ in all intergeneric group-
ings (Figs. 1p, 1q). Each tree has six re-
solved intergeneric nodes; neither data set
supports any rival intergeneric node at a
level >1.2% (Figs. 1p, 1q, below nodes).
The combined tree (Fig. 1r) is intermediate
in its placement of Triticum monococcum
but otherwise more closely resembles the
cpDNA tree in spite of the smaller size of
the cpDNA data set (33 vs. 126 potentially
informative characters).

Incongruence Length Difference Tests

In five of the six pairs of data sets, the
summed lengths of the separate trees is
significantly lower than when the com-
bined data set is partitioned randomly
(Fig. 2), which suggests that patterns of
character state variation in the predefined
data sets differ significantly. Tlfq)e one ex-
ception is the 55 short spacer/ITS pair, in
which 10% of the random partitions yield-
ed a sum of tree lengths lower than that of
the 5S short spacer/ITS partition (Fig. 2b).

Wilcoxon Signed Ranks Tests

The results of the WSR tests are sum-
marized in Table 3. Significant tests of in-
dividual nodes are also indicated in Figure
1 with asterisks above the relevant nodes.

5S short spacers and 5S long spacers.—
There are no instances of very strong con-
flict between either data set and its rival
trees, but there are several borderline re-
sults. The 55 short spacer data do not sig-
nificantly conflict with the 5S long spacer
consensus tree (0.099 < P < 0.108; an in-
crease of 13 steps and a concurrent de-
crease of 5 steps) and show only weak con-
flict with the combination of stronger 55
long spacer nodes (0.055 < P < 0.078; in-
crease 7, decrease 1). The 5S long spacer
data conflict with the 5S short spacer con-
sensus tree (0.22 < P < 0.048; increase 12,
decrease 3) but not significantly with the
well-supported nodes alone (increase 8,
decrease 3). Neither data set rejects the
combined topology. The only well-sup-
ported difference between the tree topol-
ogies themselves involves the sister taxon
to Aegilops. In the corresponding WSR
tests, the 5S short spacer data weakly con-
flict with the Aegilops/ Thinopyrum node
from the 5S long spacer tree (0.55 < P <
0.78; increase 7, decrease 1), but the 55
long spacer data do not significantly con-
flict with the Triticum [ Aegilops node from
the 5S short spacer tree (increase 8, de-
crease 3).

5S short spacers and ITS.—The 5S short
spacer data strongly reject the ITS consen-
sus tree (increase 44, decrease 1), but this
result is misleading in terms of character
conflict between the data sets because the
nodes of the ITS tree show very low boot-
strap support. The use of possibly spuri-
ous nodes as constraints on another data
set is a questionable test for conflict be-
tween data sets. The failure of the 5S short
spacer data to reject the ITS strong nodes
(increase 0, decrease 0) is trivial because
there are no well-supported intergeneric
ITS nodes. The ITS data do not signifi-
cantly reject any nodes or combinations of
nodes from the 5S short spacer topology,
not because all ITS characters require the
same number of changes on the ITS and
the 5S short spacer trees but because char-
acters that require more steps are partially
balanced by those that require fewer. For
example, when the ITS data are analyzed
with the Henrardia/ Secale/ Psathyrostachys
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FIGURE 2. Results of the incongruence length difference tests. The arrows indicate the summed length of
trees for the actual Triticeae data sets. Vertical gray bars show the random distribution of summed tree lengths
generated with 999 random repartitions of the combined data set.
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TABLE 3. Summary of Wilcoxon signed ranks test results for all Triticeae data set combinations.

No. steps®
Data set Constraint Gain Loss Net P
55 Short/5S Long
55 Short 55 Long consensus tree 13 5 8 0.099 <P<0.108
5S Long strong nodes 7 1 6 0.055 <P <0.078
Combined tree 3 2 1 >0.1
Aeg [ Thi® 7 1 6 0.055 <P <0078
55 Long 5S Short consensus tree 12 3 9 0022 <P <0048
5S Short strong nodes 8 3 5 >0.1
Combined tree 8 3 5 >0.1
Aeg [ Trit 8 3 5 >0.1
5S Short/ITS
5S Short ITS consensus tree 44 1 43 <0.01
ITS strong nodes 0 0 0 >0.1
Combined tree 0 0 0 >0.1
ITS 55 Short consensus tree 11 6 5 >0.1
55 Short strong nodes 10 6 4 >0.1
Combined tree 11 6 5 >0.1
Aeg/ Trit [ Tae [ Thi bes 6 4 2 >0.1
Aeg [ Trit [ Tae | Thi [ Crith 7 4 3 >0.1
Hen/ Sec/ Psa 12 9 3 >0.1
55 Long/ITS
55 Long ITS consensus tree 1 0 1 >0.1
ITS strong nodes 1 0 1 >0.1
Combined tree 3 1 2 >0.1
Aeg/ Trit 13 3 10 002 <P <005
ITS 55 Long consensus tree 19 2 17 <0.01
55 Long strong nodes 13 2 11 <0.01
Combined tree 9 3 6 >0.1
Aeg/ Thi 10 1 9 0.02
Agro/ Pse 4 2 2 >0.1
Aust [ Trit 7 3 4 >0.1
cpDNA/ITS
cpDNA ITS consensus tree 46 2 44 <0.01
ITS strong nodes 1 0 1 >0.1
Combined tree 2 1 1 >0.1
ITS cpDNA consensus tree 27 6 21 <0.01
cpDNA strong nodes 23 6 17 0.01 < P < 0.025
Combined tree 22 9 13 005 <P <01
Agro/ Eremo [ Hen [ Aust 9 5 4 >0.1
Das [ Pse/ Thi 7 2 5 >0.1
Eremo/ Hen 0 0 0 >0.1
Psa/ Bromus 4 0 4 >0.1
5S Short/cpDNA
55 Short cpDNA consensus tree 26 4 22 <0.01
cpDNA strong nodes 26 4 22 <0.01
Combined tree 15 7 8 >0.1
Aust /Hen/ Psa 16 5 11 0.048 < P < 0.021
Pse lib/ Thi 13 5 8  0.099 <P <0.108
Pse lib/ Thi | Pse spic 9 6 3 >0.1
Aust/Hen 10 7 3 >0.1
Three nodes above 27 4 23 <0.01
cpDNA 5S Short consensus tree 29 0 29 <0.01
5S Short strong nodes 15 0 15 <0.01
Combined tree 11 0 11 <0.01
Aeg/ Trit [ Tae | Thi bes 9 0 9 <0.01
Aust/Hen/[Psa 10 1 9 0.039
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TaBLE 3. Continued.

No. steps?
Data set Constraint Gain Loss Net P
55 Long/cpDNA

55 Long cp consensus tree 32 4 28 <0.01
cp strong nodes 21 2 19 <0.01
Combined tree 21 2 19 <0.01
Agro/ Aust [ Crites 12 3 9 0.022 < P < 0.048
Aeg/ Sec/ Trit 7 1 6 0.055 < P < 0.078
Das/ Pse/ Thi 20 5 15 <0.01
Agro/ Aust 2 0 2 >0.1
Trit  Aeg 9 4 5 >0.1

cpDNA 5S Long consenus tree 26 1 25 <0.01
55 Long strong nodes 23 3 20 <0.01
Combined tree 2 0 2 >0.1
Agro/ Pse 14 2 12 0.008
Aeg/ Thi 11 0 11 <0.01
Crites/ Das 10 3 7 0.094

* The total gain, total loss, and net gain of steps required by all characters given the indicated constraint tree relative to the
steps required by the same set of characters on the most-parsimonious unconstrained tree.

b See Table 1 for taxon abbreviations.

node as a constraint (Fig. 1d), they require
an increase of 12 steps along with a con-
current decrease of 9. The combined to-
pology, which is more similar to the 5S
short spacer tree, is not significantly re-
jected by either the 5S short spacer or the
ITS data.

5S long spacers and ITS.—Constraints
based on the ITS consensus tree or the
combination of strong nodes have almost
no resolution. The single intergeneric node
is also present on the rival 55 long spacer
tree. The ITS-based constraints, therefore,
are not rejected by the 55 long spacer data.
The ITS data strongly reject the 55 long
spacer consensus tree (increase 19, de-
crease 2) and the combination of strong
nodes (increase 13, decrease 2). The tests
of individual nodes reflect the different
placements of Triticum monococcum and
Thinopyrum elongatum relative to the Aegi-
lops species (Figs. 1g, 1h). The 55 long
spacer data reject the Aegilops/Triticum
node (increase 13, decrease 3), and the ITS
data reject the Thinopyrum [ Aegilops node
(increase 10, decrease 1). The ITS data do
not reject the two additional well-support-
ed 55 long spacer nodes. Neither data set
rejects the combined topology.

Chloroplast genome and ITS.—The cpDNA
data strongly reject the ITS consensus tree

(increase 46, decrease 2). However, as with
the ITS and 5S short spacer comparison,
many of the ITS nodes are not well sup-
ported by the ITS data themselves, and
their rejection by the cpDNA data may not
result from real conflict between the data
sets. The ITS data strongly reject the cp-
DNA consensus tree (increase 27, decrease
6) and the combination of strong nodes
(increase 23, decrease 6). They do not reject
any of the four strong cpDNA nodes in-
dividually. As above, there are no well-
supported intergeneric ITS nodes to test.
The combined tree, which is more similar
to the cpDNA tree, is not rejected by the
cpDNA data (increase 2, decrease 1) and is
weakly rejected by the ITS data (0.05 < P
< 0.1; increase 22, decrease 9).

5S short spacers and chloroplast genome.—
The 55 short spacer data strongly reject the
cpDNA consensus tree (increase 26, de-
crease 4) and the combination of strong
nodes (increase 26, decrease 4). Likewise,
the cpDNA data strongly reject the 5S
short spacer consensus tree (increase 29,
decrease 0) and the combination of strong
nodes (increase 15, decrease 0). The 5S
short spacer data reject one cpDNA node,
Australopyrum [ Henrardia [ Psathyrostachys
(Fig. 1n; increase 16, decrease 5). Although
these data fail to reject any of the other
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three well-supported cpDNA nodes indi-
vidually, they do reject them in combina-
tion (increase 27, decrease 4). The cpDNA
data reject both of the well-supported in-
tergeneric nodes in the 5S short spacer tree
(Fig. 1m). The combined tree, which shares
features of both individual trees, is signif-
icantly rejected by the cpDNA data (in-
crease 11, decrease 0) but not by the 5S
short spacer data, which would require a
greater increase in steps (15) but also a
greater concurrent decrease (7).

55 long spacers and chloroplast genome.—
The 55 long spacer data reject the cpDNA
consensus (increase 32, decrease 4) and the
combination of strong cpDNA nodes (in-
crease 21, decrease 2). Similarly, the cp-
DNA data reject the 5S long spacer con-
sensus (increase 26, decrease 1) and the
combination of strong nodes (increase 23,
decrease 3). The 5S long spacer data reject
three of the four moderately to well-sup-
ported cpDNA nodes (one of them only
weakly) (Fig. 1q), and the cpDNA data re-
ject all three of the moderately to well-sup-
ported nodes from the 5S long spacer tree
(one of them weakly) (Fig. 1p). The com-
bined tree, which more closely resembles
the cpDNA tree, is strongly rejected by the
55 long spacer data (increase 21, decrease
2) but not by the cpDNA data (increase 2,
decrease 0).

Summary.—The WSR tests indicate that
(1) the 5S short spacer and 55 long spacer
data differ with respect to the placement
of Triticum monococcum; (2) the ITS data do
not significantly conflict with the 55 short
spacer tree; (3) the ITS data conflict with
the placement of Triticum monococcum by
the 5S long spacer data and with the over-
all cpDNA topology; and (4) both of the 55
rDNA spacer data sets conflict with the
cpDNA data and vice versa, whether they
are compared with overall topologies or
with individual nodes.

Compare-2 Tests

In most cases, the increase in steps re-
quired by a data set on the rival consensus
tree is significantly greater than that re-
quired by randomized data (Fig. 3). In the
one borderline exception, the ITS data re-

quire five additional steps when con-
strained by the 5S short spacer tree, sig-
nificant only at the 5.8% level (Fig. 3d).
Some of the significant results shown in
Figure 3 must be interpreted with caution
because the relative amounts of resolution
and strength of support of the two trees
used for the Compare-2 test can have ma-
jor effects on the results.

DiIscuUsSION
Tree Comparisons

Comparisons among tree topologies
alone cannot be used to show conclusively
that patterns of character state variation
within data sets conflict. In this study,
however, hypotheses of conflict based on
inspection of trees were largely supported
by subsequent statistical comparisons of
data sets. Our initial tree-based hypotheses
of incongruence were based only on mod-
erately to well-supported nodes (=70%
bootstrap), and data sets often show little
or no bootstrap support for apparently
conflicting nodes on rival trees. However,
as Barrett et al. (1991), Chippindale and
Wiens (1994), and Olmstead and Sweere
(1994) have demonstrated, data sets that
separately yield apparently conflicting
trees may provide strong support for re-
lationships not seen in the individual trees,
possibly reflecting underlying congruent
signal. If the congruent underlying signal
is interpreted as a reflection of the actual
phylogenetic history, then the data sets do
not really conflict. In our analyses, many
of the clades in the combined analyses re-
flect one or both of the individual trees,
but bootstrap support is often decreased.
There are several exceptions, however, and
at least one of these is of taxonomic inter-
est. The monophyly of the included Thin-
opyrum species has been questioned, and
the decision whether to recognize two sep-
arate genera has been the focus of much
debate (Jauhar, 1988, 1990a, 1990b; Wang,
1989, 1992; Wang and Hsiao, 1989). Our
ITS analysis does not place the species to-
gether (Fig. 1k) (although the weighted
analysis of Hsiao et al. [1995] groups them
weakly with 50% bootstrap support). The
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cpDNA data place them together but are
unable to distinguish them from Pseudo-
roegneria libanotica (Fig. 1j). The combined
tree places the two species alone in a well-
supported (91% bootstrap) clade (Fig. 11).

Where data sets yield very different
trees (55 short spacers/cpDNA and 5S
long spacers/cpDNA), the combined tree
more closely reflects one or the other of the
individual data sets. Although the com-
bined short spacer/cpDNA topology (Fig.
1o) has elements from both trees, the
cpDNA data reject the combined tree in
the WSR test (increase 11 steps, decrease
0) but the 5S data do not (increase 15, de-
crease 7). The combined 55 long spacer/
cpDNA tree (Fig. 1r) closely resembles the
cpDNA tree (Fig. 1q) in spite of the larger
size of the 55 long spacer data set (126 vs.
33 potentially informative characters). The
combined topology is not rejected by the
cpDNA data (increase 2, decrease 0) but is
strongly rejected by the 5S long data (in-
crease 21, decrease 2).

Inspecting data sets to find support for
individual nodes on rival trees has been
more useful for our purposes than the ap-
proach suggested by Rodrigo et al. (1993).
When data sets yield trees that are signif-
icantly different, these authors suggested
generating trees from large numbers of
bootstrap resamplings of both data sets
and looking for overlap among the two
sets of trees. If there is no overlap, poten-
tial problematic taxa are individually
pruned and parsimony analyses are rerun,
and the trees are again compared to see if
they are significantly different. (Rodrigo et
al. provided a method for determining
whether trees are significantly different
than would be expected by sampling error
alone.) Pruning is repeated with each po-
tential problem taxon individually, until
the resulting trees are no longer signifi-
cantly different and the problem taxa are
identified. This method is used to indicate
whether differences between trees are due
to sampling error rather than to different
phylogenetic histories and can be used to
identify taxa that cause conflict.

The test proposed by Rodrigo et al
(1993) seems most applicable to situations

in which there are one or a few identifiable
problem taxa for removal. For data sets
with numerous well-supported differences
(e.g., 5S long spacers and cpDNA), the re-
peated cycle of comparing trees, boot-
strapping, pruning, and reanalyzing may
become impractical. It is difficult to guess
which taxa are good candidates for remov-
al when trees share no intergeneric nodes.
In addition, saving all bootstrap trees can
be problematic when the number of trees
is large. When we attempted the test with
the 5S long and 5S short spacer data (the
data sets with the fewest taxa) using 1,000
bootstrap replicates, as recommended by
Lutzoni and Vilgalys (1995), the 55 short
data yielded an unwieldy 16.7-MB file of
bootstrap trees. We instead chose to ex-
amine each data set for bootstrap support
for each node of a rival tree to identify
whether apparently conflicting nodes were
indeed unsupported by the rival data set.

Incongruence within Data Sets

Conflict within a data set may be indi-
cated by WSR test results when a data set
shows many characters that require fewer
steps on a constraint tree in addition to
those that require more. For example, al-
though the ITS trees differ in topology
from rival nuclear DNA trees (Figs. 1d, 1e;
Figs. 1g, 1h), the ITS data reject few indi-
vidual nodes from the rival trees, not be-
cause of an overall agreement between the
ITS data and the nodes in question but be-
cause although some ITS characters re-
quire more steps on rival nodes than they
do on their own shortest trees, other char-
acters require fewer steps. For example,
when the ITS data are separately con-
strained by the three apparently conflict-
ing 5S short spacer nodes, they require net
increases of only two or three steps (Table
3). These net increases in fact result from
a total increase of 6 steps with a concur-
rent decrease of 4, an increase of 7 and a
decrease of 4, or an increase of 12 and a
decrease of 9 (Table 3). Likewise, all but
one of the cpDNA nodes reveal ITS char-
acters that require fewer steps over the ap-
parently conflicting node. Only a single
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Bromus

ITS strict consensus tree. This ITS data set includes the Triticeae taxa used in the ITS/cpDNA
. Dashed lines indicate some of the nodes supported by

the data but not found in the strict consensus tree. Numbers above all nodes indicate bootstrap support.

node, from the 5S long spacer tree, is re-
jected by the ITS data (Fig. 1g, asterisks).

The low bootstrap values on the ITS tree
suggest internal incongruence as well
Many nodes that do not appear on the con-
sensus tree have bootstrap support similar
to those that do. Figure 4 shows the ITS
strict consensus tree from the ITS/cpDNA
pair. The dashed lines show groups with
similar or higher bootstrap support than
many of those on the consensus tree. How-
ever, few of these underlying nodes cor-
respond to the well-supported nodes in
the other three data sets (see also numbers
below nodes in Figs. 1d, 1g, 1j; ITS data
generally provide little or no support for
nodes on rival trees). The potential place-
ment of Secale at the base of the ITS tree,
however, does correspond to its placement
by the 5S short spacers (Figs. 1d, 1m). In
addition, the monophyly of Thinopyrum
bessarabicum and T elongatum is more
strongly supported (35% bootstrap) than
the separate placement of these species on
the strict consensus tree (17% and 22%, re-
spectively).

Global versus Local Comparisons

The combined use of global and local
methods of comparison has proved infor-
mative here. The ILD test is a useful start-
ing point for comparisons. It determines
whether or not two separate data sets are,
in effect, arbitrary subdivisions of what
should be considered one large data set.
When the ILD test suggests incongruence,
the Compare-2 test can be used as an ad-
ditional global assessment of the agree-
ment between a data set and a rival tree.
The WSR test, using a full consensus tree
or combination of all strong nodes as a
constraint, also serves as a global indicator
of agreement between a data set and a ri-
val tree. The WSR method has a desirable
combination of features: (1) the degree to
which data agree or disagree with a to-
pology can be examined in terms of indi-
vidual characters, (2) the constraint topol-
ogies can be fully resolved trees,
combinations of nodes, or individual
nodes, so that disagreement between a
data set and an alternative topology can be
pinpointed to specific regions of the to-
pology, and (3) the test shows both the in-
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crease and the concurrent decrease re-
quired by all characters. Characters that
decrease in the number of steps they re-
quire on an alternative topology may in-
dicate underlying phylogenetic signal, pos-
sibly not reflected in the shortest trees.

Given evidence of conflict, it is infor-
mative to determine exactly which taxa are
involved. One approach is to remove sus-
pected problem taxa and rerun a global
analysis. Because the only well-supported
difference between the 5S long and 5S
short spacer trees was the placement of
Triticum monococcum, it was removed and
the ILD, Compare-2, and WSR tests were
rerun. None of the tests indicated even
weakly significant conflict with T. monococ-
cum removed (results not shown). In cases
with numerous conflicting taxa, the WSR
test was used for separately testing each
individual well-supported conflicting
node and was therefore a versatile test,
useful for identifying both global and lo-
calized conflict.

Tests Requiring Constraint Trees

Both the Compare-2 test and the WSR
test require that data sets be analyzed us-
ing topological constraints, and the choice
of the constraint tree will affect the out-
come of the test. Because our analyses use
unrooted constraint trees (Swofford and
Begle, 1993), they do not test for conflict
with clades but with nodes or subtrees
(Trueman, 1995). Our data set compari-
sons illustrate two potentially misleading
results from constraint-based tests.

The first misleading result is an inflated
number of steps required by a data set on
an alternative constraint topology with
many poorly supported nodes, which will
lead to a dubious conclusion of significant
conflict between data sets in both the WSR
and the Compare-2 tests. For example,
when the 55 short spacer data are con-
strained by the ITS strict consensus tree
(Fig. 1e), they require a net increase of 43
steps (increase 44, decrease 1), which is a
highly significant result in both the Com-
pare-2 (Fig. 3c) and WSR (Table 3) tests.
All of the intergeneric nodes on the ITS
constraint tree have low bootstrap support

and are only ambiguously supported by
the ITS data (e.g., Fig. 4). Therefore, con-
straining an alternative data set with those
nodes does not lead to a reasonable com-
parison of the data sets themselves. Col-
lapsing the poorly supported nodes gives
a less well-resolved constraint tree and a
more conservative representation of the
patterns of character state variation within
the data set. The more well-supported the
constraint tree, the more accurately com-
parisons among trees represent compari-
sons among data sets. The WSR test can be
successfully carried out on a collapsed tree
or on a tree with any level of resolution,
but the results of the Compare-2 test are
dependent on the level of resolution of the
constraint trees.

If the constraint trees used in the Com-
pare-2 test differ in their level of resolu-
tion, the random distribution is affected,
which can lead to another potentially mis-
leading result. Consider a different ITS
strict consensus tree (Fig. 1h), which has
little resolution. In the Compare-2 test as
applied here, the 5S long spacer data were
constrained first by the ITS tree and then
by their own shortest tree (Fig. 1g) and re-
quired only one additional step on the ITS
tree. This result is not surprising given the
low level of resolution of the ITS tree.
However, the test still gives a significant
Compare-2 result (0.003; Fig. 3e) because
the difference in resolution between the 55
long spacer and ITS trees shifts the distri-
bution downward (Fig. 3e), and a length
difference of only one step is now signifi-
cantly large. The randomized data nearly
always require fewer steps on the ITS tree
because it has less structure. As expected,
in the reverse test, where the randomized
ITS data are constrained by the 5S long
spacer tree and by the ITS strict consensus
tree, the tree length differences are nearly
all positive (Fig. 3f). The length difference
for the unpermuted data (17 steps) is still
significant in spite of the positive shift in
the random distribution. For the other five
data set pairs, the consensus trees are sim-
ilar in their level of resolution, and the dis-
tributions are not shifted (Figs. 3a-3d, 3g—
31).
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Our T-PTP tests for monophyly (Faith,
1991) exhibited a similar phenomenon
(data not shown). Swofford et al. (1996)
suggested that the random distribution in
this test does not correspond with the null
hypothesis and therefore the test is invalid.
Faith and Trueman (1996) argued that this
is not the case and that the correct inter-
pretation of the test depends on an accu-
rate definition of the null hypothesis. In
this test for monophyly or nonmonophyly
of a particular group (Faith, 1991), the
number of steps required by a data set is
determined for the shortest tree not com-
patible with that node and then for the
shortest tree that is compatible with the
node. The difference in the number of
steps is then determined. The procedure is
repeated multiple times for randomized
data, and a random distribution of the dif-
ference in length of the shortest incompat-
ible tree versus the shortest compatible
tree is generated. Random data commonly
give mostly, or sometimes entirely, nega-
tive tree length differences because the
shortest possible tree for randomized data
is more likely to be incompatible with a
predefined, single-node constraint tree. Of
all possible tree arrangements, far fewer
are compatible with a specified node than
are incompatible with it. Therefore, ran-
dom data will usually require more steps
on the defined constraint tree than they
will on a tree that is merely incompatible
with that constraint tree. The resulting
largely negative distribution makes it easy
to obtain a significantly high positive value
and difficult to obtain a significantly low
negative value. In 19 of our 26 T-PTP tests
(data not shown), a requirement for zero
additional steps to break up a monophy-
letic group would be interpreted as signif-
icant support for the monophyly of the
group because zero is greater than at least
95% of the values in the random distribu-
tions. Faith and Trueman (1996) main-
tained that ““significant support for mono-
phyly”” should be equated with ““failing to
falsify a hypothesis of monophyly” rather
than ““rejecting a null hypothesis of non-
monophyly.” The correct interpretation of
significant T-PTP results and, in fact,

whether the test is valid at all is a topic of
current debate (Faith and Trueman, 1996;
Swofford et al., 1996).

Weighted Analyses

Differences among trees could result
from analyses based on incorrect assump-
tions about underlying evolutionary pro-
cesses for one or both data sets (e.g., Bull
et al., 1993). These differences could be ac-
commodated by differential character
weighting within a combined analysis
(e.g., Chippindale and Wiens, 1994). All of
the tests for incongruence and the conclu-
sions presented here are based on un-
weighted cladistic parsimony analyses. Al-
though we can never conclusively rule out
the possibility that observed differences
among the data sets result from differences
among evolutionary processes acting on
them, we have explored some different
weighting strategies for the ITS and cp-
DNA data sets. For the full ITS data set,
Hsiao et al. (1995) weighted transversions:
transitions: gaps 3:1:1. This approach
yields moderately higher bootstrap sup-
port, but the trees do not resemble the
cpDNA or 55 rDNA spacer trees. We in-
creased the tranversion: transition ratio to
5:1 and 10:1 and found increased conflict
between the ITS and 55 rDNA trees (re-
sults not shown). For the full cpDNA data
set, Mason-Gamer and Kellogg (1995) used
successive weighting (Farris, 1969) and
weighted gains versus losses (Albert et al.,
1992) 1:1.1, 1:1.3, 1:1.5, and 1:2. These
cpDNA trees are nearly identical to the un-
weighted trees (Mason-Gamer and Kel-
logg, 1995). In addition, trees from prelim-
inary analyses of sequence data from the
chloroplast gene rpoA share numerous fea-
tures with the cpDNA restriction site tree
(G. Petersen and O. Seberg, in press), sug-
gesting that the cpDNA restriction site to-
pology is not an artifact of an inappropri-
ate weighting strategy or of different
evolutionary processes acting on restric-
tion site versus sequence data.

Although the unweighted analyses used
here may not give the best possible esti-
mate of the phylogeny from each individ-
ual data set, there is little to suggest that
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the well-supported differences between,
especially, the cpDNA and nuclear gene
trees would be diminished with reason-
able weighting schemes. The WSR tests
suggest that few characters within the
cpDNA data set support rival gene trees.
When the cpDNA data are analyzed using
constraint trees or individual conflicting
nodes from the 5S long spacer, 5S short
spacer, or ITS data sets, very few cpDNA
characters require fewer steps on the con-
straint tree but many require more. There-
fore, there are few or no characters that are
candidates for upweighting, even if such
an a posteriori weighting strategy were ac-
ceptable. Some data sets show consider-
ably more ambivalence for rival trees, in
that the characters requiring more changes
are partially offset by those requiring few-
er. Each of the four consensus trees, how-
ever, is rejected by at least two of the three
rival data sets.

CONCLUSIONS

Although different tests exhibit different
strengths and weaknesses, together they
provide a basis for drawing conclusions
about congruence and conflict among
these data sets. These results, combined
with numerous other analyses, have al-
lowed Kellogg et al. (1996) to propose a
detailed narrative history of the Triticeae.

Tree comparisons and the ILD test are
useful for initial comparisons and will in-
dicate whether more detailed analyses are
needed. The WSR test is also useful for
global comparisons but must be applied
carefully, because weakly supported, pos-
sibly spurious nodes in the rival constraint
tree can lead to a misleading rejection of
the tree. The Compare-2 test shows similar
behavior and is further affected by the lev-
el of resolution of the rival constraint tree.
The independence of the null distribution
from the hypothesis being tested led Swof-
ford et al. (1996) to conclude, based on the-
oretical considerations, that the similar
T-PTP test is invalid. After pairwise tree
comparisons and global tests have been
used to identify potentially conflicting in-
dividual nodes, the WSR test can be used
to examine each of those nodes individu-

ally and will provide information about
each character on each constraint tree.

All of the methods support three main
conclusions: (1) the 55 short spacer and ITS
data are not strongly incongruent, (2) the
5S short spacer and 5S long spacer data
sets are significantly incongruent, but the
difference can be explained by the conflict-
ing placement of a single taxon, Triticum
monococcum, and (3) the cpDNA data set
reflects a history substantially different
from that of any of the nuclear data sets.
Given that the data sets support conflicting
phylogenetic relationships, how can they
be used to shed light on the phylogeny of
the Triticeae? Based on extensive analyses
of the complete data sets in addition to the
results presented here, Kellogg et al. (1996)
concluded that after the few problem taxa
have been identified the nuclear data sets
can be combined to give a single tree. An
early introgression event might explain the
discrepancy in the placement of Triticum
monococcum. More numerous events must
be postulated to explain the many reticu-
lations required to reconcile the cpDNA
and nuclear trees. The cause of the wide-
spread discrepancy between the nuclear
and the chloroplast genomes is not known.
With existing information, it is impossible
to distinguish early widespread hybridiza-
tion and/or lineage sorting from rare in-
stances of contemporary gene flow. What-
ever the cause of the disagreement,
however, if the chloroplast and nuclear
DNA data do indeed reflect different evo-
lutionary histories, combining them into a
single analysis would not contribute to our
understanding of the phylogeny and evo-
lution of the Triticeae.
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