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Abstract

As the largest and the basal-most family of conifers, Pinaceae provides key insights into the evolutionary history of conifers.

We present comparative chloroplast genomics and analysis of concatenated 49 chloroplast protein-coding genes common to

19 gymnosperms, including 15 species from 8 Pinaceous genera, to address the long-standing controversy about Pinaceae

phylogeny. The complete cpDNAs of Cathaya argyrophylla and Cedrus deodara (Abitoideae) and draft cpDNAs of Larix
decidua, Picea morrisonicola, and Pseudotsuga wilsoniana are reported. We found 21- and 42-kb inversions in congeneric

species and different populations of Pinaceous species, which indicates that structural polymorphics may be common and
ancient in Pinaceae. Our phylogenetic analyses reveal that Cedrus is clustered with Abies–Keteleeria rather than the basal-

most genus of Pinaceae and that Cathaya is closer to Pinus than to Picea or Larix–Pseudotsuga. Topology and structural

change tests and indel-distribution comparisons lend further evidence to our phylogenetic finding. Our molecular datings

suggest that Pinaceae first evolved during Early Jurassic, and diversification of Pinaceous subfamilies and genera took place

during Mid-Jurassic and Lower Cretaceous, respectively. Using different maximum-likelihood divergences as thresholds, we

conclude that 2 (Abietoideae and Larix–Pseudotsuga–Piceae–Cathaya–Pinus), 4 (Cedrus, non-Cedrus Abietoideae, Larix–
Pseudotsuga, and Piceae–Cathaya–Pinus), or 5 (Cedrus, non-Cedrus Abietoideae, Larix–Pseudotsuga, Picea, and Cathaya–

Pinus) groups/subfamilies are more reasonable delimitations for Pinaceae. Specifically, our views on subfamilial classifications
differ from previous studies in terms of the rank of Cedrus and with recognition of more than two subfamilies.
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Introduction

Pinaceae (pine family) is the largest (more than 230 species),

most economically important, and basal-most family of

conifers (Hart 1987; Price et al. 1993; Chaw et al. 1995,

1997; Stefanovic et al. 1998; Gugerli et al. 2001); therefore,

it can provide key insights into the evolutionary history of

conifers. The Pinaceae are trees (2- to 100-m tall) that

are mostly evergreen (except Larix and Pseudolarix; both be-

ing deciduous), resinous, and unisexual, with subopposite or

whorled branches and spirally arranged linear (needle-like)

leaves (Farjon 1990). Many of the species that are highly

valuable for their timber include firs (Abies), cedars (Cedrus),

larches (Larix), spruces (Picea), pines (Pinus), Douglas firs

(Pseudotsuga), and hemlocks (Tsuga).

Pinaceae species often form the dominant component

of boreal, coastal, and montane forests in the northern

hemisphere (Farjon 1990; Liston et al. 2003). For instance,

Pinus, the largest genus of the family, with more than 110

species, occupies an extended geographic range—North
America, northern part of Asia, and Europe (Farjon

1990). Distributions of the Pinaceae genera are discontinu-

ous, with major diversity centers in the mountains of south-

west China, Mexico, and California (Farjon 1990). Fossil

records indicate that Pinaceae ancestors appeared during

late Triassic (;220–208 Ma; Miller 1976) and widely spread

over Asia and North America. However, in Europe, fossils

only after Cretaceous are abundant (LePage and Basinger
1995; Liu and Basinger 2000; LePage 2003).

Twelve genera (i.e., Abies, Cathaya, Cedrus, Hespero-
peuce, Keteleeria, Larix, Nothotsuga, Picea, Pinus, Pseudo-
larix, Pseudotsuga, and Tsuga) have been recognized in the

family since the pioneering work of Van Tieghem (1891;

supplementary table 1, Supplementary Material online).
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However, from nrITS studies, Hesperopeuce (only T. longi-
brateata) and Nothotsuga (only T. heterophylla) were re-

tained in Tsuga rather than forming two separate genera
(see review by Vining and Campbell 1997). A monophyletic

origin of the Pinaceae genera was supported by many

unique traits such as P-type plastids (i.e., plastids accumu-

lating protein as a single product or in addition to starch;

Behnke 1974), the 4-tiered proembryos (Dogra 1980), lack

of flavonoids (Geiger and Quinn 1975), and an unusual indel

at nucleotide position 195 of the nuclear 18S rRNA gene

(Chaw et al. 1997).
Six major competing views on the classification/phylog-

eny of Pinaceae genera and subfamilies (fig. 1; supplemen-

tary table 1, Supplementary Material online) have been

proposed but debated. The major disputes are in the place-

ments of Cathaya, Cedrus, Pseudolarix, and Pseudotsuga
and the delimitation of subfamilies. Van Tieghem (1891)

first divided Pinaceae genera into two groups (i.e., the

Abietoid [5Abitoideae, including Abies, Cedrus, Ketelee-
ria, Pseudolarix, and Tsuga] and Pinioid [Pinioideae, includ-

ing Larix, Picea, Pinus, and Pseudotsuga] groups) on the

basis of the location and number of resin canals. The

two groups were adopted by Jeffrey (1905), Doyle

(1945), and Price et al. (1987; Cathaya was not included;

fig. 1A) from studies of wood anatomy, pollen morphology,

and immunology of seed proteins, respectively. In contrast,

Pinus was placed in its own subfamily, Pinioideae, by

Vierhapper (1910) because of its unusually short shoots
(needle fascicles) and distinctive thickened cone scales

(see review by Price 1989). Vierhapper (1910), Pilger

(1926), and a number of their followers (e.g., Florin

1931, 1963; Melchior and Werdermann 1954; Krüssmann

1985) divided the remaining genera into two subfamilies

(supplementary table 1, Supplementary Material online)

on the basis of ‘‘presence or absence of strongly condensed

vegetative short shoots that bear the majority of the foliage
leaves’’ (Price 1989). However, Price (1989) considered it

highly artificial to divide the family on the basis of shoot

dimorphism alone, with which other morphological traits

show little concordance. Frankis (1988) and Farjon

(1990) emphasized the importance of reproductive

morphologies, such as cones, seeds, pollen types, and

chromosome numbers and concurrently recognized four

subfamilies in Pinaceae (supplementary table 1, Supple-
mentary Material online) but disagreed with each other

in the divergent course of the subfamilies and the evolu-

tionary position of Cathaya (fig. 1). Wang et al. (2000),

using three genes (nad5, matK, and 4CL) for phyloge-

netic analysis, proposed an eccentric view that Cedrus is

the basal-most genus of Pinaceae. By inferring from
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FIG. 1.—Six major competing views on the phylogeny of Pinaceous genera and subfamilies. All trees were redrawn and simplified from the cited

references. The light, medium, and heavy gray backgrounds indicate the positions of Cathaya, Pseudotsuga, and Cedrus, respectively. Prior treatments

without phylogenetic trees were not included. Modified trees were reconstructed using characters noted within the parentheses below cited studies.

For subfamilial delimitations, refer to supplementary table 1 (Supplementary Material online) and text.
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chloroplast rbcL and matK genes and nonmolecular char-
acters and integrating fossil and extant Pinaceous taxa,

Gernandt et al. (2008) claimed that root placements varied

for Pinaceae when different analysis methods were

conducted.

Cathaya Chun et Kuang (Chun and Kuang 1962), with

a single species endemic to southern China, is the latest de-

scribed genus in Pinaceae. Its affinity to other genera has

been highly debated (see review by Wang et al. 1998). Florin
(1963) placed it in the Abietoideae. By analysis of embryo de-

velopment, Wang and Chen (1974) and Hart (1987) held that

Cathaya is closely related to Pinus (fig. 1B). In contrast, by

analysis of other vegetative organs, Hu and Wang (1984)

and Frankis (1988) argued that the genus is more related

to Pseudotsuga than to Larix (fig. 1C ). On observing that

Cathaya cones were produced on the leafy peduncles, Farjon

(1990) claimed that Cathaya should be sister to the Laricoi-
deae (previously including only Larix and Pseudotsuga
(fig. 1D) [supplementary table 1, Supplementary Material

online]). Recent phylogenetic analyses (Wang et al. 2000;

Gernandt et al. 2008) recovered the Cathaya–Picea subclade

and revealed that this subclade and Pinus form a clade but

with low bootstrap support (fig. 1E and F ). Associated with

the controversial position of Cathaya, the phylogenetic posi-

tion of Psuedotsuga has also been uncertain.
Pseudotsuga comprises about eight species ranging from

Canada, United States, Mexico, and Japan to China (Farjon

1990). This genus, along with Larix and Cedrus, was first

grouped as Laricinae (equivalent to the subfamily Laricoideae

[supplementary table 1, Supplementary Material online]) by

Melchior and Werdermann (1954), who emphasized that

the three have both short and long shoots, monomorphic

leaves, andstrobili borneonthe short shoots.Hart’s (1987) cla-
disticanalysis substantiatedthisgrouping.Later,Frankis (1988)

substituted Cedrus with Cathaya (first described in 1962; refer

topreviousparagraph) in the LaricoideaeandregardedLarixas

asistergrouptoCathaya–Pseudotsuga (fig.1).Hart (1987)and

Frankis (1988) also considered that their respective circum-

scribed Laricoideae is sister to Abietoideae rather than to the

Pinus–Picea clade (fig. 1; supplementary table 1, Supplemen-

tary Material online) as posited by Price et al. (1987), whose
view in turn was maintained by Farjon (1990), Wang et al.

(2000), and Gernandt et al. (2008).

The cedar genus Cedrus, consisting of 4–5 species

(Farjon 1990), is native to the mountains of the western

Himalayan and Mediterranean regions. Cedrus is tradition-

ally placed in the Abietoideae along with other four

genera, Abies, Keteleeria, Pseudolarix, and Tsuga (supple-

mentary table 1, Supplementary Material online). All of
these five genera have erect and similar cone structures

(Hu et al. 1989; Farjon 1990). Nevertheless, Cedrus was

previously placed as sister to the Larix–Pesudotuga group

(Hart 1987), the Abies–Keteleeria group (Price et al. 1987),

or Abies (Frankis 1988; Farjon 1990). The earliest fossil re-

cord of Cedrus was documented in the Early Tertiary, ;65
Ma (Miller 1976), which is much later than the record of

a fossil cone species, Pinus belgica (135 Ma; Alvin 1960),

and a fossil wood of the Pinus subg. Strobus (85 Ma;

Meijer 2000). Hence, Wang et al. (2000) posited that

Cedrus is the earliest divergent genus in Pinaceae, which

appears to conflict with the fossil records. Liston et al.

(2003) remarked that ‘‘the position of Cedrus remains

problematic.’’
In view of the aforementioned long-standing controver-

sies surrounding traditional systematic/cladistics and contra-

dictory molecular hypotheses for the evolution of Pinaceae,

other lines of evidence are critically needed to better resolve

the issues. To this end, we sequenced the chloroplast ge-

nomes (cpDNAs) of five key Pinaceae species (complete

cpDNAs: Ca. argyrophylla and Ce. deodara; draft cpDNAs:

Larix decidua, Picea morrisonicola, and Pseudotsuga wilsoni-
ana) and performed cpDNA comparisons and phylogenetic

analyses for our sampled data set, which includes 19 cpDNAs

from 15 Pinaceous species and 4 reference species—

a non-Pinaceae conifer (Cryptomeria japonica; Cupressaceae)

(Hirao et al. 2008), Ginkgo biloba (Ginkgoaceae) (Jansen et al.

2007), and 2 cycad species (Jansen et al. 2007 and Wu et al.

2007). The 15 sampled Pinaceous species represent 8 of the

10 Pinaceous genera and all the 4 Pinaceous subfamilies. The
cpDNA sequences are suggested to be useful candidates for

resolving the plant phylogeny at deep levels of evolution be-

cause of their low rates of silent nucleotide substitutions and

their structural characters, such as gene order/segment inver-

sions, expansion/contraction of the inverted repeat (IR) re-

gions, and loss/retention of genes (see review by Raubeson

and Jansen 2005). For example, an inversion flanking the

petN and ycf2 genes occurs in all cpDNAs of vascular plants
except lycopods, which suggests that lycopsids are the basal-

most lineage of vascular plants (Raubeson and Jansen

1992a); a common duplication of the trnH–rps19 gene clus-

ter in IRs distinguishes monocots from dicots (Chang et al.

2006) and an intron loss in each of clpP and rps12 genes sus-

tains the early split of the IR-lacking legumes (Jansen et al.

2008). Additionally, concatenating sequences from many

genes may overcome the problem of multiple substitutions
that results in loss of phylogenetic information between

chloroplast lineages (Lockhart et al. 1999) and can reduce

‘‘sampling errors due to substitutional noise’’ (Sanderson

and Doyle 2001).

However, important events in the phylogeny, such as gene

duplications and gene/taxon diversifications, can be put on

a timescale to address correct evolutionary history only with

faithful estimations of divergence times (Kumar and Hedges
1998; Arbogast et al. 2002; Smith and Peterson 2002) and

the availability of a reliable phylogenetic tree. Therefore, we

also reestimated the divergence times of the Pinaceous sub-

families and genera by using the phylogenetic tree obtained

in the present study and three reliable fossil records.
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Materials and Methods

Amplification and Sequencing of Pinaceae cpDNAs

The plant materials of Ca. argyrophylla and Ce. deodara
originated from Sichuan, China and India, respectively, were

collected from Sanzhi, Taipei County, Taiwan. Larix decidua,

P. morrisonicola, and P. wilsoniana were collected from Sitou

Nature Education Area, Nantou County, Taiwan and were
grown in the greenhouse at Academia Sinica. Young leaves

were harvested, and genomic DNAs were extracted by use

of a 2� CTAB protocol (Stewart and Rothwell 1993). The

cpDNA fragments were amplified by long-range polymerase

chain reaction (PCR) (TaKaRa LA Taq, Takara Bio Inc) with

primers (supplementary table 2, Supplementary Material

online) designed according to the conserved regions from

published sequences. The entire cpDNA was amplified by
approximately 12 partially overlapped PCR fragments (8–

16 kb). Amplicons were purified and eluted by electropho-

resis with low-melting agarose (SeaPlaque Agarose, LONZA)

and subsequently used for hydroshearing, cloning, sequenc-

ing (ABI PRISM 3700, Applied Biosystems), and assembling.

Final sequence lengths were more than 8� coverage of the

cpDNAs.

Gene Annotation

The obtained cpDNA sequences of Pinaceous species were

annotated by use of Dual Organellar GenoMe Annotator

(Wyman et al. 2004). For genes with low sequence identity,

manual annotation was performed. We first identified the
positions of start and stop codons and then translated

the genes into putative amino acids by standard/bacterial

code.

Structural Comparison of CpDNAs

We used the program Mulan (Ovcharenko et al. 2005), avail-

able on the Web site at http://mulan.dcode.org/, to visualize

gene order conservation (dot-plot analyses and dynamic

conservation profiles) between the Pinaceae representatives

Cryptomeria and Cycas taitungensis. Mulan comparative

analyses involved threaded block alignment and identified

evolutionarily conserved sequences at default value
(.70% identity and .100 bp).

Phylogenetic Analysis

We used 49 plastid protein-coding genes from 19 gymno-

sperms (supplementary table 3, Supplementary Material on-

line) in the present study. Alignments were performed with

the ClustalW method implemented in MEGA (version 4.0,
Tamura et al. 2007; Kumar et al. 2008) with manual inspec-

tion. The aligned sequences were concatenated and then

used for reconstructing the Pinaceae phylogeny. Li and

Graur (1991) recommended that the use of more than

one outgroup generally improves the estimate of tree topol-

ogy. Both morphological and molecular studies of the coni-
fers consistently supported that living conifers are

monophyletic (Hart 1987; Raubeson and Jansen 1992b;

Chaw et al. 1997), and Pinaceae is sister to the remaining

conifer families as a whole (Hart 1987; Chaw et al. 1997;

Stefanovic et al. 1998). Therefore, we included sequences

from 1 Cupressaceae (C. japonica) (Hirao et al. 2008),

2 cycads (Cycas micronesica [Jansen et al. 2007] and

C. taitungensis [Wu et al. 2007]), and 1 Ginkgo (G. biloba
[Jansen et al. 2007]) to serve as outgroups. Maximum likeli-

hood (ML) analyses, adopting the best-fit sequence evolu-

tion model selected by ModelTest (version 3.7; Posada

and Buckley 2004) with the Akaike Information Criterion

(AIC), were performed for the 49-gene combined data set.

ML searches were conducted with GARLI (version 0.96b8,

www.bio.utexas.edu/faculty/antisense/garli/Garli.html),

which implements a genetic algorithm to perform rapid
heuristic ML searches. PAUP* (Swofford 2003) was used

to calculate the scores of ML trees from GARLI searches.

One thousand bootstrap replicates were subsequently used

to estimate ML branch support values. Bayesian phyloge-

netic analysis were performed using MrBayes (version

3.1.2; Ronquist and Huelsenbeck 2003) with sequence evo-

lution model selected by ModelTest using AIC. The Markov

chain Monte Carlo (MCMC) searches were started from
a random tree and run for 2,000,000 generations, with to-

pologies sampled every 100 generations. The values of -lnL

reached a plateau before the first 2,000 trees in every anal-

ysis. The first 5,000 (corresponds to 25% of our samples)

trees were discarded as burn-in (as suggested by the manual

of MrBayes), and the remaining trees were used to construct

the 50% majority-rule consensus tree and for inferring

Bayesian posterior probabilities of nodal supports.

Testing Alternative Hypotheses

To assess the probability of alternative relationships among

Cathaya, Cedrus, and four Pinaceous subfamilies, different

hypothesized topologies were compared with the obtained

unconstraint optimal phylogenies. Harmonic means (H)

were obtained for unconstraint and constraint Bayesian

phylogenetic analyses with use of MrBayes (version 3.1.2;
Ronquist and Huelsenbeck 2003). The molecular models

and MCMC searches for the constraint analyses were the

same as those for the unconstraint analyses in the phyloge-

netic analyses. Twice the deviation of H between constraint

and unconstraint analyses was used for consulting the Bayes

factor criteria of significance (Bayes factor 5 2dH; Kass and

Raftery 1995). AU tests were performed with use of CONSEL

(version 0.1i; Shimodaira and Hasegawa 2001). Alternative
topologies (including the best ML tree) were tested, holding

all other relationships constant to those found in the best

GARLI ML tree. Likelihood values for these topologies were

estimated by PAUP* under the general time reversible

(GTR) þ I þ C model.
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Molecular Dating

A likelihood ratio test of nucleotide substitution rate

constancy across lineages indicated that our data rejected

a constant molecular clock model (P 5 4.06 � 10�20).

Divergence times were therefore estimated under a relaxed

molecular clock model by a penalized likelihood method

(Sanderson 2002) implemented in r8s (Sanderson 2003).

The smoothing parameter (k) was determined by cross-

validation. The ML topology for the 49-gene combined data
set was used for the estimation. Deviations of divergence

times were estimated by a nonparametric bootstrapping

method (Baldwin and Sanderson 1998; Sanderson and Doyle

2001). Bootstrapping results were used for repeating the dat-

ing procedure 100 times, generating 100 topologically iden-

tical trees by use of SEQBOOT in PHYLIP (Felsenstein 2005).

Results and Discussion

Evolution of CpDNAs in Pinaceae

Genomic Structures of Ca. argyrophylla and Ce.
deodara. The complete cpDNAs of Ca. argyrophylla and

Ce. deodara (DNA Data Bank of Japan [DDBJ] accession
numbers AB547400 and AB480043, respectively) are circu-

lar molecules of 107,122 and 119,298 bp (supplementary

fig. 1, Supplementary Material online), respectively. As com-

pared with the four reference species (i.e., two Cycas spp.,

G. biloba, and Cr. japonica—a conifer), the two studied spe-

cies have a pair of extremely reduced IRs (429 and 236 bp,

respectively) and a common loss of all 11 ndh genes, similar

to the elucidated cpDNAs of Keteleeria davidiana and Pinus
(table 1). However, the corresponding IR region in cpDNA of

Cryptomeria has even more reduced to 114 bp and retains

only the gene, trnI. The sizes of the large single copy (LSC)

and small single copy (SSC) are 64,197 and 42,067 bp, re-

spectively, for Cathaya and 65,052 and 53,775 bp for Ced-

rus, respectively. Of note, our Ce. deodara is 1,226 bp longer

than the published one (Parks et al. 2009), and the size dif-

ference is due to length variations in their noncoding re-

gions. The LSC regions of Pinaceous genera are ;25 kb
shorter, on average, than that of Cycas (table 1), whereas

the SSC regions of Pinaceae are at least ;20 kb longer than

that of Cycas because of the degradation of Pinaceae IRB

and integration of the large ancestral IR fragment into SSC.

The small size and low gene content in Cathaya cpDNA

are due to a ;12 kb-deletion in its SSC region (fig. 2, sup-

plementary fig. 1, Supplementary Material online), which

corresponds to the region with five genes—ycf2, trnL-
CAA, rps7, 3#-rps12, and trnV-GAC —in Cedrus cpDNA.

Moreover, in Cathaya, its trnT-GGU (in SSC), psaM, and

ycf12 (in LSC) are single rather than duplicated as in other

elucidated Pinaceae cpDNAs, and its SSC region has a unique

pseudogene, wpsbB, located between trnE-UUC and trnY-

GUA (supplementary fig. 1, Supplementary Material online).

A wycf2 (;200 bp) is generally present in the elucidated

cpDNAs of Pinaceae except Cathaya. Wu et al. (2007), in
their 2-step model, used this pseudogene to reconstruct

the evolutionary history of IR-lost cpDNAs in Pinus. However,

in Cathaya, another ycf2 residue (here designated wycf2#) is

located downstream of the ;12-kb deletion and lies adja-

cent to the IRA (supplementary fig. 1, Supplementary Mate-

rial online). An alignment of the trnH-GUG and wycf2# and

their intergenic spacers of Cathaya and other available Pina-

ceous representatives revealed that wycf2# is highly homol-
ogous (identities .80%) to the 5# regions of ycf2
(supplementary fig. 2, Supplementary Material online) in

other Pinaceae, whereas the wycf2 sequence annotated

by Wu et al. (2007) is an internal residual sequence of ycf2.

The cpDNA of Cedrus contains 114 genes (75 protein-

coding, 35 tRNA, and 4 rRNA genes), similar to those of

K. davidiana, Pinus koraiensis, and P. thunbergii, whereas

the cpDNA of Cathaya contains only 106 genes (including

Table 1

Comparisons of CpDNA Features among Cycas, Cryptomeria, and Two Pinaceae Subfamilies

Features

Cycadaceae Cupressaceae Abitoideae Pinoideae

Cycas

taitungensis

Cryptomeria

japonica

Cedrus

deodara

Keteleeria

davidiana

Cathaya

argyrophylla

Pinus

thunbergii P. koraiensis

Size (bp) 163,403 131,810 119,299 117,720 107,122 119,707 117,190

LSC length 90,216 NA 65,052 64,648 64,197 65,696 64,563

SSC length 23,039 NA 53,775 52,538 42,067 53,021 51,717

IR length 25,074 NA 236 267 429 495 455

% AT content 60.5 64.7 60.9 61.4 61.2 61.5 61.2

% Coding genes 57.2 60.8 56.4 57.7 58.7 56.7 57.7

Total 133 118 114 113 106 115 113

Number of protein-coding genes 87 82 75 75 70 75 73

Number of duplicated genes 15 2 6 5 3 6 5

Number of tRNA genes 38 32 35 34 32 36 36

Number of rRNA genes 8 4 4 4 4 4 4

Number of genes with introns 20 17 14 14 13 14 14
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70 protein-coding, 32 tRNA, and 4 rRNA genes) (table 1).

The AT content of the only sequenced non-Pinaceae conifer

cpDNA, Cr. japonica, is slightly higher (by ;3% and 4%)

than those of Pinaceae and Cycas cpDNAs (table 1). More-

over, the AT contents of the first, second, and third codon

positions in the concatenated 49 common protein-coding
genes are ;1.4%, 2.0%, and 3.2% higher, respectively,

in Cryptomeria than in Pinaceae, which suggests that Cryp-
tomeria cpDNA has a biased usage of the AT-rich codons.

Our Two Reported Pinaceous CpDNAs Are Reliable.
The long-range PCR strategy was employed to completely

cover a cpDNA without pure chloroplast extraction (Gore-

mykin et al. 2003). Except for P. thunbergii (Wakasugi

et al. 1994), the rest of the published Pinaceae cpDNAs were
obtained by long PCR amplifications (Cronn et al. 2008;

Parks et al. 2009;Wu et al. 2009; this study). The long

PCR amplifications rely highly on PCR performance. We

have designed many conserved primer pairs by aligning se-

quences from the published cpDNAs of seed plants. We in-

creased the PCR performance to specifically yield a single

band over 8 kb per PCR run. Longer amplicons (;10

vs. ;3.6 kb) and fewer segments (12 vs. 35 segments)
per cpDNA than that used in previous studies (Cronn

et al. 2008; Parks et al. 2009) greatly reduced the time re-

quired for PCR and for amplicon verifications. The reliability

of the present two cpDNA sequences was evident in two

aspects: 1) the results of annotation did not reveal many un-

expected pseudogenes, so the amplified sequences were

from cpDNAs rather than nuclear or mitochondrial DNAs
and 2) underrepresented gaps could be closed by a single

amplicon yielded from contig-specific primers.

Structural Rearrangement in the Pinaceae CpDNAs.
Our comparative analysis revealed that in terms of cpDNA

organization, Pinaceae and Cycas are more similar to each

other than to Cryptomeria, and the former two are unpar-

allel to the latter (fig. 2; supplementary fig. 3, Supplemen-

tary Material online). These data suggest that Pinaceae is the
basal-most family (see cited references in Introduction). Pre-

viously, the cpDNA of Pseudotsuga menziesii was reported

to have a 42-kb inversion relative to Pinus radiata and non-

coniferous plants (Strauss et al. 1988). Tsumura et al. (2000)

also found that 5 and 2 species of Japanese Abies and Tsuga,

respectively, have the same 42-kb cpDNA inversion polymor-

phism, and the authors defined the inversion as being be-

tween two short IRs (trnS-psaM-trnG and wtrnG-psaM-
trnS). Milligan et al. (1989) noted that the rearranged

FIG. 2.—Comparison of cpDNA structures among Pinaceae representatives, Cryptomeria japonica (Cupressaceae), and 2 Cycas spp. (Cycadaceae).

Dot-plot analyses of the cpDNAs of two Cedrus species (Parks et al. 2009 and this study), Cathaya, Larix, Pinus, and Keteleeria, and between the

cpDNAs of Cedrus and Cryptomeria. Note that the cpDNA of Cathaya has a unique ;12-kb deletion and that the cpDNAs of Cedrus, Larix, and Pinus

have an inversion of 21 kb (from clpP to trnV-UAC; arrows). The gene order of Cryptomeria cpDNA differs greatly from those of Pinaceae cpDNAs.
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cpDNAs typical of those in several IR-lost legumes may be

caused by the presence of numerous dispersed repeated se-

quences that facilitate recombination and rearrangement.

Therefore, Tsumura et al. (2000) concluded that ‘‘probably
this polymorphism has been maintained within populations

and species in both genera because [the] mutation rate of

the 42-kb inversion is high.’’ The 42-kb inversion is absent

from Cathya and Ce. deodora but present in P. wilsoniana
(Lin CP, Wu CS, Hsu CY, Chaw SM, unpublished data).

Moreover, similar to the IR-lost legume cpDNAs, the inver-

sions are associated with a short IR.

On comparing the cpDNA organizations between P. thun-
bergiiandJapaneseAbiesandTsuga, Tsumuraetal. (2000)also

uncovered a 21-kb inversion (between ycf12-trnT and trnE-

trnG). We further detected its presence in the elucidated

cpDNAs of Pinus spp. (Wakasugi et al. 1994; Noh et al.

2003; Cronn et al. 2008), Picea sitchensi (Cronn et al.

2008), Abies firma, Ce. deodora, and Larix occidentalis (Parks

et al. 2009) but its absence in Keteleeria (Wu et al. 2009),

Cathaya, and Ce. deodora (this study) (fig. 2; supplementary
fig. 3, Supplementary Material online). Therefore, the 21-kb

inversion is polymorphic among congeneric species and intra-

specificpopulations (e.g.,Ce.deodora).More intensivecpDNA

samplings from all the Pinaceae genera and comprehensive

comparisons of the repeated sequence types may help clarify

the spectrum, mechanism, and evolution of these two large

inversions in Pinaceae.

The Reduced IRs of Abietoideae Are Further
Reduced. In the cpDNAs of the 15 elucidated Pinaceae (ex-
cept Keteleeria), the reduced IRs contain only the gene trnI-
CAU and a 3# fragment of psbA. The lengths of IRs vary from

236 to 495 bp (fig. 3). To investigate and comprehend the IR

dynamics and evolution in the Pinaceae cpDNAs, we also

determined the IR lengths in A. firma (Abietoideae), L. de-
cidua (Laricoideae), P. morrisonicola (Piceoideae), and P. wil-
soniana (Laricoideae). Figure 3 shows that IRs are shorter in

the sampled Abietoideae than in other subfamilies. Remark-
ably, Abies and Keteleeria appear to have the IRs further

shortened from the IR-LSC junction, whereas the reduced

IRs of Cedrus are further reduced from the IR-SSC junction

(fig. 3), which implies that Abies and Keteleeria are closer to

each other than to Cedrus.

A Point Mutation Caused An Earlier Stop in the
Coding Regions of Abietoideae rpl22. We discovered

that the 3# region of rpl22 contains a six-codon difference

among some elucidated Pinaceae cpDNAs. To gain a general

picture of this gene evolution among the ten Pinaceous gen-

era, we also sequenced this region from the remaining two
genera, Tsuga (T. chinensis; DDBJ accession number

AB547462) and Pseudolarix (P. kaempferi; DDBJ accession

number AB547461). Cycas taitungensis (GenBank accession

number NC_009618) and Agathis dammara (DDBJ acces-

sion number AB547460) were used as outgroups because

FIG. 3.—Comparison of length dynamics of IRs among representative cpDNAs of Pinaceae species. Farjon’s (1990) subfamilies were adopted, with

Cathaya excluded from the Laricoideae. Eight representative genera of the four subfamilies are presented, and IR regions are scaled. Note that the

lengths of IRs are much shorter in Abietoideae than in other subfamilies. See text for further explanation.
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this region of Cryptomeria is unalignable with those of Pi-

naceae. The length of rpl22 was shorter in the Abietoideae

than in other Pinaceae species (fig. 4). As compared with the

outgroup sequences, those of rpl22 of Abietoideae have
a common point mutation (from T to G or A) at nucleotide

position 402, which leads to an earlier stop of the gene.

However, the 3# ends of rpl22 in Larix, Pseudotsuga, Ca-
thaya, Pinus, and Picea retain the Cycas feature of overlap

with the gene rps3.

Phylogenetic Analyses

CpDNA Data. The compiled data set contained 49 concat-
enated protein-coding genes from 19 completely or partially

elucidated cpDNAs of gymnosperms. Two Cycas species and

Ginkgo were designated as outgroups, and Cr. japonica was

an internal check. Excluding gaps and ambiguous sites, the

final alignment was 29,691 bp, among which 8,141 bp are

variable and 4,680 bp parsimony informative. Bayesian in-

ference (BI) and single ML trees were obtained under the

best-fit model (GTR þ I þ C) from the AIC implemented
in ModelTest 3.7 (Posada and Buckley 2004).

Cedrus Is Sister to Abies–Keteleeria Clade. Figure 5A
shows the two phylogenetic trees, reconstructed by two in-

dependent methods (ML and BI), with identical topologies.

Crypotmeria was consistently revealed as an outgroup to the

monophyletic Pinaceae genera and Abietoideae as the

basal-most subfamily to the other three, with strong boot-

strap support. Within the Abietoideae, Cedrus is clearly a sis-
ter group to the two sampled genera, Abies and Keteleeria.

With Cedrus forced to be the outgroup of the other seven

sampled Pinaceous genera, the constraint and optimal to-

pologies showed statistically significant difference by the

AU test and Bayes factor analysis (supplementary fig. 4, Sup-

plementary Material online), which implies that Cedrus is
not an outgroup to the rest of the Pinaceous genera. In

the aligned rpl22 and rps3 gene cluster (fig. 4), all the five

sampled Abietoideae genera have identical nonsense muta-

tions at nucleotide position 402, so their rpl22 and rps3 are

commonly separated by two nucleotides. Therefore, our

cpDNA data strongly indicate that Cedrus and the other

two representative genera of Abietoideae comprise a mono-

phyletic group, and Cedrus is not the basal-most genus of
Pinaceae. These results confirm the placement of Cedrus in

Abietoideae by Price et al. (1987) and Gernandt et al. (2008)

but contradict the view that the genus is a sister group to

Larix–Pseudotsuga (Hart 1987), Abies (Frankis 1988; Farjon

1990), or the rest of the Pinaceae genera (Wang et al. 2000)

(fig. 1).

Larix–Pseudotsuga Is a Distinct Clade and
Clustered with Picea–Cathaya–Pinus. The tree topol-

ogy in figure 5A clearly suggests that the first split of Pina-

ceae occurs between Abietoideae and the rest of the

sampled five genera, followed by Larix–Pseudotsuga clade

(Laricoideae) and a clade containing Picea, Cathaya, and Pi-
nus. This close sisterhood between Larix and Pseudotsuga
has been previously noted on the basis of their resemblance

in seed proteins (Prager et al. 1976; Price et al. 1987)
and common possession of derived characters such as

nonsaccate pollen, an extremely modified micropylar appa-

ratus during pollination, fiber–sclerids in the bark, and sim-

ilar asymmetric karyotypes (see review by Price 1989).

FIG. 4.—Comparison of length dynamics of rpl22 among representative species of Pinaceae. Upper: a linear representation of two neighboring

genes, rpl22 and 5#rps3. Note that coding sequences of the two genes overlap in Pinioideae, Cathya, Piceoideae, and Laricoideae. Lower: nucleotide

sequence alignment of the 3#rpl22 and 5#rps3 region. The sequences of Cycas taitungensis (GenBank accession number NC_009618) and Agathis

dammara (DDBJ accession number AB547460) were used as outgroups. The arrow indicates the transcription direction. Nucleotide sequences of rpl22

are in bold; stop codons are in shadow, and observed point mutations are boxed. The start codons of rps3 are underlined. Nucleotide positions are

counted from the first codon position of Cycas rpl22. An asterisk at the bottom of the sequence alignment indicates conserved nucleotides.

Comparative CpDNA Genomics of Pinaceae GBE

Genome Biol. Evol. 2:504–517. doi:10.1093/gbe/evq036 Advance Access publication July 2, 2010 511

http://gbe.oxfordjournals.org/cgi/content/full/evq036/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq036/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq036/DC1


Therefore, our cpDNA data and the aforementioned studies

reject the view that the Larix–Pseudotsuga clade is a sister

group to Cedrus (Hart 1987) or to Cathaya (Frankis 1988;

Farjon 1990).

Cathaya Is Likely a Sister to Pinus. Figure 5A depicts

that Cathaya is embedded in a highly supported large clade

containing Pinus (Pinoideae) and Picea (Piceoideae) and is

a sister group to Pinus but only with moderate support. Al-

though the AU test (P 5 0.233) and Bayes factor analysis

[2ln (BF) 5 8.42] showed a nonsignificant difference be-

tween the unconstrained Cathaya–Pinus and constrained

Cathaya–Picea topologies (supplementary fig. 4, Supple-
mentary Material online), a number of other characters sub-

stantiating the sisterhood relationship between Cathya and

Pinus have been observed before but have often been ne-

glected. These characters are pollen morphology, the em-

bryogeny and structure of mature embryos (Wang and

Chen 1974; Hu et al. 1976), phytochemical data (He

et al. 1981), and the ovule structure, as well as development

of female gametophytes (Chen et al. 1995).

A sister relationship between Cathaya and Pseudotsuga
(Frankis1988)orbetweenCathayaand theLarix–Pseudotsuga
clade (Farjon 1990) have never been supported in DNA-based

studies (Wang etal. 2000; Gernandtet al. 2008) (fig. 1).More-
over, Cathaya was also claimed to be sister to Picea in previous

studies using molecular markers (Wang et al. 2000; Gernandt

et al. 2008), but the bootstrap supports were week. Here, our

phylogenetic treesclearly indicatethatCathayaandPinus form

a clade with a strong support (PP5 1) in the BI tree and a mod-

erate support (BP562%) in the MLtree (fig. 5A). These results

agree well with the study based on reproductive characters

mentioned above.

Distribution of Intron–Indels in Pinaceae Lineages
in the Phylogenetic Context. Because no informative in-
dels were detected in the protein-coding genes, we examined

the 14 intron-containing genes that are common to the

FIG. 5.—Chloroplast phylogenomics of Pinaceae genera. (A) A ML tree inferred from analysis of a data set containing 49 concatenated protein-

coding genes in 19 cpDNA taxa by use of the GTR þ I þ C model. Only the ML tree is shown because the generated BI tree has identical topologies.

Cycas and Ginkgo were used as the outgroups, and Cryptomeria was used as an internal check. The thick and thin scale bars at the upper left corner

denote the respective branch lengths (substitutions per site) of Pinaceae and other taxa. Subfamilial names at the right were adopted from Fajon’s

(1990) classification with modification. The two values at nodes represent the percentage of bootstrap supports (ML tree)/posterior probabilities (BI

tree). (B) A simplified tree shows the distribution of nine informative indels in six introns (for the intron names and the indel locations, see supplementary

fig. 5, Supplementary Material online) for respective subfamilies and the genus Cathaya. Insertions and deletions are indicated by solid and blank bars,

respectively. See text for explanation.
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Pinaceae cpDNAs (table 1) (supplementary table 5, Supple-

mentary Material online). Notably, Cathaya cpDNA has

uniquely lost the only intron within the 3#rps12, and Crypto-
meria cpDNA has 17 intron-containing genes because it re-

tains three additional ones (ndhA, ndhB, and rps16; Hirao
et al. 2008). To evaluate the existence of informative indels

that can be used for inferring relationships within Pinaceae

lineages, the nucleotide sequences of all 14 introns were

aligned, with those of Cryptomeria used as the outgroup.

A total of 9 indels, including 6 deletions (2 of 3, 1 of 4, 1

of 5, 1 of 6, and 1 of 18 nt) and 3 insertions (2 of 4 and

1 of 5 nt) were detected in the 6 intron-containing genes:

trnA-GUC, trnG-UCC, trnI-GAU, atpF, rpl2, and rpl16 (supple-
mentary fig. 5, Supplementary Material online). Distributions

of these indels on the cpDNA phylogeny were then plotted

onto the cpDNA phylogenetic trees of Pinaceae (fig. 5B).

Foremost, monophyly of the three sampled Abietoideae

genera is supported by their shared three indels (fig. 5B,

indels 1, 5, and 6) in the introns of atpF, trnG-UCC, and

trnI-GAU, respectively (supplementary fig. 5, Supplemen-

tary Material online). However, a unique 4- and a distinct
5-nt insertion (fig. 5B, indels 8 and 7) in the introns of trnI-
GAU and rpl2, respectively, are exclusively present in the

Larix–Pseudotsuga subclade but not Cathaya (supplemen-

tary fig. 5, Supplementary Material online), which indi-

cates the close affinity between Larix and Pseudotsuga
but their remoteness from Cathaya. Monophyly of the

Cathaya–Pinus–Picea subclade is strongly substantiated

by a specific 4-nt insertion and an 18-nt deletion in
the introns of trnA-UGC and trnG-UCC, respectively

(fig. 5B, indels 2 and 4; supplementary fig. 5, Supplemen-

tary Material online). A sisterhood relationship between

Cathya and Pinus is evidenced by their two common multi-

nucleotide deletions, one in the trnG-UCC (a 6-nt indel)

and the other in rpl16 introns (a 3-nt indel) (fig. 5B, indels

3 and 9; supplementary fig. 5, Supplementary Material

online).

Cryptomeria Has Accelerated Nucleotide Substitu-
tion Rates and the Pinus–Cathaya Clade Has
Significantly Faster Rates than Do Other Pinaceous
Genera

Our likelihood ratio test of the constancy of nucleotide sub-
stitution rate across lineages indicates that the present

cpDNA data set rejects a constant molecular clock model

(P 5 4.06 � 10�20), and our phylogenetic trees (fig. 5A)

show that Cryptomeria has an extremely longer branch than

do the Pinaceae genera. Comparisons of the ML pairwise

distances among Cryptomeria, Pinus, and Cycas (with

Ginkgo used as the outgroup) revealed that Cryptomeria ex-

hibits exceptional accelerated rates in most protein-coding
genes (supplementary fig. 6, Supplementary Material on-

line), especially the infA, petL, ribosomal-protein (rpl and

rps), and RNA polymerase (rpo) gene families. We also used

Tajima’s relative rate test (Tajima 1993) to compare the nu-

cleotide substitution rates among Pinaceous genera using

generic representatives that have median evolutionary rates

(supplementary table 4, Supplementary Material online).

Abietoideae and Picea species were similar in having
relatively slower rates, but their rates differ fromthose ofother

Pinaceae, whereas Cathaya has a distinctively faster substitu-

tion rate thanother subfamilieshave (P,0.05). Therefore,we

used a relaxed molecular clock model for the molecular dating

analysis described in the following section.

Phylogeographic Implications Based on Genomic
Dating

A correct phylogeny is a prerequisite for molecular dating.

Hence, the ML tree in figure 5A was used to reestimate the

divergence times for major splitting events of Pinaceae lin-

eages. We used three reliable fossil records as calibration

points: the emergence of Pinus (dated 135 Ma; Alvin

1960), the oldest Pinaceae-type cone (dated 225 Ma; Miller

1999), and subg. Strobus (dated 85 Ma; Meijer 2000).

Table 2

Ages of Pinaceae Nodes (Ma) Inferred from the Phylogenetic Tree in figure 4 Using the Penalized Likelihood Analyses

Node

Age ± standard error (Ma)

RCa 1 RC 2 RC 3 RUCa 1 RUC 2 RUC 3

Pinaceae root 225.0b 225.0b 225.0b 201.3 ± 0.7 192.2 ± 0.5 188.7 ± 0.5

Larix–Pinus–Picea 199.4 ± 0.6 206.4 ± 0.8 198.0 ± 0.8 184.2 ± 0.8 166.7 ± 0.5 164.0 ± 0.3

Abietoideae 188.0 ± 1.1 198.5 ± 0.9 201.2 ± 0.6 183.2 ± 0.6 164.8 ± 0.4 163.0 ± 0.6

Cathaya–Pinus–Picea 173.8 ± 0.9 175.9 ± 1.4 159.6 ± 1.4 168.5 ± 0.7 142.1 ± 0.2 142.4 ± 0.2

Cathaya–Pinus 164.1 ± 0.9 135.0c 135.0c 161.6 ± 0.7 135.0c 135.0c

Abies–Keteleeria 110.0 ± 1.1 108.4 ± 1.6 112.8 ± 1.4 104.8 ± 1.5 103.8 ± 0.5 100.4 ± 0.6

Larix–Pseudotsuga 123.4 ± 1.1 138.2 ± 2.3 127.2 ± 1.5 117.3 ± 1.6 93.4 ± 0.5 94.1 ± 0.5

subg. Pinus þ subg. Strobus 85.0d 106.9 ± 0.5 85.0d 85.0d 85.5 ± 0.0 85.0d

a
‘‘RC’’ and ‘‘RUC’’ represent root constrained and unconstrained, respectively.

b
Age-fixed node, an oldest Pinaceae-type cone, 225 Ma (Miller 1999).

c
Age-fixed node, the oldest fossil of Pinus, 135 Ma (Alvin 1960).

d
Age-fixed node, a wood fossil of subg. Strobus, 85 Ma (Meijer 2000).
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Combinations of different calibration points yielded six
estimates of nodal ages (table 2). Only minor differences

were obtained among nodal ages estimated from these

three calibration dates but using the 135 Ma nodal age

of Pinus resulted in slightly younger estimates for all nodes.

By averaging the six estimates of nodal ages, Abietoideae

appeared to branch off during Jurassic, ;209.5 Ma,

and Larix–Pseudotsuga split from Picea–Cathaya–Pinus
;186.5 Ma. Subsequently, Picea separated from the
Cathaya–Pinus subclade ;160.4 Ma and then Cathaya
and Pinus deviated from each other;144.5 Ma. Remarkably,

Cedrus diverged from other Abietoideae genera ;183.1 Ma,

which is almost concurrent with the divergence time of the

Larix–Pseudotsuga subclade from the Picea–Cathaya–Pinus
subclade and suggests that Cedrus is ancient. Our phyloge-

nomic analyses also provide novel implications for the histor-

ical biogeography of Pinaceae genera—namely, the origin of
the ancestral Pinaceae was during Early Jurassic in Laurasia,

followed by radiations into two lineages (i.e., Abietoideae

and the rest of the five genera, including Larix, Pseudotsu-
ga, Picea, Cathaya, and Pinus, during Mid-Jurassic; fig. 6);

Cathaya and Keteleeria, specifically endemic to southern

China and Taiwan, emerged during Early Cretaceous

(144–100 Ma; fig. 6, node 5 and 6), when the first flower-

ing plants were known to exist and began to diversify and
spread (Soltis PS and Soltis DE 2004); and the extant two

Pinus subgenera (Strobus and Pinus) completely diverged
before Late Cretaceous (fig. 6, node 8). Our nodal age

estimates are highly compatible with those obtained

from the Pseudolarix–Tsuga calibration (Gernandt et al.

2008).

Interestingly, diversification of Pinaceae genera was syn-

chronized with the formation of continents, which began

to take on their modern forms during the Cretaceous. A

subsequent dispersal via the Bering land bridge between
formerly isolated Asian and American continents during

the Tertiary period might be responsible for the contemporary

pan-north Hemisphere distribution of most of the Pinaceae

genera. However, the existence of three endemic Pinaceae

genera (Cathaya, Keteleeria, and Pseudolarix [not sampled

in this study]) in southern China may suggest a southern

China origin of the Pinaceae or a more heterogeneous habitat

in that region, which provides distinct niches for evolution of
these endemic genera.

Implication of Subfamilial Classifications

Price (1989) argued that recognition of two subfamilies (i.e.,

Abietoideae and Pinioideae, including Larix–Pseudotsuga,

Picea, Cathya, and Pinus), corresponding to Van Tieghem’s

(1891) two groups or three groups (i.e., Abietoideae,

Laricoideae, and the monogeneric Pinioideae), seems to be

the most reasonable alternatives and natural. However,

FIG. 6.—A chronogram illustrating divergence times of Pinaceae genera. Branch lengths of the tree are averages from all calibration strategies

(table 2). Nodes fixed with fossil ages are shown in black circles. Maximum and minimum estimated ages are denoted by gray lines below nodes. The

three dot lines, I, II, and III, are used as thresholds for subfamily delimitations.
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Frankis(1988)andFarjon(1990)recognizedfoursubfamilies—
Abietoideae, Laricoideae (including Larix, Cathaya, and

Pseudotsuga) and two monotypic subfamilies, Piceoideae

and Pinoideae—on the basis of reproductive morphologies

and chromosome numbers. Similar to Price (1989), Liston

etal. (2003)preferredamorebroadlycircumscribedPinoideae.

The divergence pattern in our cpDNA phylogenetic tree (fig. 6)

clearly suggests an unquestionable division of two subfamilies

in Pinaceae (i.e., Abietoideae and the rest of the 5 genera [line
I]). With the ML divergence between Picea and Pinus used as

a threshold (line II), four groups (or subfamilies) should be rec-

ognized—Cedrus, non-CedrusAbietoideae,Larix–Pseudotsu-
ga, and Piceae–Cathaya–Pinus. If Picea is considered as

comprising its own monogeneric subfamily (line III), then in Pi-

naceae five groups/subfamilies are proposed, and Cathaya
should be grouped with Pinus. Most importantly, our views

on the subfamilial classifications differ from those of previous
studies in the ranking of Cedrus if more than two subfamilies

are recognized. In other words, we consider Cedrus as an an-

cient and highly distinctive genus that could be considered as

forming its own subfamily.

Conclusions

Structural comparisons of the organization of cpDNAs

among eight sampled Pinaceous genera revealed that
two large inversions (21 and 42 kb) frequently exist in con-

generic species and intraspecific populations. Interestingly,

distributions of these inversions have never been reported

in other families of seed plants. More comprehensive sam-

plings and comparisons of the repeated sequence types may

help clarify the spectrum, mechanism, and evolution of

these two inversions in Pinaceae. Our cpDNA-scale analyses

greatly improve the resolutions of Pinaceae phylogeny and
clearly place Cedrus within the sampled Abietoideae. These

results are further corroborated by evidence from indel dis-

tributions in introns, reduction of IRs, an earlier stop of

rpl22, and statistical topology tests. Therefore, the cpDNA

data reject the Cedrus-basal hypothesis (Wang et al. 2000).

In good agreement with previous embryonic comparative

results (Wang and Chen 1974), our phylogenetic trees

and indel distributions strongly suggest that Larix and Pseu-
dotsuga form a monophytic clade, and Cathaya is closer to

Pinus than to Picea or the Larix–Pseudotsuga group. Our age

estimates indicate that the Late Mesozoic (or Cretaceous)

and Laurasia were the respective time and space that the

Pinaceae ancestor started diverging into the extant genera.

The divergence time of Cedrus from the rest of Abietoideae

is almost concurrent with that of the Larix–Pseudotsuga
from Picea–Cathaya–Pinus clades. We conclude that two
subfamilies (i.e., Abietoideae and Pinioideae, including Lar-
ix, Pseudotsuga, Picea, Cathaya, and Pinus) or, alternatively,

five subfamilies (i.e., Cedrus, the rest of Abietoideae, Lari-

coideae, Picea, and Cathya–Pinus) appear to be the most

reasonable for the subdivision of Pinaceae.

Supplementary Material

Supplementary figures S1–S6 and tables S1–S5 are available
at Genome Biology and Evolution online (http://www

.oxfordjournals.org/our_journals/gbe/).
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