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Molecular evolution and phylogeny of the angiosperm ycf2 gene
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Abstract Much of the recent progress in understanding angiosperm phylogeny has been achieved using multi-
gene or plastid genome datasets. However, it is largely unclear what size of dataset is required to achieve suffi-
cient resolution. The ycf2 gene is the largest plastid gene in angiosperms and it was used as part of multigene
datasets in several earlier investigations into angiosperm relationships. In this study, we show that the ycf2 gene
alone can provide a generally well-supported phylogeny that is consistent with those inferred from the most
comprehensive multigene or plastid genome datasets. The phylogenetic signal of the ycf2 gene is likely de-
rived from the combination of its long sequence length and low rate of nucleotide substitution. The ycf2 gene
may provide a low-cost alternative to comprehensive multigene or genome datasets for investigating angiosperm
relationships.
Key words angiosperm phylogeny, indel, multigene dataset, molecular evolution.

Significant progress has been made in elucidat-
ing the evolutionary history of angiosperms in the past
20 years. Molecular analyses generated from single-
gene or multigene datasets have consistently identified
several major clades, the relationships among which
often are robustly supported (Chase et al., 1993; Qiu
et al., 1999; Savolainen et al., 2000a, 2000b; Soltis
et al., 2000; Jansen et al., 2007; Moore et al., 2007). Al-
most all available studies have been generated through
DNA sequence data, often using multiple genes from
different genomes (nuclear, plastid, and mitochondrial).
Use of larger and larger multigene datasets has in-
creasingly become commonplace as DNA sequencing
prices have become more affordable. For example, a
recent phylogenetic study of Saxifragales used a com-
bined dataset of 16 genes from all three genomes (Jian
et al., 2008), and an endeavor to tackle the relationships
among basal angiosperms used a dataset of 61 plastid
genes (Moore et al., 2007). The most ambitious study
thus far used 81 plastid genes to investigate the relation-
ships among major angiosperm groups (Jansen et al.,
2007).

The ycf2 gene is the largest plastid gene reported
in angiosperms (Drescher et al., 2000). The function of
ycf2 is largely unknown, but appears not to be particu-
larly related to photosynthesis (Drescher et al., 2000). In
most land plants, two identical ycf2 copies are located
in the inverted repeat regions of plastid genomes, but
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independent losses of the ycf2 gene occurred in multiple
angiosperm groups including Poaceae. In combination
with other genes, ycf2 DNA sequences have been used in
several earlier investigations on angiosperm phylogeny
(Jansen et al., 2006, 2007; Moore et al., 2007; Jian
et al., 2008). In this study, we investigate the sequence
variation and phylogenetic utility of the ycf2 gene in
angiosperms. We show that the ycf2 gene alone can
provide a consistent and generally well-supported phy-
logeny with those inferred from the most comprehensive
multigene data. We suggest that the ycf2 gene may pro-
vide an alternative option to comprehensive multigene
or genome approaches for studying the relationships
among major angiosperm groups.

1 Material and methods

1.1 Comparison of sequence variation between ycf2
and other plastid genes

To investigate the tempo and mode of ycf2 sequence
variation, we compared the sequence length, variabil-
ity, and nucleotide composition between ycf2 and sev-
eral other plastid genes (ndhB, ycf1, atpB, rbcL, ndhF,
rpoC2, and matK) that are often used in plant molecular
systematics. For each of these genes, 36 sequences were
sampled from major angiosperm groups. All sequences
were obtained from the National Center for Biotech-
nology Information’s non-redundant DNA sequence
database (nr/nt) and their gene identifiers are shown in
Table S1. Multiple and pairwise sequence alignments
were carried out using MUSCLE (Edgar, 2004). Am-
biguously aligned regions and gap sites were removed.
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Sequence divergence was estimated using uncorrected
distance (p-distance). All statistical measurements were
calculated using MEGA4.0 (Tamura et al., 2007).

1.2 Phylogenetic analyses
Multiple sequence alignments were visually in-

spected and manually refined. Ambiguously aligned re-
gions and autapomorphic indels were removed from
phylogenetic analyses. For both DNA and protein se-
quences, phylogenetic analyses were carried out with
a maximum likelihood (ML) method using PHYML

(Guindon & Gascuel, 2003) and a neighbor-joining dis-
tance method using the program neighbor of PHYLIP

version 3.65 (Felsenstein, 2005). The nucleotide sub-
stitution model used was GTR + G + I as deter-
mined with ModelTest 3.7 (Posada & Crandall, 1998).
The protein substitution matrix was determined using
ProtTest (Abascal et al., 2005) and the JTT model was
selected. Bootstrap support was estimated using 100
replicates for both ML and distance analyses. Distances
for neighbor-joining bootstrap analyses were calculated
using TREE-PUZZLE (Schmidt et al., 2002) and PUZZLE-
BOOT v1.03. Statistical tests for sequence compositional
heterogeneity were carried out using TREE-PUZZLE with
the default ML model. Branch lengths and topologies
of the trees depicted in all figures were calculated with
PHYML.

Ginkgo and Cycas YCF2 protein sequences were
used as outgroups to root the angiosperm phylogeny.
Because of the occasional uncertainty in alignment be-
tween gymnosperm and angiosperm sequences, we also
carried out separate analyses without gymnosperm se-
quences. In these cases, the sequence of Amborella,
which has been identified in most recent studies as the
earliest branch in angiosperm evolution (Hilu et al.,
2003; Soltis et al., 2003; Qiu et al., 2005, 2006; Jansen
et al., 2007; Moore et al., 2007), was chosen as the
outgroup.

2 Results and discussion

2.1 Comparison of sequence variability between
ycf2 and other plastid genes

The length of the complete ycf2 gene ranges from
6816 to 6966 bp in most angiosperms. Table 1 shows
the comparison of sequence divergence, variability, and
other characteristics between ycf2 and seven other plas-
tid genes that are often used in plant systematics.
Overall, the ycf2 gene possesses one of the lowest se-
quence substitution rates among the eight sampled genes
(Table 1). The mean p-distance of ycf2 sequences is
4.8047%, which is approximately fourfold lower than
that of the widely used matK gene (19.2913%). As a
result of their low sequence substitution rate, ycf2 se-
quences from major angiosperm groups can be easily
aligned and they are less likely to suffer from parallel
mutations. Nevertheless, because of its greater length,
the ycf2 gene has generated more parsimoniously infor-
mative characters in total than the fast-evolving matK
(826 versus 521) for the same taxonomic sample, al-
though the percentage of parsimoniously informative
characters for ycf2 is much lower (16.2% versus 54.8%
for matK).

2.2 Indels and their systematic implications
The ycf2 sequences contain many indels uniquely

shared by some sampled sequences. Traditionally,
shared indels are often used as rare genomic char-
acters for phylogenetic reconstruction (Rokas & Hol-
land, 2000), particularly for major eukaryotic groups
(Baldauf & Palmer, 1993; Huang & Gogarten, 2006;
Rice & Palmer, 2006). For example, the initial recov-
ery of the sister relationship between fungi and ani-
mals was largely based on the combined evidence of
phylogenetic analyses and the identification of a 12-
aa insertion shared by the two groups in the otherwise
very conserved region of elongation factor-1α (Baldauf

Table 1 Comparison of sequence length, variability, and nucleotide composition for ycf2 and seven other plastid genes often used for plant molecular
systematics

Transition/
Divergence transversion Variability Nucleotide composition

Length
Gene (bp) %Divergence SE ti/tv SE %Variable %Informative %GC %T %C %A %G

ndhB 1475 2.2075 0.002 2.5088 0.5306 18.1 7.3 37.7 34.8 20 27.6 17.7
ycf2 5099 4.8047 0.001 1.4451 0.0081 39.8 16.2 37.5 31.2 19 31.3 18.5
atpB 1462 7.9934 0.004 2.7674 0.2598 35.5 25.5 42.8 27.7 19.3 29.5 23.5
rbcL 1340 8.0126 0.004 2.1141 0.2113 35.2 25.6 44.5 28.7 19.8 26.8 24.7
ndhF 1877 15.4569 0.004 1.2871 0.0571 60.3 42.3 33.0 39.0 15.7 27.9 17.3
rpoC2 2235 14.7955 0.004 1.5595 0.0594 65.6 46.3 36.6 30.0 17.1 33.5 19.5
ycf1 3191 19.0569 0.003 1.1533 0.0326 73.4 50.8 31.6 32.4 15.5 35.9 16.1
matK 951 19.2913 0.006 1.3535 0.0724 77.1 54.8 33.0 36.9 17.7 30.1 15.3

Except for ycf1, analyses were carried out with 36 sequences sampled from major angiosperm groups. Length refers to the aligned length of each dataset
minus ambiguous and gap sites. Statistics for ycf1 were calculated with four incomplete Saxifragales sequences removed from the data (i.e. only 32
sequences were used in the analyses). SE, standard error; ti/tv, transition/transversion.
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Fig. 1. Distribution of indels in YCF2 protein sequences. Note that a 2-aa deletion is present in all sequences of core eudicots, and that other deletions
are often specific to monophyletic groups. The boxed indel is not specific to any monophyletic group.

& Palmer, 1993). A unique indel in 18S rDNA has
also been cited as evidence to support the placement
of Peridiscaceae in Saxifragales (Davis & Chase, 2004;
Soltis et al., 2007) (but also see the following section
for discussion).

The angiosperm ycf2 sequences are generally well
aligned and indel boundaries can be easily assessed.
We carefully inspected the distribution of indels in the
major groups identified in the ycf2 phylogeny and in ear-
lier multigene analyses (Soltis et al., 2000, 2003; Hilu
et al., 2003; Jansen et al., 2007; Moore et al., 2007;
Zhu et al., 2007). As expected, many of these indels in-
deed are predictive of phylogenetic relationships. This
is most prominent in Brassicales, where multiple indels
are uniquely shared by all sampled sequences from this
group (Fig. 1). A highly conserved 5-aa (SDHLS) inser-
tion is present in sequences of all Saxifragales except
Peridiscus and Paeonia, coincident with the often un-
certain positions of these two taxa in earlier analyses
(Soltis et al., 2007; Jian et al., 2008). Additionally, a
2-aa deletion is identified in all sequences of core eudi-
cots, and multiple other indels are found to be specific
to individual minor clades (Fig. 1).

An interesting observation, however, is the occur-
rence of multiple highly conserved indels shared by
more distantly related taxa (Fig. 1). For instance, a
3-aa indel is sporadically distributed in multiple an-
giosperm groups in a highly conserved sequence region
(Fig. 1). A 2-aa insertion is also randomly distributed

in Brassicaceae. Theoretically, random distribution of
corresponding indels could have resulted from multiple
evolutionary scenarios, such as random sequence sam-
pling, differential gene losses, horizontal gene transfer,
independent occurrence, or recombination (Keeling &
Palmer, 2001). The scenarios resulting from random
sequence sampling or differential losses are only possi-
ble if the two ycf2 gene copies differ in possession of
these indels. Such scenarios can be reliably excluded
because the ycf2 gene copies are identical in their DNA
sequences in our analyses. Gene transfer is also unlikely
to be responsible for the observed indel distribution pat-
tern, because this scenario will lead to a gene phylogeny
incongruent with the accepted organismal phylogeny,
which is untrue in the case of ycf2. Therefore, although
we cannot confidently pinpoint the cause for the ran-
dom distribution of these unique indels, this observa-
tion points to the potential liability of the longstanding
practice of using indels as shared derived characters in
molecular systematics.

2.3 Comparison of ycf2 phylogeny and multigene
phylogenies
2.3.1 Overall topology Earlier analyses suggest that
slowly evolving genes are most useful in resolving deep
relationships of angiosperms (Zhu et al., 2007; Jian
et al., 2008). The ycf2 gene is the longest in plastid
genomes of angiosperms and it also has one of the
lowest substitution rates among plastid genes (Table 1)
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Fig. 2. Phylogenetic analyses of angiosperm ycf2 DNA sequences. Numbers above the branch show bootstrap values for maximum likelihood and
distance analyses, respectively. Branch length and tree topology were calculated from maximum likelihood analyses.

(Jian et al., 2008). Therefore, we decided to compare
the phylogeny of ycf2 with those generated from earlier
multigene datasets. For the convenience of comparison,
whenever possible, we adopted the same clade names
as those used in the whole plastid genome phylogenies
(Jansen et al., 2007; Moore et al., 2007). Formal names
have been given for these clades under the recently pro-
posed PhyloCode (Cantino et al., 2007).

Phylogeny based on analyses of 6637 bp of ycf2
DNA sequences is shown in Fig. 2. The YCF2 protein
sequence phylogeny has a similar topology and support
values (Fig. S1) and, therefore, will not be discussed
in detail. With Ginkgo and Cycas YCF2 protein se-
quences as outgroups, Amborella is identified as the
sister group to the remaining angiosperms, although the
support for such an early split is not significant (Fig. S2).
The major groups identified in the ycf2 phylogeny and

their relationships are largely consistent with those in-
ferred from 61 and 81 plastid genes (hereafter, CP61 and
CP81) (Jansen et al., 2007; Moore et al., 2007) (Fig. 2).
Nymphaeales and Illiciaceae are successive outgroups
to the mesangiosperm clade (Cantino et al., 2007). Cer-
atophyllaceae and Chloranthaceae form a clade with a
bootstrap value of 69% from ML analyses. The mono-
phyly of Chloranthaceae and Ceratophyllaceae was re-
covered in some recent investigations based on molec-
ular and morphological data (Duvall et al., 2006; Qiu
et al., 2006; Endress & Doyle, 2009), but not in the CP61
study, where the two groups were sister to magnoliids
and eudicots, respectively (Moore et al., 2007).

As expected, eudicots are highly supported as a
monophyletic group in the ycf2 phylogeny, with Ranun-
culales, Platanaceae, and Buxaceae being successfully
closer outgroups to the core eudicots, which are also
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Table 2 Comparisons of statistical support for major angiosperm groups identified in multigene DNA phylogenies and the ycf2 phylogeny

Group matK1 rbcL/atpB/ matR/rbcL/ RMN CP814 ycf2
18S/26S2 atpB/18S3

Eudicots 96 100 NA 100 100 100
Core eudicots 91 100 100 100 100 100
Asterids + Caryophyllales 74 <50 <50 99 100 96
Asterids 98 99 100 100 100 100
Euasterids I 71 100 NA 100 100 100
Euasterids II 91 99 NA 100 100 100
Saxifragales + Rosids + Vitaceae <50 <50 <50 100 97 71
Rosids 98 79 66 100 100 100
Eurosids I 52 <50 85 100 100 96
Eurosids II <50 88 99 100 100 100
Eurosids II + Myrtales <50 <50 <50 96 100 94

Bootstrap values generated from maximum likelihood analyses are used for ycf2 and rpoC2, matK, and ndhF (RMN) data. The highest bootstrap or
jackknife values are chosen for other analyses. Because of the different taxonomic samples used in other analyses, values are chosen from groups with
similar taxon composition. Note that these values may not be calculated using the same phylogenetic algorithms. 1Hilu et al., 2003; 2Soltis et al., 2003;
3Zhu et al., 2007; 4Jansen et al., 2007. NA, not applicable.

recovered as a clade. Two major clades are identified
within core eudicots, one including Caryophyllales and
asterids and the other consisting of Saxifragales, Vi-
taceae, and rosids (Fig. 2). Within rosids, two major
clades (eurosids I and eurosids II + Myrtales) are re-
covered, and their relationships are in agreement with
those inferred from CP61 and CP81 (Jansen et al., 2007;
Moore et al., 2007). The relationships in asterids in the
ycf2 phylogeny are also consistent with those inferred
from CP61 and CP81 (Jansen et al., 2007; Moore et al.,
2007). Both asterids I and asterids II are recovered as
monophyletic groups. Caryophyllales are found to be
the sister group of asterids (Fig. 2).

Not only is the ycf2 phylogeny largely con-
sistent with those inferred from CP61 and CP81,
it also provides robust support for most identi-
fied groups (Fig. 2). Except for relationships among
basal angiosperm groups (magnoliids, monocots, Cer-
atophyllaceae and Chloranthaceae) and Saxifragales,
the vast majority of other identified clades in the
ycf2 phylogeny are supported by bootstrap values of
over 85%.
2.3.2 Phylogenetic signal, sequence length, and
rate of nucleotide substitution Compared with the
widely used plastid genes such as rbcL (Savolainen
et al., 2000b) and matK (Hilu et al., 2003), the ycf2
sequence data provide better support in resolving deep
relationships of angiosperms (Table 2). Because ycf2 is
the largest gene in plastid genomes, we decided to inves-
tigate whether the phylogenetic signal of ycf2 is derived
from its greater length. Independent phylogenetic anal-
yses were carried out on a separate dataset that includes
an identical taxonomic sample and an approximately
equal sequence length (6640 bp versus 6637 bp for ycf2)
from three fast-evolving plastid genes (rpoC2, matK,
and ndhF) (RMN). Both ycf2 and RMN phylogenies
provide generally strong and consistent relationships

among major groups of eudicots; such strong support
is somewhat expected because these major groups can
often be recovered by other single-gene data (Table 2).
The biggest differences between ycf2 and RMN phy-
logenies are in their relationships within Saxifragales
(see below) and among basal angiosperms. RMN places
Peridiscaceae within Saxifragales with strong support,
but provides poor support for the overall relationships
among major clades of Saxifragales and within wood
Saxifragales (Fig. S3); additionally, it also fails to re-
cover magnoliids as a monophyletic group. The ycf2
gene, on the other hand, provides decent support and
resolution for Saxifragales, but places Peridiscaceae as
the sister group to rosids (see next section for further
discussion). This suggests that, although larger datasets
can almost always generate a stronger phylogenetic sig-
nal, the slower rate of nucleotide substitution of the ycf2
gene may be responsible for the additional resolution
for some ancient angiosperm groups that were subject
to earlier rapid radiation.

The ycf2 data also generate a better resolution
than several datasets combining sequences from differ-
ent genome compartments, including four genes (rbcL,
atpB, 18S rDNA, and 26S rDNA) from plastid and nu-
clear genomes (Soltis et al., 2003) and four genes from
all three genomes (mitochondrial matR, nuclear 18S
rDNA, and plastid rbcL and atpB) (Zhu et al., 2007) (Ta-
ble 2). For instance, the ycf2 phylogeny provides strong
support (96% and 99% from ML and distance analyses,
respectively) for the sister-group relationship between
Caryophyllales and asterids, which was either unrecov-
ered or only weakly supported by multigene data from
different genomes (Soltis et al., 2000, 2003; Zhu et al.,
2007) (Table 2). Currently, we are unsure whether this
difference in resolution may have resulted from factors
such as sampling density, gene selection, or the method
of phylogenetic analysis.
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Table 3 Comparisons of bootstrap support for relationships within Saxifragales inferred from multigene DNA sequence data and ycf2 sequences

Group Fast (3) Intermediate (6) Slow (8) Total (16+IR) ycf2

Saxifragales minus Peridiscaceae NP NP 98 99 81
Woody clade 91 NP 82 98 98
Core Saxifragales 54 83 95 100 79
Saxifragaceae alliance 100 92 100 100 82
Saxifragaceae + Grossulariaceae 100 93 53 100 72
Iteaceae + Pterostemonaceae 100 100 <50 199 100
Halograceae + Crassulaceae 100 98 100 100 99

Bootstrap support values in multigene analyses are from Jian et al. (2008). Numbers in parentheses indicate the number of genes used in the multigene
analyses. All bootstrap values except those for Iteaceae/Pterostemonaceae, where data from maximum parsimony are shown, are from maximum
likelihood analyses, but the phylogenetic algorithms used in Jian et al. (2008) and the current study may differ. Fast, intermediate, and slow genes are
plastid genes, whereas total evidence includes four mitochondrial genes, two nuclear genes, 10 plastid genes and the entire plastid inverted repeat region.
Note that the ycf2 phylogeny is consistent with those inferred from slow genes and total evidence. Note also that ycf2 is included in the slow genes and
total evidence datasets used in the original multigene DNA phylogenetic analyses. IR, inverted repeat; NP, not present in topology.

2.3.3 Systematic position of Saxifragales and rela-
tionships within the group Saxifragales are a major
angiosperm group including species of diverse mor-
phology and were likely subject to a rapid radiation
during their early evolution (Soltis & Soltis, 1997; Jian
et al., 2008). Although the monophyly of Saxifragales
has been supported by several analyses, the systematic
position of Saxifragales varies in these analyses (Soltis
et al., 2000, 2003; Hilu et al., 2003;). Except for a com-
bined three-gene dataset (18S rDNA, rbcL, and atpB)
(Soltis et al., 2000), no other earlier studies were able to
identify the sister group of Saxifragales with bootstrap
or jackknife support of over 50%. The phylogeny gen-
erated from the three-gene dataset placed Saxifragales
within core eudicots as the sister group of rosids and Vi-
taceae with weak bootstrap support of 60% (Soltis et al.,
2000). However, an enlarged dataset with the addition
of 26S rDNA sequences failed to provide a consistent
topology, and placed Saxifragales with Caryophyllales
(Soltis et al., 2003). No Saxifragales were sampled in
recent CP61 and CP81 analyses (Jansen et al., 2007;
Moore et al., 2007). Therefore, despite the significant
progress in angiosperm phylogeny overall, the system-
atic position of Saxifragales remains largely uncertain
(Soltis & Soltis, 2004).

The ycf2 phylogeny indicates that Saxifragales plus
Vitaceae form a monophyletic group with rosids, with
modest bootstrap values of 71% and 59% from ML and
distance analyses, respectively (Fig. 2). The monophyly
of these three taxa is also strongly supported by ML
analyses of RMN, with a bootstrap support value of 97%
(Fig. S3). These are the most significant support values
obtained thus far regarding the systematic position of
Saxifragales. Given the overall topological agreement
of ycf2, CP61, and CP81 phylogenies and the fact that
this affiliation was also recovered as the best resolution
from earlier multigene datasets (Soltis et al., 2000), it
suggests that the monophyly of Saxifragales, Vitaceae,
and rosids may likely be real.

The ycf2 DNA sequences were previously used as
part of a multigene dataset to investigate the relation-
ships within Saxifragales (Jian et al., 2008). We, there-
fore, decided to compare the ycf2 phylogeny with those
generated from the above multigene data. Except Paeo-
nia brownii, whose ycf2 sequence has an apparently
elevated substitution rate based on alignment inspec-
tion and a heterogeneity test, 16 species of Saxifra-
gales sampled in the earlier study (Jian et al., 2008)
are included in our current analyses (Fig. 2). The topol-
ogy of the ycf2 phylogeny is consistent with those in-
ferred from slowly evolving genes and total evidence
data (Table 3), which are considered to be more re-
liable (Jian et al., 2008). In each of the phylogenies
generated from these three datasets, all Saxifragales ex-
cept Peridiscaceae form two major clades, one including
woody Saxifragales (Altingiaceae, Hamamelidaceae,
Daphniphyllaceae, and Cercidiphyllaceae) and the other
the core Saxifragales (Saxifragaceae, Grossulariaceae,
Iteaceae, Pterostemonaceae, Crassulaceae, and Halor-
agaceae). The same topology with similar bootstrap sup-
port values was also recovered when the ycf2 dataset was
truncated to the size of fast-evolving genes (5847 bp)
(Fig. S4). However, phylogenetic analyses using genes
of intermediate and fast substitution rates provided in-
consistent topologies, particularly regarding the posi-
tion of Peridiscaceae and the monophyly of woody
Saxifragales (Jian et al., 2008) (Table 3). These re-
sults suggest that the resolution discrepancy generated
from different datasets are largely due to the rates of
nucleotide substitution and that slow genes are more
suitable for resolving relationships of ancient lineages
that were subject to earlier rapid radiation (Jian et al.,
2008).

The most distinct difference between phyloge-
nies generated from ycf2, RMN, and earlier multi-
gene datasets is the systematic position of Peridiscaceae
(Soltis et al., 2007; Jian et al., 2008). Depending on the
genes and methods used, Peridiscaceae were placed in
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various positions in earlier analyses. Maximum parsi-
mony analyses using total evidence data placed Peridis-
caceae and Paeoniaceae as a clade that was sister to the
remaining Saxifragales, whereas those analyses using
plastid genes of intermediate and fast substitution rates
placed Peridiscaceae either as sister to Saxifragaceae
plus allied groups or with Hamamelidaceae (Jian et al.,
2008). Similar observations were also made in analy-
ses of a combined five-gene dataset (rbcL, atpB, matK,
18S rDNA, and 26S rDNA) (Soltis et al., 2007). None
of these affiliations received bootstrap support of over
84%. The most significant and consistent support came
from ML and Bayesian analyses using total evidence
data and slowly evolving genes, where Peridiscaceae
were placed as sister to the remaining Saxifragales (Jian
et al., 2008).

The earlier multigene analyses largely hinged on an
assumption that Peridiscaceae and other Saxifragales
were a monophyletic group (Soltis et al., 2007; Jian
et al., 2008). Although monophyly of this group was in-
deed recovered from an analysis using combined DNA
sequences of ndhF, rbcL, and PHYC (Davis & Chase,
2004), only a few sequences from other angiosperm
groups were selected in that study. A limited sequence
sampling from other angiosperm groups may potentially
fail to recover the true affiliation of Peridiscaceae even
if other Saxifragales are sufficiently sampled. In this
study with an enlarged dataset, the RMN phylogeny
strongly supports a monophyly including Peridiscaceae
and other Saxifragales (Fig. S3), but the ycf2 phylogeny
places Peridiscaceae as sister to rosids; ML and distance
analyses provide the same bootstrap value of 64% for
ycf2 DNA sequences (Fig. 2), and 87% and 80%, respec-
tively, for YCF2 protein sequences (Fig. S1). Therefore,
the systematic position of Peridiscaceae appears to be
uncertain, and further detailed studies using other genes
and a higher sampling density are necessary.

2.4 Utility of the ycf2 gene in angiosperm phyloge-
netics

With the availability of the whole plastid phylogeny
generated by recent studies (Jansen et al., 2007; Moore
et al., 2007), the overall framework of angiosperm phy-
logeny appears to be well established. Such a frame-
work provides a yardstick to evaluate the utility of other
molecular markers in plant systematics. It is not our
intention in this study to provide additional insights
into the relationships among major angiosperm groups.
Rather, we show that the ycf2 gene alone can provide
a generally well-supported angiosperm phylogeny that
is consistent with those inferred from the whole plas-
tid genome data (i.e. CP61 and CP81). Therefore, suf-

ficient phylogenetic resolution may be achieved from
single genes of suitable length without resorting to com-
prehensive genome data, in particular for relationships
among groups of eudicots.

Compared with the fast-evolving plastid RMN
dataset, the ycf2 gene appears to have provided bet-
ter overall resolution for more ancient clades that were
under rapid radiation. Therefore, the phylogenetic sig-
nal of ycf2 is most likely derived from a combination of
its greater sequence length and slower rate of nucleotide
substitution. We reason that the ycf2 gene is valuable for
future investigations to understand the finer details of
the angiosperm tree of life. This should not diminish the
value of comprehensive multigene or genome data, but
provides an alternative low-cost option for investigating
angiosperm relationships. Even with increasingly re-
duced expenses of sequencing, it is impractical and un-
necessary to sequence whole plastid (or mitochondrial)
genomes for many studies of plant molecular system-
atics. It should be noted that no current phylogenomic
analysis has used complete genome sequences. Both
CP61 and CP81 are essentially the most comprehensive
multigene datasets constructed from plastid genomes.
The construction of such datasets, including genome
assembly, annotation, and further data processing, re-
quires considerable efforts and expertise that may not
be available to many plant systematists. Furthermore,
although many multigene datasets have often provided
desirable results in resolving relationships among or-
ganisms, it has also been shown that multigene datasets,
in particular those combining sequences from differ-
ent genomes, may potentially generate a well supported
phylogeny that reflects the evolutionary history of nei-
ther the organisms nor the individual genes (Zhaxy-
bayeva et al., 2006). In view of this potential compli-
cation, reliable single-gene markers such as ycf2 have
their own outstanding merits in inferring organismal
evolutionary history.

It should also be noted that, although ycf2 se-
quences provide a consistent and generally well-
supported topology with CP61 and CP81, all three
datasets are from plastid genomes. Strongly resolved an-
giosperm phylogeny based on independent nuclear and
mitochondrial evidence is still lacking. It is our opinion
that exploring other nuclear and mitochondrial genes
for their utility in reconstructing angiosperm phylogeny
remains a task for the near future.
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YCF2 protein sequences. Numbers above the branch
show bootstrap values for maximum likelihood and dis-
tance analyses, respectively. Asterisks indicate values
lower than 50%.

Fig. S2. Phylogenetic analyses of angiosperm
YCF2 protein sequences. Numbers above the branch
show bootstrap values for maximum likelihood analy-
ses. The tree is rooted with gymnosperm sequences.

Fig. S3. Phylogenetic analyses of a combined
dataset of rpoC2, matK, and ndhF of 6640 bp. Numbers
above the branch show bootstrap values for maximum
likelihood and distance analyses, respectively. Asterisks
indicate values lower than 50%.

Fig. S4. Phylogenetic analyses of a truncated
dataset of ycf2 DNA sequences for Saxifragales. The
total sequence length is 5858 bp, which is the same
size of the fast-gene dataset used in Jian et al (2008).
The tree shows the bootstrap consensus tree from
maximum likelihood analyses. Numbers above the
branch show bootstrap values for maximum likelihood
analyses.
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