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Abstract 
Flowering plants (angiosperms) appeared on Earth rather suddenly approximately 130 

million years ago and underwent a massive expansion in the subsequent 10-12 million years. 
Current molecular phylogenies have predominantly identified Amborella, followed by Nymphaea 
(water lilies) or Amborella plus Nymphaea, in the ANITA clade (Amborella, Nymphaeales, 
Illiciaceae, Trimeniaceae and Austrobaileyaceae) as the earliest angiosperm. However, 
developmental studies suggest that the earliest angiosperm had a 4-cell/4-nucleus female 
gametophyte and a diploid endosperm represented by Nymphaea, suggesting that Amborella, 
having an 8-cell/9-nucleus female gametophyte and a triploid endosperm, cannot be 
representative of the basal angiosperm. This evolution-development discordance is possibly 
caused by erroneous inference based on phylogenetic signals with low neutrality and/or high 
saturation. Here we show that the 3rd codon transversion (P3Tv), with high neutrality and low 
saturation, is a robust high-resolution phylogenetic signal for such divergences and that the P3Tv-
based land plant phylogeny cautiously identifies Nymphaea, followed by Amborella, as the most 
basal among the angiosperm species examined in this study. This P3Tv-based phylogeny 
contributes insights to the origin of angiosperms with concordance to fossil and stomata 
development evidence.  
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Introduction 
Flowering plants (angiosperms) appeared on Earth approximately 130 million years 

(mya) ago and subsequently experienced a massive expansion over the next 10-12 mya, resulting 
in much of the today’s flora (De Bodt, Maere, and Van de Peer 2005). This phenomenon was 
described by Darwin in 1879 as an “abominable mystery” (Darwin 1903). Plant evolutionary 
biologists have long attempted to reconstruct angiosperm evolutionary history in an effort to 
determine the root of angiosperms. Since 1999, a series of molecular phylogenetic analyses have 
identified the monotypic Amborella, followed by Nymphaeales, or Amborella plus Nymphaeales, 
in the ANITA clade (Amborella, Nymphaeales, Illiciaceae, Trimeniaceae and Austrobaileyaceae) 
as representative of the most basal taxa (Mathews and Donoghue 1999; Parkinson, Adams, and 
Palmer 1999; Qiu et al. 1999; Soltis, Soltis, and Chase 1999; Graham and Olmstead 2000; Qiu et 
al. 2000; Zanis et al. 2002; Borsch et al. 2003; Zanis et al. 2003; Stefanovic, Rice, and Palmer 
2004; Leebens-Mack et al. 2005; Chang et al. 2006; Qiu et al. 2006). In some cases, monocot-
basal trees have also been reported (Goremykin et al. 2003; Goremykin et al. 2004; Chang et al. 
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2006; Goremykin and Hellwig 2006). Concurrently, developmental biologists have studied two 
key developmental aspects in the ANITA clade, i.e., the structure of female gametophyte and 
formation of embryo nourishing tissue (endosperm), to help clarify the origin of the extant 
angiosperms (Williams and Friedman 2002; Friedman and Williams 2003; Friedman and 
Williams 2004; Friedman 2006). All ANITA members except Amborella have a 4-cell/4-nucleus 
female gametophyte with one of the double fertilization events yielding a biparental diploid 
endosperm (Williams and Friedman 2002; Friedman and Williams 2003; Friedman and Williams 
2004), whereas the rest of angiosperm species have an 8-cell/9-nucleus (Amborella) (Friedman 
2006) or a 7-cell/8-nucleus (all non-ANITA angiosperms) female gametophyte, with one of the 
double fertilization events yielding a biparental triploid endosperm (Friedman and Williams 
2003; 2004).  

Based on these findings, it has been hypothesized that the angiosperm female 
gametophytes consist of modular developmental subunits (Friedman and Williams 2003; 
Friedman 2006). From the ancestral gymnosperms, containing multiple egg cell 
megagametophytes yielding haploid embryo nourishing tissues upon a single fertilization event, 
the earliest angiosperm (all ANITA except Amborella) evolved into a 4-cell/4-nucleus  female 
gametophyte (a single developmental module) which yielded a diploid endosperm upon double 
fertilization. In the early angiosperm history, this basic module was duplicated and resulted in 8-
cell/9-nucleus female gametophyte in Amborella or 7-cell/8-nucleus one in the non-ANITA 
angiosperms, both of which yielded a triploid endosperm upon double fertilization (Friedman 
and Williams 2003; Friedman and Williams 2004; Friedman 2006). This hypothesis thus places 
non-Amborella ANITA members (represented by Nymphaea in most studies) as representative of 
the most basal angiosperms, thus conflicting with the current Amborella-basal (or Amborella 
plus Nymphaeales co-basal) molecular phylogeny.  

If we accept the embryological evidence as consistent and incontrovertible, it is likely 
that the evolution-development conflict between the current phylogeny and developmental 
evidence lies on the phylogenetic side. In reconstructing the phylogeny with molecular 
characters (protein and nucleotide sequences), two types of errors can cause phylogenetic 
discordance: 1) stochastic error resulting from sampling of limited and/or underrepresented 
characters and taxa and 2) systematic error generated by the presence of a nonphylogenetic 
signal in the data (Phillips, Delsuc, and Penny 2004; Jeffroy et al. 2006). In the case of 
angiosperm phylogeny, because multi-gene concatenated samples and whole-chloroplast 
genomes of well-represented taxa have been analyzed (Stefanovic, Rice, and Palmer 2004; 
Leebens-Mack et al. 2005; Chang et al. 2006; Qiu et al. 2006), the stochastic errors should be 
minimal. Therefore, the discordance among the trees appears to be mainly caused by systematic 
errors as different reconstruction methods consistently generate discordant, yet highly supported 
trees (Stefanovic, Rice, and Palmer 2004; Chang et al. 2006; Jansen et al. 2006; Jeffroy et al. 
2006; Qiu et al. 2006). Moreover, the inability to separate Amborella and Nymphaea in 
Amborella plus Nymphaea co-basal phylogeny suggests the current molecular phylogenetic 
signals used in the inference are not robust enough to reconcile the evolutionary history of 
angiosperms (Williams and Friedman 2002; Friedman and Williams 2003; Friedman and 
Williams 2004; Friedman 2006). 

We report here the use of the 3rd codon transversion (P3Tv) for inferring phylogenetic 
divergence. Our objectives were to 1) evaluate P3Tv as a phylogenetic signal and 2) attempt to 
resolve the conflict between the molecular phylogenies and developmental evidences. Based on 
P3Tv of the whole chloroplast genome coding sequences of 36 land plant taxa, we generated 
congruent maximum parsimony (MP) and maximum likelihood (ML) phylogenies that suggest 
that Nymphaea corresponds to the sister phyla to all other angiosperms including Amborella.  
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Materials and Methods 

Analysis of neutrality and saturation of codon partitions 
Synonymous and non-synonymous substitution possibilities were calculated based on the 

standard genetic code (Griffiths 2007). Uncorrected pairwise sequence divergence (p-distance) 
and Kimura-corrected distance (Kimura 1980) were calculated using MBEToolbox (Cai et al. 
2005), for transitions (Ts), transversions (Tv), or Ts plus Tv at the 3rd-codon positions of the 
whole chloroplast genome coding sequences of 36 land plant taxa compiled by Qiu et al. (Qiu et 
al. 2006). The use of the 36 land plant taxa compiled by Qiu et al. (Qiu et al. 2006) represents a 
broad set of land plants comprising the full range of ancestral taxa. It is limited by the 
availability of sequenced chloroplast genomes and does not include less derived members of 
certain taxa, e.g., Schisandraceae, Austrobaileya, and Trimeniaceae in the ANITA grade.  

Phylogenetic analysis 
The whole chloroplast genome coding sequence alignment matrix of 36 land plant taxa 

were from Qiu et al. (2006); the gaps in the alignment were removed. ML analyses were 
performed in TreeFinder (Jobb, von Haeseler, and Strimmer 2004), with an optimal model of 
nucleotide evolution selected by using the Akaike Information Criterion as implemented in 
ModelGenerator (Keane et al. 2006). MP analyses were carried out by using POWER (Lin et al. 
2005). The RY coding (i.e., A or G was changed to R; C or T to Y) was used for phylogeny 
construction based on transversion only (Phillips and Penny 2003). For both ML and MP, 
Bootstrap analyses of 100 replicates were performed and the consensus trees were then displayed 
with bootstrap values (>50%). 
 

Results and Discussion 

P3Tv as a phylogenetic signal 
The ideal signal for phylogenetic reconstruction should fulfill two important criteria: 1) 

total or high neutrality and 2) no or low saturation. Compared with nucleotide sequences, protein 
sequences are less desirable for phylogenetic inference due to their lack of neutrality arising from 
wobble in the genetic code (20 amino acids coded by 61 corresponding codons). However, in 
using nucleotide sequence for phylogenetic reconstruction it has long been recognized that 
phylogenetic signals among codon positions vary greatly (Chaw et al. 2000; Magallon and 
Sanderson 2002; Qiu et al. 2006; Simmons et al. 2006). Therefore, we compared saturation and 
neutrality of different codon partitions. Because mutation rates in the 3rd codon position lead to 
high saturation which can cause long branch attraction (Chaw et al. 2000; Magallon and 
Sanderson 2002; Van de Peer et al. 2002; Jeffroy et al. 2006), many researchers (Chaw et al. 
2000; Nickrent et al. 2000; Stefanovic, Rice, and Palmer 2004) have recommended excluding the 
3rd codon position from phylogenetic reconstructions. Conversely, the 1st and 2nd codon positions 
have less than 5% synonymous mutations (Fig. 1A) and therefore suffer from low neutrality. 
Mutations in the 3rd codon position are 70% synonymous and are therefore neutral. In this 
regard, the 3rd codon position may have a superior phylogenetic signal due to its high neutrality.  
The constrained use of the 3rd codon (i.e., transversions only) may provide both low saturation 
and high neutrality.  

To insure that the 3rd codon transversion (i.e., P3Tv) functions equally well at shallow and 
deep phylogenies, we plotted uncorrected pairwise sequence divergence (p-distance) against 
Kimura-corrected distances for transitions (Ts), transversions (Tv), or Ts plus Tv at the 3rd-codon 
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Figure 1. Analysis of neutrality and saturation of codon partitions. (A) 
Synonymous (the solid bar) and non-synonymous (the open bar) 
substitution possibilities calculated according to the standard genetic 
code (Griffiths 2007). (B) Relationship between uncorrected pairwise 
sequence divergence (p-distance) and Kimura-corrected distances, for 
transitions (Ts), transversions (Tv), or Ts plus Tv at the 3rd-codon 
positions of the whole chloroplast genome coding sequence alignment 
matrix of 36 land plant taxa compiled by Qiu et al. (2006). 

positions of the whole chloroplast genome coding sequence alignment matrix of 36 land plant 
taxa compiled by Qiu et al. (2006) and found that the high saturation problem is substantially 
alleviated after the transitions are removed and only transversions are considered (Fig. 1B). The 
near linear relationship between uncorrected pairwise sequence divergence (p-distance) and 
Kimura-corrected distances indicates that high saturation in the 3rd codon position is mainly 
generated by transitions (A to G or C to T) and suggests that the 3rd codon transversion may be a 
more powerful phylogenetic signal than the currently-used transitions plus transversions of 
1st+2nd, 3rd, or 1st+2nd+3rd positions for constructing shallow and deep phylogenies (Chaw et al. 
2000; Nickrent et al. 2000; Stefanovic, Rice, and Palmer 2004; Qiu et al. 2006).   

P3Tv-based phylogeny places Nymphaea at the root of angiosperm 
To further examine the effects of low saturation and high neutrality on phylogen  y, we 

performed MP and ML phylogenetic analyses based on Tv versus Tv+Ts of different codon 
partitions (e.g., 3rd, 1st+2nd or 
1st+2nd+3rd positions) with the same 
whole-chloroplast genome coding 
sequence alignment matrix. Since 
whole-chloroplast genomes and 
well-represented taxa were used, the 
stochastic sampling errors in both 
taxa and character states should be 
minimal (Phillips, Delsuc, and 
Penny 2004; Jeffroy et al. 2006). 
Due to limited availability of 
sequenced chloroplast genomes, we 
recognize that the 36 land plant taxa 
compiled by Qiu et al. (2006) do not 
include some less derived members 
of certain taxa, particularly other 
members in the ANITA grade, e.g., 
Schisandraceae, Austrobaileya, 
Trimeniaceae. However, since all 
members in the ANITA clade except 
Amborella show similar female 
reproductive structures (Williams 
and Friedman 2002; Friedman and 
Williams 2003; Friedman and 
Williams 2004; Friedman 2006), 
representation by Nymphaea for all 
non-Amborella members of ANITA 
is warranted. 

Among the 12 phylogenetic 
trees we constructed (Table 1; Figs. 
2-3, S1-10), the P3Tv-based MP and 
ML trees were nearly identical 
(except Calycanthus placement) 
(Figs. 2-3). Moreover, the P3Tv 
signal showed internally consistent 
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Figure 2. Phylogenetic tree created by maximum 
parsimony (MP) analysis based on P3Tv of the whole 
chloroplast genome coding sequence alignment matrix of 
36 land plant taxa compiled by Qiu et al. (Qiu et al. 
2006). See the text for details about the improvement 
compared with Fig. 3A in Qiu et al. (Qiu et al. 2006). 
Inconsistencies are marked by the filled diamonds 
regarding deep divergence, the filled square in shallow 
divergence and the filled circle for most basal 
angiosperm.  

Figure 3. Maximum likelihood (ML) tree created based 
on transversions of 3rd codon positions of the whole 
chloroplast genome coding sequence alignment matrix of 
36 land plant taxa compiled by Qiu et al. (2006). The 
filled circles represent conflicts with the maximum 
parsimony tree (Fig. 2) based on P3Tv. 
 
 

placements of Chaetosphaeridium basal to Chara and Huperzia basal to Psilotum in the derived 
phylogeny. These placements in the deep divergence are congruent with those in the multigene 
supermatrix tree (Fig. 1 in Qiu et al. (2006)) which was considered to be appropriate for deep 
divergence because it was reconstructed with six genes with slow to moderate evolutionary rates 
(i.e., low saturation rate) and a large number of taxa for breaking long branches. Furthermore, the 
P3Tv-based trees show proper resolution in shallow divergence, as exemplified by the 
appropriate placement of Spinacia, which is sister to both asterids and rosids (APG II 2003), as 
opposed to the chloroplast-genome tree (Fig. 3A in Qiu et al. (2006)) which grouped Spinacia 
with asterids using all codon positions as the phylogenetic signal.  

If we accept the deep and shallow phylogenetic consistency of the P3Tv signal as 
processing minimal stochastic and systematic error, then we should consider the P3Tv-based 
mid-depth phylogeny as reliable. At the node of Nymphaea–Amborella, the core controversy in 
the angiosperm origin, both P3Tv-based MP and ML trees clearly separated Amborella and 
Nymphaea (Figs. 2-3) and consistently indicate that Nymphaea is basal to Amborella with 
bootstrap values of 100. The best tree in Qiu et al. (2006) placed Amborella and Nymphaea  as a 
co-basal sister clade. Among the other five pairs of MP and ML trees, only the 3rd codon Tv+Ts 
based MP and  the ML trees (Figs. S1-S2) consistently placed Amborella basal to Nymphaea, 
while those based on the 1st+2nd codon Tv+Ts (Figs. S5-S6) placed with Nymphaea basal to 
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Amborella, and remaining three pairs of MP and ML trees based on 1st+2nd codon Tv (Figs. S3-
S4), 1st+2nd+3rd codon Tv (Figs. S7-S8), and 1st+2nd+3rd codon Tv+Ts (Figs. S9-S10) were 
inconsistent, with ML trees showing Amborella and Nymphaea co-basal (Figs. S4, S8, S10), one 

N
at

ur
e 

P
re

ce
di

ng
s 

: d
oi

:1
0.

10
38

/n
pr

e.
20

07
.3

20
.1

 : 
P

os
te

d 
2 

Ju
l 2

00
7



 7

Figure 4. The reconciliation of the P3Tv-based molecular phylogeny 
(A) and the corresponding evolution of female gametophyte (B) and 
ploidy of endosperm (C) (Williams and Friedman 2002; Friedman and 
Williams 2003; Friedman and Williams 2004; 2006). During double 
fertilizations, the central cell is fused with a sperm cell (1n), producing 
diploid (2n) endosperm in Nymphaea, and triploid (3n) endosperm in 
Amborella and the non-ANITA angiosperms. Egg cell, yellow; central 
cell, blue; synergid cells, green; antipodal cells, red; and nucleus, 
black.

Nymphaea-basal-to-Amborella MP tree (Fig. S7), and two Amborella-basal-to-Nymphaea MP 
trees (Figs. S3, S9). These incongruent trees suggest the effect of either saturation or non-
synonymous mutations (Chaw et al. 2000; Nickrent et al. 2000; Stefanovic, Rice, and Palmer 
2004; Qiu et al. 2006). Furthermore, all non-P3Tv trees (Figs.  S1-S10) contain weak support for 
the shallow and/or deep portion of their phylogenies. Considering the drastic developmental 
differences between Nymphaea (and the other non-Amborella ANITA members) and Amborella 
(see below), the inability to separate Nymphaea from Amborella suggests the presence of some 
systematic errors in using these non-P3Tv-based signals for phylogenetic inference. Despite the 
support for both shallow and deep elements of the land plant phylogeny, the use of P3Tv did not 
definitively resolve the relationship between Amborella and the rest of the angiosperm tree. The 
P3Tv-based trees placed Amborella with 100% bootstrap support as separated from Nymphaea 
and sister to all other angiosperms 55-56% of the time (Figs. 2-3).  

Nymphaea–basal angiosperm tree 
concordant to developmental evidence  

Since all phylogenetic inferences 
are reconstructions based on the 
molecular sequences of extant plant 
species, the incongruence among various 
trees constructed by different 
phylogenetic signals or by different tree-
construction methods are difficult to 
cross verify. The recent emergence of 
evolutionary developmental biology, or 
"evo-devo", opened a new approach for 
cross verifying molecular phylogenies 
with developmental data (Goodman and 
Coughlin 2000). The evolution of the 
female gametophyte is one such 
developmental characteristic. Our P3TV-
based angiosperm phylogeny in the 
overall land plant phylogeny appears 
concordant with the evolution of female 
gametophytes from 4-cell/4-nucleus 
(ANITA except Amborella) to 8-cell/9-
nucleus (Amborella) or 7-cell/8-nucleus 
(the non-ANITA angiosperms) 
(Williams and Friedman 2002; Friedman 
and Williams 2003; Friedman and 
Williams 2004; Friedman 2006) and the 
evolution of endosperm from 1n 
(ancestral gymnosperm) to 2n (ANITA 
except Amborella) to 3n (Amborella and 
the non-ANITA angiosperms), as 
illustrated in Fig. 4. Such an 
interpretation cannot rule out the 
possibility that the progenitor of the 
modern monocots, eudicots and 
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eumagnoliids acquired triploid endosperms independently. Still the most parsimonious 
conclusion is that the progenitor of modern angiosperms descended from Nymphaea. Our 
Nymphaea-basal tree is also supported by the evolution of angiosperm leaf stomata. Nymphaea 
showed little stomata modification from the hypothetical ancestral angiosperm stomata, while 
Amborella exhibited extensive stomata modification (e.g., tangential divisions of contact cells) 
(Carpenter 2005). Our Nymphaea-basal phylogeny also agrees with the fossil evidence that 
Nymphaea extended back to the early Cretaceous (125-115 mya) and into the oldest fossil 
assemblages that contain unequivocal angiosperm stamens and carpels (Friis, Pedersen, and 
Crane 2001).  

In conclusion, our study demonstrates that P3Tv is a robust phylogenetic signal for 
reconstruction of plant evolutionary history and may have broad applications for phylogenetic 
inference of other biological lineages. Using this new signal, we generated a congruent 
phylogeny that is consistent across land plant lineages in both deep and shallow divergences and 
contributes to the resolution of the conflict between the current molecular phylogeny and the 
developmental evidence on the root of angiosperms.  
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Supplementary Materials 
Figure S1. Maximum parsimony (MP) tree based on transversions plus transitions of the 

3rd codon position of the whole chloroplast genome coding sequences of 36 

land plant taxa compiled by Qiu et al. (2006). The filled circles represent 

conflicts with the MP tree (Fig. 2) based on P3Tv.  
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Figure S2. Maximum likelihood (ML) tree based on transversions plus transitions of 3rd 

codon positions of the whole chloroplast genome coding sequences of 36 

land plant taxa compiled by Qiu et al. (2006). The filled circles represent 

conflicts with the maximum parsimony tree (Fig. 2) based on P3Tv.  
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Figure S3. Maximum parsimony (MP) tree based on transversions of 1st+2nd codon 

positions of the whole chloroplast genome coding sequences of 36 land plant 

taxa compiled by Qiu et al. (2006). The filled circles represent conflicts with 

the MP tree (Fig. 2) based on P3Tv.  
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Figure S4. Maximum likelihood (ML) tree based on transversions of 1st+2nd codon 

positions of the whole chloroplast genome coding sequences of 36 land plant 

taxa compiled by Qiu et al. (2006). The filled circles represent conflicts with 

the maximum parsimony tree (Fig. 2) based on P3Tv.  
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Figure S5. Maximum parsimony (MP) tree based on transversions plus transitions of 

1st+2nd codon positions of the whole chloroplast genome coding sequences of 

36 land plant taxa compiled by Qiu et al. (2006). The filled circles represent 

conflicts with the MP tree (Fig. 2) based on P3Tv.  
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Figure S6. Maximum likelihood (ML) tree based on transversions plus transitions of 

1st+2nd codon positions of the whole chloroplast genome coding sequences of 

36 land plant taxa compiled by Qiu et al. (2006). The filled circles represent 

conflicts with the maximum parsimony tree (Fig. 2) based on P3Tv.  
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Figure S7. Maximum parsimony (MP) tree based on transversions of 1st+2nd +3rd codon 

positions of the whole chloroplast genome coding sequences of 36 land plant 

taxa compiled by Qiu et al. (2006). The filled circles represent conflicts with 

the maximum parsimony tree (Fig. 2) based on P3Tv.  
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Figure S8. Maximum likelihood (ML) tree based on transversions of 1st+2nd +3rd codon 

positions of the whole chloroplast genome coding sequences of 36 land plant 

taxa compiled by Qiu et al. (2006). The filled circles represent conflicts with 

the maximum parsimony tree (Fig. 2) based on P3Tv.  
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Figure S9. Maximum parsimony (MP) tree based on transversions plus transitions of 

1st+2nd +3rd codon positions of the whole chloroplast genome coding 

sequences of 36 land plant taxa compiled by Qiu et al. (2006). The filled 

circles represent conflicts with the MP tree (Fig. 2) based on P3Tv.  
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Figure S10. Maximum likelihood (ML) tree based on transversions plus transitions of 

1st+2nd +3rd codon positions of the whole chloroplast genome coding 

sequences of 36 land plant taxa compiled by Qiu et al. (2006). The filled 

circles represent conflicts with the maximum parsimony tree (Fig. 2) based 

on P3Tv. 
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