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The evolutionary success of flowering plants has been attributed to key innovations that 
originated at the base of that clade. Maximum likelihood methods were used to assess 
whether branching rate increases were correlated with the origin of these traits. Four 
hypothesesfor the basal relationshipsof angiospermswere examinedby methodsthat are 
robustto uncertainty about the timing of internal branch points. Recent hypotheses based 
on molecular evidence, or on a combination of molecular and morphological characters, 
imply that large increases in branching rate did not occur until after the putative key 
innovations of angiosperms had evolved. 

Disparity in species diversity among clades 
of roughly similar age implies differences in 
the rates of branching (speciation) and 
extinction, and therefore shifts in diversifi-
cation rate during the course of evolution 
(1). Such shifts have often been attributed 
to the evolution of "kev innovations." mor-
phological novelties ;hat open up new 
adaptive zones (2) or set the stage for 
subsequent rapid diversification in the wake 
of environmental changes. A prime exam-
ple concerns the apparentlyelevated rate of 
diversification of flowering plants as com-
pared to other lines of seed plants, which is 
usually attributed to one or more an-
giosperm characteristics, such as the pres-
ence of insect pollination, closed carpels, or 
increased growth rate (3, 4). 

Correlation of a change in diversifica-
tion rate with the evolution of a presumed 
kev character alone the same branch of a u 

phylogenetic tree would be consistent with 
a causal hypothesis connecting the two (a 
"key innovation hypothesis"), whereas fail-
ure to find a historical correlation would 
argue against a direct causal link. Although 
quantitative methods for inferring the loca-
tion of character changes on phylogenetic 
trees have received considerable attention 
(5), less attention has been given to the 
problem of identifying shifts in diversifica-
tion rate in trees (6, 7). In the absence of 
quantitative methods, differences in rates 
commonly have been inferred solely on the 
basis of levels of diversity among taxa as-
signed the same Linnaean rank, which can 
introduce bias into rate calculations (8). 

Quantitative studies of diversification 
rates in phylogenies have generally focused 
on sister group comparisons ( 9 ) ,  which 
standardize the ages of lineages (10); how-
ever, because they are essentially two-taxon 
phylogenies, they take into account mini-
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ma1 informationpresent in a tree (7, 8, 11). 
The inclusion of more information on such 
relationships, even information on just one 
additional taxon, should permit finer reso-
lution of the timing of changes in diversifi-
cation rate. This increase in phylogenetic 
resolution will be informative only to the 
extent that estimates of the timing of inter-
nal branch points are available or if statis-
tics robust to uncertain timing are devel-
oped. The first approach has been explored 
(12) but has relied on debatable assump-
tions of clock-like molecular evolution 
(13). Here, we pursue the second ap-
proach-the application of a statistical 
method that holds over the range of plau-
sible branching times-to explore the tim-
ing of the radiation of flowering plants in 
relation to the evolution of their presumed 
key innovations. 

Our analysis was performed in the con-
text of a set of three-taxon phylogenies, 
each comprising an outgroup and two sister 

taxa that form the ingroup. Branching rates 
were reconstructed within a likelihood 
framework, assuming an underlying Yule or 
"pure birth" branching process (7, 12, 14) 
in which the probability of branching 
events along a branch follows a Poisson 
distribution with unknown parameter A. 
The likelihood of observing N species in a 
clade after an interval of time d, given one 
species initially, is (15) 

The Markov property of the Yule process 
permits multiplication of terms like this for 
each branch of the tree, taking into ac-
count ~ossiblvdifferent rate Darameters in 
different branches corresponding to various 
alternative models (Fie. 1)., - ,  

A phylogeny with three taxa and four 
branches permits models with only one 
branching rate parameter or as many as four 
different parameters, one for each branch 
(Fig. 1). These parameters can be arranged 
in 15 topologically distinct models: one 
single-rate model, seven two-rate models, 
six three-rate models, and one four-rate 
model (which provides the best possible fit 
of the model to the data). Our attention 
was restricted to 10 of these models in 
which the same rate does not arise twice 
(Fig. 1). The remaining five unparsimoni-
ous models are not needed to explain any of 
the data described below. A model is de-
noted by HF, where k, the "class" of the 
model, is the number of parameters, and j 
indexes the different arrangements of rate 
parameters on the tree. 

The observations consist of the number 
of species in the three terminal taxa, {N1, 

Fig. 1. One-, two-, 
three-,and four-param-
eter models for the ev-
elution of branching 
rate in a three-taxon 
phylogeny. ykrefers to 
the jth model within the 
class of models that 
has k parameters. The 
extant terminal taxa oc-
cur at time t = 0, the ................................................................................................................ 
root at time t = 1 ,  and 
the internal node at t 
with 0 I t I 1. The 
three clades are com-
posed of N, , N,, and NR 
species, respectively.o n l y  the relationships of the three taxa to each other, not the phylogenies 
within the three taxa, are assumed to be known. Distinct shading of branches represents the 
branching rate parameters. For example, a tree with branches having three shadings has three 
distinct rate parameters in the positions indicated. Models below the dotted line are included for 
completeness but entail homoplasy in the evolution of rates (morethan one transformation to or from 
the same rate).They are excluded from the analysis as unparsimoniousand unnecessary to explain 
the data. The black bar representsthe position of a hypothesized key innovation that unites the two 
ingroup taxa. Circled models are potentially consistent with a key innovation hypothesis-that is, a 
correlation between increases in the rate of branching and the evolution of the innovation (23).The 
other models are inconsistent with a hypothesis of key innovation. Consistent models are not 
indicated for the five homoplastic models. 
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N2,N3) of a given phylogeny, and an upper 
and lower bound on the possible branching 
time of the internal node, t, and tl, respec- 
tively, where time is scaled from 0 (the 
present) to 1 (the age of the earliest split). 
The likelihood of the.unknown parameters 
of the model (given the observations), 
L(AIN,,N,,N,,t,,tl), is proportional to the 
probability of the observations given the 
model (1 6), where A is a vector of from one 
to four parameters depending on the model. 
The probability can be obtained by inte- 
grating over the possible branch times (1 7), 
which are constrained to lie between the 
bounds t, and tl: 

P(Nl,NZ,N3,tu9tllA) 

For example, in model Hi  the integrand is 

-Aa(l - e-A. )NI - 1 

where A, and Ab are the two branching 
parameters in the class HZ. The first three 
terms stem from the likelihood expression 
given earlier. The last term is due to the 
exponentially distributed waiting times be- 
tween branching events in a Poisson pro- 
cess. For a set of observations on a given 
phylogeny, the likelihood is obtained as a 
function of the unknown parameters by 
numerical integration, and the maximum 
likelihood estimates of the parameters are 
then obtained by numerical optimization 
methods (1 8). Finally, each model is exam- 
ined in turn until the "best" is found by means 
of a strategy that simultaneously minimizes 
model complexity (the number of parame- 

ters) but maximizes goodness of fit, p;, 
relative to the four-parameter model. Values 
for P; of model HF are measured by its 
log likelihood ratio relative to the best 
fit model H; 

max L(A;lNl,~z,~3,t,,tI) 
p; = log 1max L(Af IN, ,Nz,N3,tU,tl) 

where A; is the vector of unknown param- 
eters associated with H;. First, k was set to 
1, and the one-parameter model, Hi, was 
tested; if it fit as well as the four-parameter 
model, the procedure terminated and Hl 
was accepted as an adequate description of 
the data. Otherwise, k was incremented 
and each of the two-parameter models was 
tested. The procedure terminated either (i) 
upon failure to reject one or more models in 
a class Hk or (ii) when model H; was 
reached by rejecting all simpler models. 
Significance levels of the log likelihood 
ratio p were assessed by Monte Carlo sim- 
ulation (1 9, 20) using the maximum likeli- 
hood rate estimates derived under the rele- 
vant null model. 

A subset of models is potentially consis- 
tent with a key innovation hypothesis (Fig. 
1). The other models are inconsistent with 
a key innovation hypothesis because the 
innovation occurs on a branch different 
from the one in which the rate changes. If 
an inconsistent model is best for a data set, 
the key innovation hypothesis is unambig- 
uously falsified. However, it 'can also be 
falsified in a consistent model under three 
circumstances: first, if the rate decreased 
rather than increased after the innovation 
(this is determined by comparing the max- 
imum likelihood rate estimates on neigh- " 
boring branches) ; second, if additional phy- 
logenetic information on one of the three 

Flg.' 2. Four recent hypotheses for the basal relationships of A 
angiosperms. (A) Magnolialian rooting based on Donoghue and 

69 2847 231,038 Doyle's (38) morphological cladistic analysis [figure 3.1 in (38)],  Gn Magn Ag -
which is consistent with traditional views (27, 39) and several 
other morphological cladistic analyses (40). (B) Nymphaeaceae 
and Chloranthaceae rootings. The Nymphaeaceae rooting is 
based on the single tree from Doyle et al. (41), a combined 
analysis of morphological characters and ribosomal RNA se-
quence data [figure 15 in (41) ] ,which is consistent with trees 
based on ribosomal evidence alone (25).The Chloranthaceae B 
rooting is based on Taylor and Hickey's (42) morphological 69 70 233,815 

cladistic analysis [figure 2 in (42)l. Both phylogenies can be Gn Nyrn or Chlor Ag -
shown as one tree because Nymphaeaceae and Chloranthaceae 
have the same species diversity. (C) Ceratophyllaceae ( rbc l )  
rooting based on nucleotide sequences of the chloroplast gene 
rbcL (26, 43), in which the aquatic plant Ceratophyllum is the 
sister group of the remaining angiosperms [figure 1 in (26)l .Taxa C 
are indicated as follows: Gn, Gnetales; Cer, Ceratophyllaceae; 

69 6 233,879 Chlor, Chloranthaceae; Nym, Nymphaeaceae; Magn, Magno- Gn Cer Ag -
liales; and Ag -, the remainder of angiosperms. Species diversity 
is indicated for each clade. 
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clades suggests that rates changed within 
the clade rather than at its base (8, 2 1) ;and 
third, if additional information about diver- 
sity from more distant relatives overturns 
the inferred direction of rate change (1 1, 
22). Moreover, it is difficult to assess 
whether the origin of a novelty yielded an 
immediate increase in diversification rate or 
triggered increased rates only after later 
character changes or environmental shifts. 
Thus, rejection of a key innovation hypoth- 
esis with the use of the methods described 
here is potentially straightforward, but ac- 
ceptance remains more provisional (23). 

The methods described above were used 
to test whether a significant increase in " 
diversification coincided with the origin of 
the angiosperms and their synapomorphies. 
Whereas recent phylogenetic analyses agree 
that Gnetales are the closest living relatives 
of angiosperms (24-26), there are still dis- 
agreements regarding the exact position of 
the root of the angiosperm phylogeny and 
hence the order of early branching events. 
To cope with this ambiguity, we per-
formed tests using four phylogenetic hy- 
potheses regarding the angiosperm root: a 
magnolialian, Nymphaeaceae, Chloran-
thaceae, and Ceratophyllaceae rooting (Fig. 
2). Estimates of the number of species in 
each major clade were obtained from 
Thorne (27) for angiosperms and Mabberly 
(28) for Gnetales. 

Tests were performed with almost the 
entire range of possible branching times (t, 
= 0.001; t, = 0.999) and evidently hold 
asymptotically at the end points (the end 
points cannot be tested computationally, 
because they introduce singularities into 
the likelihood function for one or more 
models). However, the real branching time 
lies well within about half that range, 
which is [0.5, 0.9991 (8). On the basis of 
known stratigraphic ranges and inferred 
phylogenetic relationships, the split of the 
"angiophytes" (the line that includes mod- 
ern angiosperms) from their closest relatives 
(other anthophytes, including Gnetales 
and the extinct taxa Bennettitales and Pen- 
toxylon) must have occurred at least by the 
Late Triassic, roughly 200 to 210 million 
years ago (8). There is fossil evidence for 
five major clades of angiosperms in the 
Barremian or Earlv A ~ t i a n  of the Creta- 
ceous, and some fossiis are found in the 
Hauterivian, approximately 135 to 140 mil- 
lion years ago. This implies that modern 
angiosperms were diversifying before this 
time. Estimates of the age of angiosperms 
on the basis of molecular clocks have varied 
widely, from the Carboniferous (29), which 
is inconsistent with the fossil record (30), 
to the Earlv lurassic (31). The time be- , - , , 

tween the origin of angiophytes and the 
origin of modern angiosperms was then 
between some small length of time, if an- 



giosperms originated soon after the split 
with Gnetales, and perhaps 70 million 
years, if the angiosperms originated shortly 
before the appearance of the first universal-
ly accepted angiosperm fossils (32). 

Results based on the paleoherb, Chlo-
ranthaceae, and Ceratophyllaceae rootings 
(Fig. 2, B and C, and Table 1) agree that 
the best model is a two-parameter, non-key 
innovation model. H:'. in which the antes-

' L' 

tral rate of branching persists until after the 
first split within the angiosperms. Results 
for the magnolialian rooting (Fig. 2A) are 
ambiguous (Table I). Two two-parameter 
models (Hi and a key innovation model 
Hi)are barely rejected at the 95% level. 
They are both barely accepted over the 
interval [0.5, 0.9991 supported by the fossil 
record as described above, but it is perhaps 
more conservative (especially in view of the 
binomial sampling variance of the Monte 
Carlo estimates of significance) to postulate 
fairly elaborate three-parameter key inno-
vation models to ex~lainthe Dattern of 
diversification (23). In any case, only under 
the magnolialian rooting is there any sup-
port for such models. In summary, key 
innovation models are rejected in some 
phylogenetic analyses that are based on 
morphology and in all analyses that are 
based on molecular data alone or on a 
combination of molecular and morphologi-
cal evidence. The referred model. H:'.

' L' 

suggests that a branching rate increase did 
not coincide with the evolution of those 

close association of angiosperm synapomor-
phies with increases in rate. 

These results must be interpreted cau-
tiously for two reasons. First, basal relation-
ships in angiosperms are still uncertain, and 
other phylogenies could support a key in-
novation hypothesis. Second, because a 
pure birth model effectively equates diver-
sification rate with speciation rate, differen-
tial rates of extinction or turnover could 
conceivably account for the same observa-
tions. For exam~le.a decreased extinction 
rate in the clad: tllat contains the bulk of 
angiosperms (Fig. 2) could account for the 
observed diversity patterns, even if the 
speciation rate remained constant. The ro-
bustness of our results can be assessed by 
"correcting" the observed species diversities 
upward in each clade in turn. Increasing 
the diversity in the bulk of angiosperms 
merely increases support for model Hi. 
Increasing the diversity in Magnoliales 
(Fig. 2A) shifts the conclusions in favor of 
a kev innovation model. but there is little 
fossil evidence that they were much more 
diverse in the Cretaceous (8). A shift to a. , 
key innovation model in the other three 
angiosperm rootings (Fig. 2, B and C) 
would require extremely high extinction 
rates. The fossil record does not provide 
evidence that these groups were ever excep-
tionally diverse. Instead, judging by the 
similaritv of fossil and modern ~lants.it 
appears that species of Ceratophyllaceae, 
and ~ossiblvof Chloranthaceae and Nvm-

innovations that are characteristic of an- phaeaceae, have persisted for long periods 
giosperms as a whole; rather, one or more of time with low turnover (33). Finally, 
increases occurred after angiosperms had however, the fossil record does indicate a 
begun to diversify. This analysis does not high diversity of the gnetalian line in the 
allow us to localize the rate increases within Mesozoic (34). This raises the possibility 
the clade that contains the bulk of an- that high rates of speciation in angiosperms 
giosperms, but it does permit us to reject a merely persisted from the common ancestor 

Table 1. Likelihood ratio tests (P) for various branching models and four phylogenies of basal 
angiosperm relationships. See Fig. 1 for description of the models; phylogeny A is based on the 
magnolialian rooting; phylogeny B on the Nymphaeaceae and Chloranthaceae rootings; and 
phylogeny C on the Ceratophyllaceaerooting (Fig.2). Constraints on branching times were t ,  = 
0.999 and t ,  = 0.001. Significance levels (P)were determined from Monte Carlo simulation (20). 

Phylogeny 
--

Model A B C 

P P P P P P 

H: 10.10 1.OO* 13.81 1.OO* 16.35 1.OO* 

H: 3.34 0.96* 7.05 1.OO* 9.59 1.OO*

Hz 3.28 0.96* 0.77 0.49t 1.77 0.807 
7.56 1.OO* 7.56 1.OO* 7.55 1.OO* 

Hi 3.92 0.98* 7.62 1.OO* 10.16 1.OO* 

H? 0.81 0.77t 0.75 0.69 0.73 0.73

Hz 0.24 0.43t 0.21 0.42 0.20 0.50 

H2 0.42 0.60t 0.69 0.69 1.19 0.84 

H: 3.04 0.98* 6.75 1.OO* 9.28 1.OO* 

*Rejection of the model relative to model H: at the 95% level. tpreferred models. 

of angiosperms and Gnetales. We increased 
the number of species in Gnetales to 1000, 
which corresponds to an approximately 
threefold increase in the gnetalian extinc-
tion rate. With these data, model Hi  was 
again preferred for the paleoherb and Chlo-
ranthaceae trees and was also preferred for 
the magnolialian tree. However, three-pa-
rameter models are required to explain the 
unusually low diversity in the Ceratophyl-
laceae tree (35). 

Our results bear on hypotheses concern-
ing the causes of angiospermdiversification. 
According to arguments developed by 
Doyle and Donoghue (8), trees rooted 
among magnolialian groups suggest that the 
evolution within angiosperms of rhizoma-
tous plants with accelerated life cycles may 
have triggered the increase in diversity ob-
served during the mid-Cretaceous. In con-
trast, trees rooted among paleoherbs suggest 
that angiosperms either originated near the 
beginning of the Cretaceous or, if they 
originated earlier, that the rate of evolution 
was not enhanced until some environmen-
tal conditions changed. In our analysis, a 
magnolialian root is actually most consis-
tent with the view that angiosperm apo-
morphies triggered increased diversification 
(36), whereas paleoherb rootings strongly 
favor a delayed radiation. If a paleoherb 
rooting is correct, the rhizomatous habit 
and more rapid reproduction were not by 
themselves responsible for increased diver-
sification, regardless of when angiosperms 
originated. Instead, either intrinsic factors, 
such as the subseauent evolution of other 
morphological features (perhaps in several 
lineages independently), or extrinsic fac-
tors, such as faunal turnover (37) or global 
environmental heteroeeneitv in the Earlv., 
Cretaceous (8), must have contributed to 
the eventual rapid radiation of angio-
sperms. 
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G,: A GTP-Binding Protein with Transglutaminase 
Activity and Receptor Signaling Function 

Hideaki Nakaoka, Dianne M. Perez, Kwang Jin Baek, 
Tanya Das, Ahsan Husain, Kunio Misono, Mie-Jae Im, 

Robert M. Graham*? 
The a,-adrenergic receptorsactivate a phospholipaseC enzyme by coupling to members 
of the large molecular size (approximately74 to 80 kilodaltons) Ga, family of guanosine 
triphosphate (GTP)-binding proteins. Rat liver Ga, is now shown to be a tissue trans-
glutaminasetype II (TGase 11).Thetransglutaminaseactivityof rat liverTGase IIexpressed 
in COS-1 cells was inhibited by the nonhydrolyzable GTP analog guanosine 5'-O(3-
thiotriphosphate) or by &,-adrenergic receptor activation. Rat liver TGase IIalso mediated 
a,-adrenergic receptor stimulation of phospholipase C activity. Thus, Ga, represents a 
new class of GTP-binding proteins that participate in receptor signaling and may be a 
component of a complex regulatory network in which receptor-stimulated GTP binding 
switches the function of Ga, from transglutamination to receptor signaling. 

W e  have shown previously that a GTP-
binding protein, termed Gh, copurifies with 
rat liver al-adrenergic receptors in a ternary 
complex,containing al-agonist, the recep-
tor, and Gh (1).De novo purification of Gh 
revealed that the 74-kD a subunit (Gab) is 
associated with an -50-kD P subunit 
(GPh) (2). GPh modulates the GTP bind-
ing and guanosine triphosphatase (GTPase) 
activity of Gab. Gh proteins with a sub-
units of 74 to 80 kD exist in various species, 
including humans and cows (Gh7); Gh7 
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couples to al-adrenergic receptors and ac-
tivates a 69-kD phospholipase C (PLC) (2). 

Microsequencing of endoproteinase ly-
sine C-generated peptide fragments of Gah  
purified from rat liver (3) yielded four 
sequences-SVXRDXREDITYTYK, YPE-
XXPE, SVEVSDPVPAGDXVKXRVXLFP, 
and SVKGYXN (the identity of the residues 
designated X is uncertain)-all of which are 
highly similar to sequences contained in 
guinea pig, mouse, human, and bovine tis-
sue transglutaminase type I1 (TGase I1 or 
TGase C; R-glutaminy1-peptide:amino-y-
glutamyltransferase, E.C. 2.3.2.13). These 
enzymes are CaZ+-and thiol-dependent acyl 
transferases that catalyze the formation of an 
amide bond between the y-carboxamide 
groups of peptide-bound glutamine residues 
and the primary amino groups in various 
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