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Sequence data from nrITS and cpDNA have failed to fully resolve phylogenetic relationships among Pinus species. Four low-copy 
nuclear genes, developed from the screening of 73 mapped conifer anchor loci, were sequenced from 12 species representing all 
subsections. Individual loci do not uniformly support either the nrITS or cpDNA hypotheses and in some cases produce unique 
topologies. Combined analysis of low-copy nuclear loci produces a well-supported subsectional topology of two subgenera, each 
divided into two sections, congruent with prior hypotheses of deep divergence in Pinus. The placements of P. nelsonii, P. krempjii, 
and P. contorta have been of continued systematic interest. Results strongly support the placement of P. nelsonii as sister to the 
remaining members of sect. Parrya, suggest a moderately well-supported and consistent position of P. krempjii as sister to the remaining 
members of sect. Quinquefoliae, and are ambiguous about the placement of P. contorta. A successful phylogenetic strategy in Pinus 
will require many low-copy nuclear loci that include a high proportion of silent sites and derive from independent linkage groups. 
The locus screening and evaluation strategy presented here can be broadly applied to facilitate the development of phylogenetic markers 
from the increasing number of available genomic resources. 
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Pinus L. is one of the 11 genera of Pinaceae, a family that 
is monophyletic among gymnosperms (Hart, 1987; Chaw et 
al., 1997). Pinus is by far the largest genus in the family, and 
its approximately 110 species comprise ca. 50% of the Pina- 
ceae (Farjon, 1998). Unique morphological features such as 
needle-like leaves clustered in fascicles (shoot dimorphism) 
and woody ovulate cone scales with specialized apical regions 
(umbos), in combination with molecular evidence (Wang et 
al., 2000b; Liston et al., 2003), indicate that members of the 
genus Pinus are well differentiated from related genera such 
as Cathaya Chun and Kuang and Picea A. Dietrich. 

The extensive utility (Le Maitre, 1998) and ecological sig- 
nificance (Richardson and Rundel, 1998) of Pinus has made 
it the focus of numerous molecular evolutionary studies (re- 
viewed in Price et al., 1998; Liston et al., 2003). Among these 
studies, a variety of data types have been used to infer rela- 
tionships, including allozymes (Karalamangala and Nickrent, 
1989), restriction fragment length polymorphisms (Strauss and 
Doerksen, 1990; Krupkin et al., 1996), anonymous DNA 
markers (Dvorak et al., 2000; Nkongolo et al., 2002), DNA 
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sequencing (Liston et al., 1999; Wang et al., 1999; Gernandt 
et al., 2005), and various combinations of these types (Wu et 
al., 1999). The most inclusive studies have utilized chloroplast 
DNA sequencing (Krupkin et al., 1996; Wang et al., 1999; 
Geada L6pez et al., 2002), and a cpDNA-based (1555 bp of 
rnatK, 1262 bp of rbcL) phylogenetic hypothesis for 101 spe- 
cies of Pinus has recently been published (Gernandt et al., 
2005). Phylogenetic analyses using the nuclear ribosomal 
DNA ITS region have also sampled nearly half of the species 
(Liston et al., 1999, 2003; Gernandt et al., 2001). 

With the wealth of data available for Pinus, it is perhaps 
surprising that key phylogenetic relationships remain unre- 
solved. Comparisons between the most comprehensive chlo- 
roplast (Gernandt et al., 2005) and nuclear ribosomal ITS 
(Liston et al., 2003) data sets highlight the limits to our current 
understanding. In these analyses, 12 of 17 commonly resolved 
clades are congruent, although many of the clades show low 
bootstrap support. Incongruence between these estimates 
occurs in several cases, some marked by strong branch support 
and others being poorly supported. Examples include (I) the 
conflicting yet robust resolutions of subsect. Contortae, either 
as the sister lineage to the remaining members of sect. Tri- 
foliae (cpDNA) or as a more derived lineage within sect. 
Trifoliae (nrDNA); (2) the poor resolution among subsects. 
Gerardianae, Krempfianae, and Nelsoniae (Wang et al., 
2000a; Gernandt et al., 2003; Zhang and Li, 2004); and (3) 
the monophyly or paraphyly of sect. Pinus. Even in regions 
of coarse topological agreement, both analyses are plagued by 
a nearly universal lack of resolution among terminal taxa in 
the species-rich subsections Australes, Pinus, Ponderosae, and 
Strobus. Despite ca. 30 published studies over the past two 
decades (reviewed in Price et al., 1998; Liston et al., 2003), a 
well-resolved phylogeny of Pinus remains a work in progress. 

Resolving relationships among recently diverged taxa is a 
pervasive problem in molecular systematics, and it is compli- 
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cated by an array of biological phenomena (use of inappro- 
priate molecules for recent divergence events, rapid radiations, 
reticulation) and analytical shortcomings (e.g., inability of cla- 
distic models to accommodate species non-coalescence) 
(Small et al., 2004). In Pinus, nrITS and cpDNA gene trees 
are largely unresolved at this scale of divergence. For example, 
a combined analysis of four cpDNA loci (>3500 bp) yielded 
a six-species polytomy in a 10-taxa sample of subsect. Strobus 
(Wang et al., 1999) and a combined analysis of four cpDNA 
loci (>3200 bp) yielded a seven-species polytomy for the sev- 
en sampled members of subsects. Australes, Leiophyllae, and 
Oocarpae (Geada L6pez et al., 2002). Similarly, 2400-bp of 
nrDNA sequence failed to resolve relationships among sub- 
sects. Cembroides, Nelsoniae, and Balfourianae, and the 
nrDNA gene tree contains a 13-species polytomy for the 15 
species in subsect. Cembroides (Gernandt et al., 2001). The 
lack of resolution in cpDNA-based studies results from insuf- 
ficient sequence variation (Gernandt et al., 2005), while intra- 
genomic polymorphism in nrITS (arising from weak concerted 
evolution or a failure of intraspecific coalescence; Gernandt et 
al., 2001) limits the utility of nrDNA. Thus, cpDNA and 
nrDNA are unlikely to provide sufficient character support for 
a robust phylogeny of Pinus. Even if either data source were 
to provide satisfactory resolution, there is conflict between 
these two sources of data (such as the placement of subsect. 
Contortae) that is not easily resolved. 

Recent studies using low-copy nuclear loci (Harris and Di- 
sotell, 1998; Springer et al., 2001; Cronn et al., 2002; Mal- 
comber, 2002; Cronn et al., 2003; Rokas et al., 2003; Alvarez 
et al., 2005) reveal the power of multiple independent markers 
for disentangling phylogenetic relationships at low taxonomic 
levels. These studies suggest that independent markers that 
sample a range of substitution rates and patterns (Yang, 1998) 
can provide greater resolution than cpDNA and nrDNA (alone 
or combined) for resolving rapid radiations, relationships 
among closely related species, and complex historical hybrid- 
ization events (Harris and Disotell, 1998; Springer et al., 2001; 
Cronn et al., 2002; Malcomber, 2002; Cronn et al., 2003; 
Small et al., 2004). The large nuclear genome of pines (22- 
37 pgI2C; Grotkopp et al., 2004) hinders the development and 
application of low-copy nuclear markers for phylogenetic ap- 
plications, as multigene families (Kinlaw and Neale, 1997) and 
repetitive and retrotransposon DNA (Friesen et al., 2001) are 
abundant. Despite these obstacles, genomics and genetic link- 
age mapping efforts directed towards P. taeda (loblolly pine; 
Brown et al., 2001) and P. radiata (Monterey pine, Devey et 
al., 2004) have revealed a large number of low-copy markers 
that show orthology across pine species (Brown et al., 2001). 
Because these conifer anchor loci show strong evidence for 
positional orthology, they make promising candidates for pop- 
ulation and phylogenetic applications in pines and other mem- 
bers of Pinaceae (Brown et al., 2004). 

In this paper, we explore the potential of four conifer anchor 
loci to resolve evolutionary relationships among the 11 sub- 
sections recognized by Gernandt et al. (2005). Each subsection 
forms a well-supported clade in the intensively sampled 
cpDNA-based study. Species selected for this study represent 
the most ancient divergence events (e.g., subgenera, sections) 
and more recent divergence events (e.g., among subsections). 
The phylogenetic resolution and support provided by these 
low-copy nuclear loci (individually and combined) are com- 
pared with existing hypotheses derived from chloroplast DNA 
(Gernandt et al., 2005) and nuclear ribosomal DNA (Liston et 

al., 2003). Analysis of the concatenated cpDNA, nrITS, and 
low-copy nuclear data sets provides a revised estimate of pine 
subsectional phylogeny and is used to analyze how conflicts 
among data sets are resolved in a combined analysis. 

MATERIALS AND METHODS 

Plant materials-Twelve species of Pinus (Appendix) were sampled as 
"exemplars" to represent all 11 subsections recognized by Gernandt et al. 
(2005). Two of these subsections, subsects. Nelsoniae and Krempjianae, are 
monotypic. Species from the remaining subsections were chosen because of 
their economic and ecological importance (e.g., P. taeda, P. radiata, P. pon- 
derosa, P. contorts, and P. monticola) or because of the availability of fresh 
tissue. All analyses were rooted with Picea based on morphological (Hart, 
1987; Farjon, 1990) and molecular (Wang et al., 2000b) phylogenetic studies 
of Pinaceae. DNA was isolated from fresh or dried needles using the FastPrep 
DNA isolation kit (Qbiogene, Carlsbad, California, USA). Haploid megaga- 
metophyte tissue was used as the DNA source for select amplifications (P. 
roxburghii, P. taeda, and P. gerardiana; Appendix), particularly in cases 
where heterozygosity for length polymorphisms resulted in poor quality se- 
quences. 

Locus selection, amplification, and sequencing--Over 150 low-copy co- 
nifer anchor loci are available as possible candidates for cross-species arnpli- 
fications in Pinus (Brown et al., 2001,2004; Temesgen et al., 2001; Krutovsky 
et al., 2004), all of which have been mapped in P. taeda (Brown et al., 2001; 
Temesgen et al., 2001). From this list, we screened 73 loci using three selec- 
tive criteria. First, primers had to readily amplify the target locus across the 
diversity of the genus, as represented by P, taeda (sect. Trifoliae), P. merkusii 
s.1. or P. thunbergii (sect. Pinus), P. monticola (sect. Quinquefoliae), and P. 
nelsonii (sect. Parrya). Second, the amplified product needed to be -500 bp 
or larger in length so that they could contain a reasonable number of variable 
sites. To provide a check for orthology, our third criterion was that amplifi- 
cation products needed to be homogeneous, with only a single prominent band 
upon amplification, and a single nucleotide sequence if amplified from haploid 
megagametophte tissue. Once sequences were obtained, our final criterion was 
to exclude all loci with frame shifts or exon / intron deletions (evidence of 
pseudogenization), or unexpectedly high rates of divergence (evidence of po- 
tentially paralogous comparisons). 

Among the loci meeting these criteria, we chose four that show consid- 
erable diversity in length, ratio of noncoding to coding sequence, and func- 
tion. The first, ZFG1934, is derived from a loblolly pine cDNA clone that 
maps to the distal end of linkage group 3 in P. taeda (Krutovsky et al., 
2004; GenBank X67714). This locus corresponds to a chlorophyll A/B bind- 
ing protein type I1 1B precursor gene that was first characterized in P. 
sylvestris (Jansson and Gustafsson, 1990; EMBL X14506). The second lo- 
cus, AGP6, has high sequence identity to an arabinogalactan-like protein 
that maps to linkage group 5 from P. taeda (Krutovsky et al., 2004; 
GenBank AF101785) and is associated with secondary cell wall formation 
in differentiating xylem (Zhang et al., 2003). As a class, AGP-like proteins 
are proteoglycans rich in hydroxyproline (HyP) and proline (Pro), which 
serve as targets for 0-glycosylation (Showalter, 2001). The third locus is 
4-coumarate: CoA ligase (4CL), an enzyme in the phenylpropanoid pathway 
that serves as a precursor pathway to lignin biosynthesis (Zhang and 
Chiang, 1997) and that maps to linkage group 7 of P. taeda (Krutovsky et 
al., 2004). For the purpose of aligning and describing our sequences, we 
used the full-length 4CL sequence from P. taeda (GenBank U39405; Zhang 
and Chiang, 1997) as a reference. The fourth locus, ZFG8612, is derived 
from a loblolly pine cDNA clone that maps to linkage group 3 in P. taeda 
(Krutovsky et al., 2004; C. S. Kinlaw, Institute of Forest Genetics, unpub- 
lished data; GenBank AA739606), approximately 64 cM distant from 
ZFG1934. This locus shows high identity with a Late Embryogenesis Abun- 
dant (LEA)-like gene identified in Pseudotsuga menzeisii (Iglesias and Ba- 
biano, 1999; GenBank AJ012483). 

Primers used to amplify loci were published previously (Brown et al., 2001; 
Temesgen et al., 2001; Zhang et al., 2003) and are shown in Fig. 1. In some 
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a. 4clpFl b: CAGAGGTGGAAYTGATTTC Aligned Variability: 

b.MontF: GCCAATCCTTTTTACAAGC Subgcnusl'inus: 1003-1099 bp 

c. EclF: GCSAATCCTTTCTACAAGC SubgenusS~~ohvs: 740-904 bp 

d. Montlt CI'G I'I'AGAI'GCAAKI'CAGGI'AG PICEA : 7 1 3 hp 

e. 4clRStrob: CTGCTTCTGTCATGCCGTA * Section Purryu insert; see text for details 

a. 1934F2: CTACTGCTGCAACAATGGCAA 

b. l934R2: TACiGCCCAGGCGTTtiTTtiTT 

PICEA: 770 bp 

5' Exon 7- a. agp6F I : TCAGGGTCAACAATGGCGTTC Aligned Variability: 
Aligned Variability: d b 

b, a@R 1: GGGCTTTTCAGTGCGGACG Subgenus P1nu.q: 462-498 bp 
a. 86 12F 1 : TGTTAGCATGCAATCAATCAC Subgenus Pinzw: 1 173-1 328bp 

Subgenus S't~~bli .~:  465-543 bp 
b. 861 2R2: CTGACAGAGTGGGCAGCTTCAT Subgenus S/rohu.s: 1069 -1 280 bp PICEA: 447 bp 
c. 861 2F2: GAGTGCAAATAGCTACTCTCAGG PICEA: No Sequence 

d. 8612R3 CA ACAATAGGAATGTGCATGGTA AGG 

ITS 

scale 

a. PIN245 1 : GGCGlCACCCTAGTCCTTCTC 
a\ 183-215 162 240-241 b. 26S25R: TATGCTTAAACTCAGCGGGT * 

4 -1 5.8s 1 Aligned Variability: 

ITS1 ITS2 \h Subgenus Ptnus : 609 -6  1 2 bp 

Subgenus .S/rohzis : 586-6 1 1 bp 
* Tandetn subrepeats ending here and extending PICEA: partial sequence; 41 5 bp; 17 bp ITS1 

upstream; for details see Gernandt et al., 2001 

Fig. 1. Gene diagrams for the nuclear loci included in this study. Shown is the size (in bp) of each locus and the location of exons (open bars) and introns 
or noncoding regions (lines). Arrow heads on exons and introns indicate that the locus or domain extends beyond our sample. Primers used for amplification 
and sequencing are indicated by small arrows above and below gene diagrams; primer names and sequences are associated with each diagram. Amplicon lengths 
for Picea amplicon and ranges for Pinus subgenera are given. 

cases, it was possible to amplify universally across Pinus with a single primer 
combination; for most loci, however, it was necessary to develop subgenus- 
specific primers. Amplification protocols generally followed those outlined in 
Brown et al. (2001) and Temesgen et al. (2001). This involved an initial 
preheating step at 80°C for 2 min, followed by 35 cycles of 94°C for dena- 
turation, a 62-52°C "Touch-Down" annealing step (- 1°C/cycle for 10 cycles; 
Don et al., 1991), and 72°C extension for 1 min per kb of amplification 
product. PCR reactions (25 FL) utilized -50-200 ng of DNA template, 0.4 
pM each primer, 0.2 mM dNTP, 1.5-2.0 mM MgCl,, 0.13 pg/pL BSA, and 
2 units of Tag polymerase (Fisher Scientific, Pittsburgh, Pennsylvania, USA) 
in 1 X buffer (10 mM Tris-HC1 [pH 9.0],50 mM KCl). Amplification products 
were resolved on 1.5% TAE agarose gels containing 0.2% crystal violet; 
bands were visualized in white light, excised, and purified using QIAquick 
Gel Extraction kits (QIAGEN, Valencia, California, USA). Purified products 
(-100 ng) were sequenced using the ABI-Prism Big Dye Terminator Mix 
(ver. 3.1; Applied Biosystems, Foster City, California, USA). Products were 
resolved on an Applied Biosystems 3 100 Genetic Analyzer capillary sequenc- 
er at the Oregon State University Center for Gene Research and Biotechnol- 
ogy Central Services Laboratory. Automated traces were evaluated using the 
BioEdit Sequence Alignment Editor 5.0.6 (Hall, 1999). In some instances, 
length polymorphism heterozygosity and/or poor amplification precluded di- 
rect sequencing of PCR products. These products were cloned into pGem-T 
Easy (Promega, Madison, Wisconsin, USA) following the manufacturer's rec- 
ommendations. 

The current study incorporates two previously published data sets. The first 
includes two cpDNA regions, maturase K (matK) and ribulose 1,5-bisphos- 
phate carboxylase large subunit (rbcL), which have been sequenced for 101 

pine species and Picea (Gernandt et al., 2005). The second data set includes 
a 650-bp portion of the nuclear ribosomal DNA internal transcribed spacer 
(nrDNA-ITS) region that was sequenced from 47 pine species and Picea (Lis- 
ton et al., 1999; Liston et al., 2003). The nrITS data set was modified from 
the original study by adding a sequence from P. monticola (amplified and 
sequenced using methods described in Liston et al., 1999). Two sequences 
included in the original reference were replaced; these include P. krempji 
(replaced with GenBank AF305061) and P. echinata (replaced with GenBank 
AF367378; Chen et al., 2002). Three species used in our low-copy gene anal- 
ysis are replaced by closely related taxa for nrITS; subsect. Balfourianae is 
represented by P. aristata (P. longaeva in our study; GenBank AF03700), 
subsect. Australes is represented by P. attenwta (P. radiata in our study; 
GenBank AF03702), and Picea sitchensis is replaced by Picea rubens (from 
Germano and Klein, 1999; GenBank AF136610). Due to uncertain homology 
between subgenera within nrITS1, a stretch of ca. 114 nucleotides (repre- 
senting positions 95-321 in the global alignment) was aligned by subgenus. 

Sequence alignment and data analysis--Sequences were aligned by 
ClustalW (in BioEdit) using default parameters. Exon regions aligned with 
ease, as ingroup and outgroup sequences showed minimal length variation. In 
contrast, genus-wide alignments of noncoding sequences were non-trivial. For 
these, separate alignments were carried out for each subgenus using an out- 
group from the alternative subgenera (P. monticola for alignment of subg. 
Pinus, P. roxburghii for subg. Strobus). Regions of shared homologous se- 
quence were analyzed across sectional exemplars using the "align two se- 
quences" (bl2seq) option of NCBI BLAST (http://www.ncbi.nlm.nih.gov/ 
BLAST/). For this analysis, the following criteria were set: word size = 15, 
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dropoff value for percentage of shared nucleotides = 50%, open gap penalty 
= 5, and gap extension penalty = 2. These subgeneric alignments were used 
as a guide in attempting to construct global alignments. Final adjustments 
were made by eye to minimize the number of required indels. Alignments are 
available at TreeBase (SN2289; http://www.treebase.org). 

Data from individual genes were analyzed independently so that we could 
evaluate variation on a locus-by-locus basis. Alignment statistics (determined 
using MEGA 2.1; Kumar et al., 2001) included the average number of char- 
acters, number of variable and parsimony informative characters, average 
within-group p-distance, and average base composition. Indels were counted 
for each species and averaged across taxa. 

Phylogenetic analyses were performed on individual data sets using max- 
imum parsimony (MP; PAUP* version 4.0b10; Swofford, 2002). Most 
parsimonious trees were found from branch-and-bound searches, with all 
characters weighted equally and treated as unordered. Branch support was 
evaluated using the nonparametric bootstrap (Felsenstein, 1985), with 1000 
replicates and tree-bisection-reconstruction (TBR) branch swapping. In cases 
when two or more most parsimonious trees were recovered, the MP tree that 
most closely (exactly, except for ZFG1934) matched the maximum likelihood 
tree topology was presented. In these cases, phylogenies were inferred using 
maximum-likelihood estimates with PAUP*. Maximum-likelihood parame- 
ters, such as substitution model, base frequencies, shape of gamma distribu- 
tion, and proportion of invariant sites, were optimized using ModelTest 3.5 
(Posada and Crandall, 1998). 

The nuclear genes used in this study evolve in an environment characterized 
by recombination and independent assortment. Additionally, three of the four 
genes (AGP6, IFG1934, 4CL) contain a high proportion of non-synonymous 
sites so they may respond to selection in addition to mutation, drift, and 
migration. For these reasons, congruent phylogenetic signal among loci is 
important to evaluate prior to combining data sets for simultaneous analysis 
(Bull et al., 1993). To assess congruence among pairs of individual data sets, 
we used the MP-based incongruence length difference test (ILD; Fams et al., 
1994) in a pairwise fashion on all six loci. Null distributions were generated 
using 1000 replicates of data sets pruned of invariant and uninformative char- 
acters. This test was implemented using PAUP* ("partition homogeneity" 
test) with the threshold for significance at P 5 0.01, following the recom- 
mendations of Cunningham (1997). Because the ILD test may be prone to 
Type I errors (see Cunningham, 1997; Yoder et al., 2001; but see Hipp et al., 
2004), we also used the Templeton or Wilcoxon signed-rank test (WSR; Tem- 
pleton, 1983) to further explore incongruence inferred in the ILD test. For 
this test, all most-parsimonious trees recovered for individual genes were used 
as constraint topologies. P values were adjusted using sequential Bonferroni 
correction (Rice, 1989), and results were interpreted conservatively, as the 
test returning the highest P value (least significant; Miyamoto, 1996; Johnson 
and Soltis, 1998) is accepted as the experiment-wide P value. Results from 
Templeton tests were considered indicative of heterogeneity among data sets 
only if significance was observed in both directions (Johnson and Soltis, 
1998). Because a clear consensus has yet to be reached on the relative merits 
of "total evidence" vs. "conditional" prior agreement approaches for data 
combination (Huelsenbeck et al., 1996; Sanderson and Shaffer, 2002), we 
chose to explore both of these approaches. 

RESULTS 

Locus selection-Of the 73 loci initially screened, 61 (84% 
of the total surveyed) were excluded because they failed to 
meet the criteria outlined in the Materials and Methods. Failure 
to amplify the target locus in species throughout the genus 
was the most common problem. Loblolly pine (P. taeda) was 
the source for nearly all conifer anchor loci, so amplification 
success was highest for subg. Pinus (P. taeda and P. merkusii 
or P. thunbergii), and failure was most frequent for members 
of subg. Strobus (P. monticola and P. nelsonii). In total, 12 
loci met our selection criteria (detailed in A. Willyard et al., 
unpublished manuscript; and R. Cronn, unpublished data). 
Among these, four loci were selected for phylogenetic analy- 

ses. Two loci were composed entirely of exon sequence 
(IFG1934, AGPQ, and the remaining loci either contained a 
high proportion (4CL) or a small proportion (ZFG8612) of 
exon sequence. 

Sequence characteristics of low-copy nuclear loci in Pi- 
nus-IFG1934-The sequenced region corresponds to amino 
acids 4-260 (256 of 274 total) of the P. sylvestris chlorophyll 
A/B binding protein gene. This exon encodes an N-terminal 
signal transit peptide (nucleotide positions 1-108) and three 
cx-helix motifs (aligned positions 285-375; 465-510; 630- 
726) and exhibits a G + C content of 60.2% (33.6% G + 
26.6% C). Stop codons and insertions were absent in this 
alignment, although P. krempJii showed a 3-bp deletion (po- 
sitions 145-147). The apparent structural conservation and 
low average divergence (mean p-distance = 0.0435 within Pi- 
nus) led to an unambiguous alignment of IFG1934. The align- 
ment was 770 bp long, and it included 99 variable and 55 
parsimony informative positions within Pinus (Table 1). 
Among variable sites, 23 were restricted to first codon posi- 
tions, 11 to second positions, and 65 to third positions. Amino 
acid replacements were observed in 26 of the 256 amino acid 
sites (10.2%). 

AGP6-We obtained an aligned sequence of 609 bp for 
AGP6 corresponding to positions 3 1-640 of P. taeda AGP6. 
This exonic region shows a high G + C content (24.2% G + 
42.3% C), and it includes 202 codons with an abundance of 
proline (3 1.5% across pines), alanine (22.6%), valine (1 1.9%), 
and threonine (1 1.4%). The random-coil conformation adopted 
by this glycosylated protein appears prone to indel events, pre- 
sumably through the expansion/contraction of HyP-P-(AND') 
motifs. The first of these repetitive motifs, "TAPAAPT- 
TAKP" (residues 31-41 of the P. taeda AGP6 translation 
AAF75821) is present in three (P. nelsonii) or two (P. mon- 
op hylla, P. radiata, and P. roxburghii) near- perfect repeats, 
with one unit for the remaining species. A second repeat, 
"PVAPAAAPTKP[A/T] P" (residues 6 1-73 of AAF75 82 1 ), 
follows the first motif and is present as two tandem units (P. 
merkusii and P. longaeva) or one unit (all remaining species). 
A third repeat, "PPVA[T/V/A]" (residues 109-1 38 of 
AAF75821), is present as seven near-perfect repeats in Picea 
sitchensis, but is fixed at six tandem repeats in pines. Due to 
the complexity of these repeats, we first translated AGP6 se- 
quences, aligned the amino acids using ClustalW, then con- 
verted amino acids back to the nucleotide sequence. 

Of the 609 bp included in our analysis, 66 nucleotide po- 
sitions were variable (10.8% overall) and 29 were parsimony 
informative in Pinus (Table I). Among variable positions, nine 
were restricted to first codon positions, nine to second posi- 
tions, and 48 to third codon positions. Amino acid replace- 
ments were observed at 16 of the 202 amino acid sites (7.9%). 
While this gene had a relatively high non-synonymous rate of 
substitution, eight of the 16 amino acid replacements involved 
four common amino acids (P H A = 2; V t, L = 2; V H 
A = 4), and no missense frame shifts were detected. 

4 C L W e  obtained an aligned sequence of 13 15 bp for 4CL, 
corresponding to nucleotide positions 46 1-15 13 of 4CL from 
P. taeda. This sequence included 675 bp of exon 1 that con- 
tained 225 codons (residues 107-331 of 537 total). Indels in 
the 4CL exon were restricted to a single species, P. nelsonii. 
This deletion removed 44 bp of exon 1 (aligned positions 631- 
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TABLE 1. Variability of low-copy nuclear genes in Pinus with comparisons to nrITS and cpDNA. 

Gene Region 
Aligned Avg. length' 

Taxon lengthb (range) %G + C 
Variable sites 

( 1 /2/3)d PI sitesc Average Df (SE) Indelsg 

intron 1 

ZFG8612 exon A + B 

intron A 

nrITS ITS1, 5.8S, ITS2 

subg. Pinus 
subg. Strobus 
genus Pinus 
subg. Pinus 
subg. Strobus 
genus Pinus 
subg. Pinus 
subg. Strobus 
genus Pinus 
subg. Pinus 
subg. Strobus 
subg. Pinus 
subg. Strobus 
genus Pinus 
subg. Pinus 
subg. Strobus 
subg. Pinus 
subg. Strobus 
genus Pinusa 
subg. Pinus 
subg. Strobus 
genus Pinus 

770 (na) 
769.5 (767, 770) 
769.8 (767, 770) 
477.5 (462-498) 
503.5 (465-543) 
490.5 (462-543) 
675 (na) 
667.5 (630, 675) 
67 1.3 (630, 675) 
358.7 (328-417) 
201.7 (1 10-229)h 
304 (na) 
304 (na) 
304 (na) 
963.3 (869-1024) 
908 (765-976) 
610.7 (609-612) 
602 (586-611) 
5 15 (497-508) 

2806 (na) 
2806 (na) 
2806 (na) 

a Excludes positions 95-321 of ITS1 in the global alignment, which were aligned by subgenus as noted in Materials and Methods. 
Aligned length in base pairs determined using outgroups from alternative subgenera (P. monticola or P. merkusii) or using Picea in the case 

of genus totals. Outgroups not used in determining all other statistics presented in this table. 
" Number of characters per species averaged over all species in the alignment; na refers to no variability across species. 
*Total variable positions in alignment (parsed by codon position 1, 2, or 3). 
" Number of parsimony informative sites. 
D = p-distance, the proportion of nucleotide sites at which paired sequences are different. 

g Average number and length of indels. Number of inferred indels were counted for each species in an alignment and averaged over total number 
of species. Numbers in parentheses are the average length of the indels in base pairs. 

Not incorporating the section of excluded alignment (see Materials and Methods for details). 

675, inclusive), including the exon 1-intron 1 splice site pre- 
sent in all other species. Despite this disruption, the gene may 
be functional if a GC dinucleotide pair at positions 627-628 
is used as the splice site; this would result in a 19 amino acid 
deletion that retains the normal reading frame. Of the 675 exon 
nucleotides included in our analysis, 75 positions were vari- 
able and 36 were parsimony informative within Pinus (Table 
I). Among variable positions, 13 were found in first codon 
positions, nine in second positions, and 53 in third codon po- 
sitions. Amino acid replacements were observed at 22 of the 
225 amino acid sites (9.8%). 

Also included in 4CL was intron 1, a region characterized 
by eight-fold length variation across the included taxa. The 
shortest 4CL intron originated from Picea sitchensis and was 
38 bp in length. Within Pinus, the shortest introns were found 
in members of Sect. Quinquefoliae, and were 227-229 bp in 
length. The largest introns were present in members of sect. 
Parrya (particularly P. monophylla, 539 bp), with much of the 
expansion due to the gain of an A/T-microsatellite and regions 
of low complexity (runs of A or T). Length differences in the 
4CL intron were accompanied by substantial variation in nu- 
cleotide composition, because the percentage A + T ranged 
from 70.2% in P. taeda to 76.3% in P. nelsonii. An insertion 
in the 4CL intron was observed at 895 bp in the global align- 
ment, and it was restricted to members of sect. Parrya (P. 
nelsonii, P. longaeva, and P. monophylla). The region varies 
in length from 252 (P. nelsonii) to 323 bp (P. monophylla), 
and it appears to be composed of superimposed indels of un- 
certain homology. Alignment of this stretch was sufficiently 
problematic to warrant its exclusion from all analyses. 

As might be expected from such a dynamic region, intron 
alignments across divergent taxa were difficult. The effect of 
indels and low sequence complexity is apparent in pairwise 
BLAST comparisons between P. taedu (subg. Pinus), P. mon- 
ticola (subg. Strobus), and four species representing the sec- 
tions of the genus (Fig. 2). Local alignments between species 
from a common subgenus (e.g., P. taedu vs. P. ponderosa or 
P. merkusii) show relatively long stretches of easily aligned 
high-quality sequence (cut-off criteria defined by a word size 
of 15 and sequence identity 150%), with only short regions 
of nonhomologous indels. In contrast, alignments across sub- 
genera returned short stretches of alignable sequence (<40 
bp), or else failed entirely to identify blocks meeting cut-off 
criteria (e.g., P. taeda vs. P. nelsonii; P. monticola vs. P. pon- 
derosa). Due to the uncertain homology between subgeneric 
introns, we aligned 4CL exon sequences genus-wide, but 
aligned intron sequences only within subgenus (except adja- 
cent to the flanking sequence where homology was apparent). 
Of the 472 aligned intron bases included in our subg. Pinus 
alignment, 32 positions were variable and eight parsimony in- 
formative (Table 1). Of the 365 aligned intron bases included 
in our subg. Strobus alignment, 38 were variable and 15 were 
parsimony informative. 

ZFG8612-We obtained an aligned sequence of 2645 bp for 
IFG8612, corresponding to nucleotide positions 222-525 of 
the LEA mRNA described from Pseudotsuga menzeisii. This 
sequence includes two partial exons that span 304 bp and code 
for 10 1 amino acids (28.3 from exon A, 71.7 from exon B). 
These exons show 37 variable positions within Pinus, of which 
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Fig. 2. Pairwise intron alignments within and between subgenera of Pinus. Introns from 4CL and IFG8612 are aligned between P. taeda (subg. Pinus; 
upper panels) and P. monticola (subg. Strobus; lower panels) on the x-axis, and exemplars from different subgenera on the y-axis. Diagonal lines show regions 
of sequence meeting BLAST criteria for minimum word size (15), similarity threshold (50%), match/mismatch weights (+ 11-2) and gap openlextension penalties 
(512). 

20 are parsimony informative. Among variable positions, 11 
were restricted to first codon positions, 10 to second positions, 
and 16 to third positions. Amino acid replacements were ob- 
served at 17 of 101 amino acid sites (16.8%), of which seven 
were from exon A, and 10 from exon B. Nucleotide frequen- 
cies were relatively balanced in the IFG8612 exon (24.1% G, 
20.4% C, 29.0% A, 26.5% T), and indels and stop codons 
were absent. 

The intron from 1FG8612 ranged in absolute length from 
765 bp in P. gerardiana to 1024 bp in P. radiata. As observed 
with the 4CL intron, alignment of the IFG8612 intron could 
only be accomplished within members of the same subgenus. 
Local alignments between members of the same subgenus 
(e.g., P. taeda vs. P. ponderosa or P. merkusii) showed long 
blocks of easily aligned high-quality sequence interspersed 
with short repeats that showed similarity to several regions 

(e.g., P. taeda vs. P. merkusii; P. monticola vs. P. longaeva) 
(Fig. 2). Alignments across subgenera returned short blocks 
(<70 bp) of similarity that were composed of repeats and 
stretches of low sequence complexity. We aligned IFG8612 
exon sequences across the genus but aligned intron sequences 
by subgenus. Intron alignments for members of subg. Pinus 
were 1 177 bp long and included 80 variable positions (1 1 par- 
simony informative), and aligned introns from subg. Strobus 
were 1263 bp long and included 124 variable sites (1 8 parsi- 
mony informative, Table 1). 

Phylogenetic analyses-Individual loci-Most-parsimoni- 
ous trees derived from individual loci show general patterns 
of conformity across the four low-copy nuclear loci, as well 
as differences reminiscent of conflicting resolutions obtained 
from nrITS and cpDNA (Fig. 3). For example, monophyly of 
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if91934 27 trees c = 770 L = 185 CI 0.83 RI = 0.85 agp6 3 trees c = 609 L = 115 CI = 0.90 RI = 0.88 
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Fig. 3. Most-parsimonious trees derived from individual loci. Trees selected for presentation are those that most closely match the topology of the maximum 

likelihood tree. Bootstrap values from 1000 replicates and TBR branch swapping are shown near nodes. All trees are rooted with Picea except IFG8612, which 
is midpoint rooted; for clarity the outgroup branch has been omitted. Pinus aristata and P. attenuata are used in the nrITS phylogeny as placeholders for P. 
longaeva and P. radiata, respectively. C = number of characters, L = length of trees, CI = consistency index, RI = retention index. Asterisks (*) indicate 
nodes that collapse in the strict consensus tree. 
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TABLE 2. Pairwise incongruence length difference test (ILD) results. 
Picea included in the analysis. 

Data set ZFG1934 AGP6 4CL ZFG8612 nrITS 

AGP6 0.812 
4CL 0.610 0.702 
IFG8612 0.390 0.143 0.079 
nrITS 0.358 0.438 0.313 0.003** 
cpDNA 0.231 0.323 0.045" 0.003"" 0.060 

Note: * significant at P 5 0.05; ** significant at P 5 0.01. 

subgenera Strobus and Pinus is supported by all low-copy nu- 
clear genes (bootstrap support [BS] values from 89 to 100%) 
and is in agreement with both nrITS and cpDNA. Within subg. 
Strobus, sect. Parrya (P. nelsonii, P. longaeva, and P. mon- 
ophylla) is supported as monophyletic in all low-copy gene 
trees except ZFG8612. Data from ZFG8612 resolve P. nelsonii 
in a novel position sister to sect. Quinquefoliae (P. monticola, 
P. gerardiana, and P. krempJii), but this resolution shows low 
support (73% BS). The monophyly of sect. Quinquefoliae is 
also supported in three of the four low-copy nuclear genes. In 
ZFG1934, P. krempJii is sister to the remaining sections of 
subg. Strobus, although this resolution has low support (7 1% 
BS). In general, the consensus resolution emerging from three 
of four low-copy nuclear loci is that these taxonomic sections 
are monophyletic. This resolution has strong support from the 
cpDNA data set, and the apparently conflicting resolution from 
nrITS involves the unique placement of P. gerardiana with its 
low character support. 

Equivocal resolutions also occur in trees derived from low- 
copy markers, and the conflict between these markers does 
little to resolve discrepancies between nrITS and cpDNA. For 
example, the conflict between nrITS and cpDNA regarding the 
position of P. contorta remains unresolved. Likewise, within 
subg. Pinus, P. merkusii and P. roxburghii, are resolved as 
sister taxa by ZFG1934 with high support (90% BS). This res- 
olution is supported by cpDNA data (87% BS), although the 
nrITS does not resolve the relationships of these two species. 
The remaining low-copy nuclear genes resolve P. merkusii and 
P. roxburghii as paraphyletic, with 4CL showing moderate 
bootstrap support (75%). 

ConJlict among low-copy nuclear genes, nrITS and cp- 
DNA-Results from the ILD test (Table 2) show that signifi- 
cant incongruence among the low-copy nuclear loci is not in- 

dicated. If these comparisons are extended to include nrITS, 
only the nrITS vs. ZFG8612 comparison ranks as significant 
(P = 0.003), indicating a general lack of incongruence be- 
tween most nuclear loci and nrITS. Comparisons between nu- 
clear genes and cpDNA reveals that IFG8612 shows signifi- 
cant incongruence with plastid data (P = 0.003) and that 4CL 
is near the threshold of significance (P = 0.045). 

For an alternative assessment of conflict, we evaluated the 
sensitivity of each data set to topological change using the 
parsimony-based WSR test. Results from this test (Table 3) 
show a number of one-way comparisons that are significant, 
including comparisons involving ZFG8612 (5 pairwise com- 
parisons), nrITS (4 comparisons), cpDNA (4 comparisons), 
and AGP6 and 4CL (1 comparison each). Of these compari- 
sons, only IFG8612 vs. cpDNA was significant in two direc- 
tions. For example, constraining cpDNA data to alternative 
topologies led to inferences of topological conflict with three 
data sets (IFG8612, P = 0.004; 4CL, P = 0.023; nrITS, P = 
0.010); conflict was only reflected in the alternative test when 
ZFG8612 data are constrained to the cpDNA topology (P = 
0.027). While a significant test in one direction may be indic- 
ative of potential conflict, there have been recommendations 
to recognize conflict as "significant" only when it is observed 
in two directions (Johnson and Soltis, 1998). Using these cri- 
teria, the sole case of clear partition conflict involves the nu- 
clear locus IFG8612 and cpDNA. 

In total, results from both tests (ILD, WSR) show that the 
low-copy nuclear gene data sets do not exhibit strong conflict 
and that they represent a reasonable partition for combination. 
The merit of combining the low-copy genes with other parti- 
tions, such as nrITS or cpDNA, is debatable because both data 
sets show conflict with one of the four low-copy nuclear loci 
(ZFG8612). To explore the impact of potentially conflicting 
data in our phylogenetic analyses, we combined the low-copy 
data with nrITS and cpDNA. 

Topological comparisons between low-copy nuclear data, 
nrZTS, and cpDNA--Combining the four low-copy nuclear 
genes into a single data set (5338 aligned characters) yields 
three MP trees that fully resolve Pinus subsectional represen- 
tatives (Fig. 4A). In contrast to trees derived from individual 
genes, many clades exhibit strong character support (>90% 
BS), and eight of 10 potential nodes show BS values over 
70%. Subgenera Pinus and Strobus are strongly supported 
(100% BS), as are three of the four sections. The sole excep- 
tion among sections is support for sect. Pinus, which is low 

TABLE 3. Templeton test results of six loci and two combined data sets (one including all low-copy nuclear genes and the other a concatenation 
of all six loci). Outgroup rooting was used for all topologies. 

Constraint topology 

Data set No. trees ZFGI934 AGP6 4CL ZFG8612 nrITS cpDNA Low copy All loci 

AGP6 6 0.1 
4CL 90 0.2 
IFG8612 1 0.1 
nrITS 4 0.7 
cpDNA 2 0.0 
Low copy 1 0.8 
All loci 3 0.0 

Note: * significant at P 5 0.05; ** significant at P 5 0.01; boxed values are significant in both directions following sequential Bonferroni 
correction. 
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Fig. 4. Most-parsimonious trees derived from four low-copy nuclear loci combined (A), and cpDNA [matK + rbcL], nrITS, and four low-copy nuclear loci 
combined (B). Species names are used in (A) and their respective subsections are used in (B); the topologies are identical. Bootstrap values from 1000 replicates 
and TBR branch swapping are shown near nodes. Both trees are rooted with Picea; for clarity the outgroup branch has been omitted. C = number of characters, 
L = length of trees, CI = consistency index, RI = retention index. Asterisks (*) indicate nodes that collapse in the strict consensus tree. 

(71% BS) in this comparison. At the level of subsectional rep- 
resentatives, sect. Trifoliae remains unresolved (Fig. 4A) with 
P. contorta, P. ponderosa, and P. taedalP. radiata forming a 
trichotomy in the strict consensus of three MP trees (not 
shown). 

This strongly supported resolution provides an opportunity 
to reassess the outstanding questions raised in previous anal- 
yses of Pinus nrITS and cpDNA. For example, resolution of 
subg. Pinus based on nrITS and cpDNA differs in two key 
aspects. First, the basal divergence inferred from previous 
analyses of nrITS is a grade, whereby sect. Pinus is paraphy- 
letic due to the absence of monophyly between P. merkusii 
and P. roxburghii. Ths  is not the case in our pruned nrITS 
analysis where P. merkusii and P. roxburghii are monophy- 
letic, however, both alternatives have low support values. In 
contrast, cpDNA shows sect. Pinus to be the monophyletic 
sister group to sect. Trifoliae (87% BS). The combined low- 
copy nuclear data (Fig. 4A) indicate that sect. Pinus has mod- 
erately low support (71% BS) as a monophyletic lineage, a 
finding that supports the cpDNA topology (but does not ex- 
plicitly contradict the pruned nrITS tree; Fig. 3). The second 
point of disagreement in subg. Pinus involves the resolution 
of subsect. Contortae (P. contorta), either as sister to subsect. 
Australes (P. taeda, P. attenuta) with nrITS, or as the sister 
lineage to the remainder of sect. Trifoliae with cpDNA. The 
combined low-copy nuclear data (Fig. 4A) clearly resolves P. 
contorta as a member of sect. Trifoliae, but it is one lineage 
in a trichotomy that includes the remaining samples from sub- 
sects. Ponderosae, Australes, and Attenuatae. Among the low- 
copy nuclear loci, only IFG8612 provides a clear resolution 
of P. contorta, placing it sister to the remaining members of 
sect. Trifoliae as is observed with nrITS (Fig. 3). The remain- 
ing relationships within sect. Trifoliae of the IFG8612 tree 

- 

MERKUSll PINUS 

ROXBURCHll PINASTER 2 
KREMPFIl KREMPFIANAE 
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contradict a substantial body of prior molecular evidence 
(Strauss and Doerksen, 1990; Liston et al., 1999; Geada L6pez 
et al., 2002; Gernandt et al., 2005), principally the paraphyly 
of subsect. Australes relative to P. ponderosa. Due to this lack 
of consistency, we consider the relationship between subsect. 
Contortae and the remaining lineages within sect. Trifoliae 
unresolved. 

Resolution within subg. Strobus based on nrITS and cpDNA 
differs substantially with respect to relationships within sect. 
Quinquefoliae, specifically the placement of subsects. Gerar- 
dianae (P. gerardiana) and Krernpfianae (P. krempfii). Where- 
as nrITS resolves subsect. Krempjanae sister to subsect. 
Strobus (P. monticola) and subsect. Gerardianae in a weakly 
supported clade with sect. Parrya, cpDNA resolves subsect. 
Strobus as sister to a weakly supported clade of subsects. Ger- 
ardianae and Krempfinae. Neither of these resolutions have 
strong support. Indeed, the subg. Strobus clade inferred from 
nrITS collapses to a polytomy if one only considers nodes with 
>65% bootstrap support, and the same is true for sect. Quin- 
quefoliae relationships in the cpDNA tree. In contrast, the 
combined low-copy phylogeny reflects the consensus of indi- 
vidual loci by placing subsects. Strobus, Gerardianae, and 
Krernpfianae in a well-supported clade (94% BS) with subsect. 
Krempfianae sister to the other two lineages (70% BS). This 
result adds support to recent phylogenetic and taxonomic in- 
vestigations based on cpDNA that identify subsects. Strobus, 
Gerardianae, and Krempfianae as a distinct monophyletic lin- 
eage. It differs markedly, however, from the cpDNA resolution 
in that the morphologically distinct subsect. Krempfianae is 
resolved as sister to subsects. Strobus and Gerardianae. While 
support for this node is moderately low (70% BS), the fact 
that individual analysis of all low-copy loci show this same 

100 
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TABLE 4. Comparison of three data sets used in reconstructing Pinus phylogeny. Picea not included in statistics. 

Characteristic cpDNA nrITS Low-copy 

Number of genes 
Average base pairs 
Phylogenetically informative characters 
Linkage groups 
Consistency index 
Resolved nodes in strict consensus 
Nodes with >70% bootstrap support (10 nodes max) 
Nodes with >90% bootstrap support (10 nodes max) 
%G + C 
Average p-distance 

Tandem arrays 
606 

61 (10.1%) 
1 
0.86 
9 
3 
0 

55.4 
0.064 

resolution (individual BS = 5 1-81 %; Fig. 3) adds measurably 
to our confidence in this finding. 

The low-copy nuclear resolution of subsect. Nelsoniae (P. 
nelsonii) in Fig. 4A underscores the power (and the unex- 
pected outcome) of combining data. The placement of this 
taxon in the low-copy tree is unambiguous, because it is in- 
cluded in a clade with (94% BS), and sister to (98% BS), the 
combined lineages of subsects. Cembroides (P. monophylla) 
and Balforianae (P. longaeva). This resolution conflicts with 
cpDNA and nrITS trees, which show uncharacteristic agree- 
ment (but low support) for subsect. Nelsoniae as sister to sub- 
sect. Balfourianae. Critically, the topology recovered in the 
low-copy nuclear data set is supported by only one of the 
individual nuclear loci, IFG1934 (59% BS). In contrast, AGP6 
and 4CL show these lineages as an unresolved trichotomy, and 
IFG8612 places subsect. Nelsoniae in an unusual location sis- 
ter to sect. Quinquefoliae. The final placement and enhanced 
support of the resolution of subsect. Nelsoniae through com- 
bined analysis is somewhat unexpected, arising through the 
accumulation of modest phylogenetic signal across all individ- 
ual loci. 

Analysis of combined nrlTS, cpDNA, and low-copy nuclear 
data sets-As a final analysis, we combined data sets con- 
sisting of low-copy nuclear genes, nrITS, and cpDNA to ex- 
plore how a global analysis would be resolved, with particular 
attention focused on the possible sources of conflict revealed 
by ILD and WSR tests (Tables 2, 3). Analysis of these five 
nuclear loci and one cpDNA partition as a single data set 
(8886 aligned characters) produces one MP tree that fully re- 
solves Pinus subsectional representatives (Fig. 4B). The most 
striking feature of this analysis is that adding nrITS and 
cpDNA data did not change the topology of the combined low- 
copy tree. However, BS support values show that the addition 
of nrITS and cpDNA data improve the nuclear resolution (in- 
creased BS values) at some nodes, while adding to character 
conflict (decreased BS values) at other nodes. The addition of 
nrITS and cpDNA data uniformly increased support for sec- 
tional nodes, with nodal BS values increasing by 4 to 21%. 
Relationships within sect. Trifoliae-unresolved in the com- 
bined low-copy data set-are enhanced by the addition of 
cpDNA, resulting in a cpDNA-like resolution of these taxa, 
including the position of subsect. Contortae. The support val- 
ues within sect. Trifoliae are reduced from the cpDNA tree (a 
result of the strong disagreement with nrITS), particularly at 
the node separating subsect. Contortae from the remainder of 
sect. Trifoliae. Topological relationships within sects. Quin- 
quefoliae and Parrya do not change with the addition of nrITS 
and cpDNA data, but support values for the clades of P. mon- 

ticolalP. gerardiana and P. monophylla/P. longaeva are re- 
duced from the combined low-copy analysis due to the inclu- 
sion of conflicting characters from both nrITS and cpDNA. 

DISCUSSION 

Pine phylogeny and taxonomic sampling-This is the first 
study to confidently resolve the relationships among the sub- 
sections of subg. Strobus, including the positions of P. kremp- 
j i  and P. nelsonii. In subg. Pinus the monophyly of sect. Pinus 
is weakly supported and the position of sect. Contortae re- 
mains equivocal. Additional taxon sampling across the genus 
may stabilize uncertain relationships in deeper divergence 
events by breaking up long branches and adding additional 
synapomorphic sites (Pollock et al., 2002; but see Rosenburg 
and Kumar, 2001). A coarse estimate of the influence of taxon 
density can be investigated by studying the topological differ- 
ences in the cpDNA and nrITS trees presented here (Fig. 3) 
and their original, taxonomically dense analyses (Liston et al., 
1999; Gernandt et al., 2005). In the case of cpDNA (Fig. 3), 
the topology is in good agreement with the topology of Ger- 
nandt et al. (2005) following pruning of 89 species. The same 
is true of the nrITS subsectional topology following the re- 
moval of 35 species. Minor differences in topology between 
trees in Fig. 3 and their original citations are restricted to nodes 
with low support (<61% BS). These results suggest that our 
limited taxonomic sampling does not bias the resolution of 
subsectional phylogeny. 

Which loci have the greatest phylogenetic utility in Pi- 
nus?-Molecular studies of Pinus using cpDNA and nrDNA 
have returned conflicting topologies at deeper nodes and large- 
ly failed to resolve the numerous and possibly rapid radiations 
that comprise the terminal clades. These results highlight the 
need for alternative data sources that can be used to reduce 
phylogenetic uncertainty by increasing resolution and support. 
The data used in this study represent six independent molec- 
ular sources, each of which have different attributes-both 
positive and negative-with regard to molecular phylogenetic 
analysis (Tables 1, 4; Fig. 5). 

Among the loci screened in this study, nrITS shows the 
highest average p-distance among pine species (0.064), and a 
higher proportion of phylogenetically informative sites 
(10.1%) than either the low-copy (6.0%) or cpDNA sequences 
(3.1%, Tables 1, 4). While this high degree of variation ap- 
pears favorable by divergence measures, nrITS resolves pines 
with generally low bootstrap support values (Table 4, Fig. 3); 
for these exemplars, only three nodes have greater than 65% 
bootstrap support, and no nodes have greater than 80% sup- 
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Fig. 5. Percentage variable characters by coding and noncoding regions 
for the six data sets examined in this study. Percentage variable characters 
are shown at the top of each bar; average number of characters is in paren- 
theses after the locus name. 

port. It could be argued that additional sampling of nrITS 
could improve resolution and support, especially since our 
sample of -630 bp represents one-fifth of the 3000+ bp ITS 1- 
ITS2 region in Pinus (Liston et al., 1999; Gernandt et al., 
2001). Despite the promise of additional characters, Gernandt 
et al. (2001) showed that concerted evolution is weak in the 
5 ' region of ITS 1. The absence of complete concerted evolu- 
tion is in~reasingly reported in phylogenetic studies (summa- 
rized in Alvarez and Wendel, 2003; Campbell et al., 2005). In 
such cases, allelic heterozygosity and non-allelic (paralogous) 
diversity can accumulate, placing practical limitations on the 
use and interpretation of ITS variation in a phylogenetic con- 
text. For these reasons, we believe that nrITS is unlikely to 
provide new insights into Pinus phylogeny. 

Chloroplast coding DNA generally evolves at a conserva- 
tive rate, making it useful for the resolution of more ancient 
divergence events (Clegg et al., 1994; Small et al., 2004). Av- 
erage p-distances among the species in this study were 0.017 
for two cpDNA loci (matK, rbcL), a value that is about one- 
fourth the rate of nrITS and one-half the rate of the four nu- 
clear genes. Where this genome fails to provide information 
is at cladogenic events involving the species-rich groups 
(Krupkin et al., 1996; Geada L6pez et al., 2002; Gernandt et 
al., 2005). Increased sampling of noncoding regions has the 
potential to increase resolution (Shaw et al., 2005; D. Ger- 
nandt, Universidad Autonoma Estado Hidalgo, personal com- 
munication). However, even if a resolved topology is obtained 
with cpDNA, this genome represents a single linkage group. 
As has been shown, over-reliance on cpDNA (or any single 
data set) can provide strongly supported yet erroneous phy- 
logenetic inferences because it is susceptible to lineage sorting 
of ancestral polymorphisms, as well as to chloroplast capture 
through introgression (reviewed in Wendel and Doyle, 1998). 
Both phenomena can lead to inaccurate organismal phyloge- 
nies that are difficult to verify in the absence of alternative 
hypotheses. 

The four nuclear genes used in this study diverge at rates 
intermediate to nrITS and cpDNA, with locus structure being 
highly influential in determining overall variability. Among 
low-copy nuclear loci, there is an eight-fold difference be- 
tween the slowest and fastest evolving regions (AGP6 in subg. 
Pinus and 4CL intron in subg. Strobus, respectively). Average 
pair wise distances (Table 1) across appropriate clades (genus- 
wide for coding regions, within subgenera for noncoding re- 
gions) indicate that exons diverge 2.1 times faster than cp- 
DNA, and introns diverge 1.3 times faster than nrITS. Introns 
from 4CL and ZFG8612 are 1.9-2.3 times more variable than 
their respective coding regions (Table I). 

In general, introns are attractive targets for evaluating re- 
lationships among closely related taxa because they diverge at 
relatively rapid rates (Small et al., 2004). This will be desirable 
(and necessary) as we focus on reconstructing relationships 
among closely related species, such as those in subsections 
Australes and Ponderosae. It should be noted that inferred 
rates of divergence alone can be misleading with respect to 
phylogenetic utility or informativeness. For example, the 4CL 
intron shows the highest rate of divergence and greatest num- 
ber of phylogenetically informative sites among all sequences 
examined (Table 1) yet it shows -72% A + T. This distorted 
base composition may limit the resolution of taxa due to the 
reduced genetic alphabet and increased incidence of homopla- 
sy. In addition, the high lability of this region leads to align- 
ment difficulties due to A/T microsatellites and single se- 
quence repeats (Fig. 2). We predict that introns with roughly 
equal base frequencies (such as IFG8612) will be preferred 
even if they show a lower rate of change. 

For gaining insight into the overall phylogenetic pattern of 
Pinus subsections (a group containing both ancient and recent 
divergence events), a combination of coding and noncoding 
regions is required to obtain a (relatively) well-supported phy- 
logeny across the genus (Fig. 4A). For example, the ancient 
divergence event leading to the formation of subgenera cannot 
be revealed using intron sequences alone (such as ZFG8612), 
due to the absence of recognizable homology in these regions 
(Fig. 2). Exon sequences also have limitations, although in this 
case selective constraints limit the degree of character change 
in terminal taxa. Considering that the greatest phylogenetic 
uncertainty in Pinus resides in terminal lineages (e.g., sections 
and subsections, down to species), we suggest that future em- 
phasis be placed on rapidly evolving noncoding regions. While 
length variation among more divergent taxa is likely to limit 
the breadth of phylogenetic comparisons (e.g., across subgen- 
era or sections), this limitation can be circumvented by the 
judicious use of slower evolving exon regions. 

The greatest value of adding additional nuclear genes for 
studying relationships among pines is that they present mul- 
tiple evolutionarily independent perspectives that can be com- 
pared to hypotheses derived from nrITS and cpDNA. These 
loci reside on three different nuclear chromosomes, and the 
two loci located on the same chromosome-ZFG8612 and 
ZFG1934-are sufficiently distant (>60 centiMorgans; Kru- 
tovsky et al., 2004) that they are unlikely to show linkage 
disequilibrium at the species level (Brown et al., 2004). The 
general agreement between these independent nuclear and 
cpDNA loci strengthens earlier findings that Pinus includes 
two main lineages (subg. Pinus and Strobus), both of which 
can be divided into two sublineages (sects. Pinus and Trifoliae 
within subg. Pinus; sects. Quinquefoliae and Parrya within 
subg. Strobus). Agreement between low-copy nuclear loci and 
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cpDNA that differs with nrITS (e.g., monophyly of subsects. 
Strobus, Gerardianae, and KrempJianae; Figs. 3,4A) provides 
support for earlier inferences that have been identified by 
cpDNA alone (Gernandt et al., 2005). Critically, disagreement 
between low-copy genes, cpDNA, and nrITS (e.g., relation- 
ships in sects. Parrya and Trifoliae) highlights the most prob- 
lematic nodes and underscores the need for focused sampling 
with respect to taxa and characters. 

In light of the overall lack of resolution within subsections 
in prior molecular studies of pines, we suggest that useful mo- 
lecular information is likely limited to noncoding regions of 
cpDNA and low-copy nuclear loci with a high proportion of 
silent sites, such as IFG8612. These genomic resources are 
readily available (Brown et al., 2004; Krutovsky et al., 2004; 
Small et al., 2004), and they are certain to be applied with 
increasing frequency in Pinus and related conifers. Tradition- 
ally, one of the most challenging aspects of working with low- 
copy nuclear genes is assessing orthology in the presence of 
high heterozygosity (Small et al., 2004). The availability of 
haploid megagametophyte tissue in Pinus seeds (and most 
gymnosperms) simplifies this task, making it possible to am- 
plify single haplotypes (e.g., Brown et al., 2004). If amplifi- 
cation products from megagametophyte tissue show "hetero- 
zygosity," it is a clear indication that paralogous loci are being 
amplified. 

Molecular data and prospects for resolving phylogenetic 
relationships within pines-The use of multiple independent 
loci to explore phylogenetic relationships in coniferous plants 
is a recent advancement (Wang et al., 2000b; Kusumi et al., 
2002), although the use of mapped nuclear loci has only been 
accomplished,in angiosperm groups (Chee et al., 1995; Cronn 
et al., 2002; Alvarez et al., 2005). Studies of this nature that 
compare and contrast the properties and utility of a set of loci 
are important in establishing cost effective approaches for ad- 
vancing the resolution of evolutionary relationships within any 
group of taxa (see Small et al., 2004). With the burgeoning 
list of nuclear loci available for molecular genetic applications 
in economically important groups (Fulton et al., 2002; Kru- 
tovsky et al., 2004), two hurdles need to be overcome in order 
to gain a finer evolutionary perspective of pines: (I) reconcil- 
ing the inevitable conflict that will arise as more genes are 
added and (2) resolving widespread, possibly rapid radiations 
that characterize many subsections. 

The first issue-how to interpret a phylogeny in the pres- 
ence of conflict-is a topic of continuing debate in molecular 
phylogenetics (Bull et al., 1993; Miyamoto, 1996; Suchard et 
al., 2003). Increasingly, phylogenetic studies are being per- 
formed on very large samples ranging from tens of genes 
(Cronn et al., 2002; Takezaki et al., 2004) to entire genomes 
(Rokas et al., 2003; reviewed in Eisen and Fraser, 2003). Re- 
sults show that incongruence among gene trees is to be ex- 
pected when estimates are based on a small number of genet- 
ically independent data sources; indeed, strongly supported in- 
correct phylogenies can be derived from a few genes if they 
show non-independence (e.g., linkage or similar functional 
constraints). Studies in yeast (Rokas et al., 2003) show that 
concatenation of a relatively small number of genes (perhaps 
20) can produce stable phylogenies that minimize the influence 
of evolutionary noise and selective effects. In light of these 
findings, it seems clear that taxonomic conclusions based on 
a single source of molecular phylogenetic data (e.g., cpDNA; 
Gernandt et al., 2005) should be considered working hypoth- 

eses awaiting confirmation, rather than a final product. The 
number of loci that will be required to produce a stable pine 
phylogeny remains unknown, but given the abundance of pine 
ESTs, the number of comparative linkage maps in Pinus, and 
the extensive history of seed collection/gene conservation ac- 
tivities in the forest genetics community, a genome-wide phy- 
logenetic estimate of the pine phylogeny based on multiple 
nuclear loci is a realistic goal. The growing number of cross- 
genera comparisons in the Pinaceae (Wang et al., 2000b; Kru- 
tovsky et al., 2004) shows that similar studies are equally trac- 
table in other coniferous genera. 

The second obstacle to a resolved pine phylogeny is the 
numerous, apparently rapid radiations in Sect. Trifoliae and 
subsects. Pinus, Cembroides, and Strobus (Krupkin et al., 
1996; Wang et al., 1999; Gernandt et al., 2001; Geada Ldpez 
et al., 2002; Gernandt et al., 2005; A. Willyard et al., unpub- 
lished manuscript). The problem is illustrated by the 48 spe- 
cies of sect. Trifoliae. Among the four representatives of this 
section (Appendix), average pairwise divergence at four low- 
copy nuclear genes is 1.5% over 5338 aligned bases, and there 
are 102 variable and 6 parsimony informative sites. Including 
additional species in future analyses will certainly shift vari- 
able sites to the "phylogenetically informative" category. 
Nevertheless, there are fewer than 16 synapomorphies uniting 
these taxa, and the terminal branches leading to P. taeda and 
P. ponderosa (representing the species-rich subsections Aus- 
trales and Ponderosae) are only 34 and 14 characters long, 
respectively (Fig. 4A). This amount of variation is unlikely to 
be sufficient to provide robust character support for resolving 
the 24 remaining species of subsect. Australes and 17 species 
of subsect. Ponderosae. As noted, adding nrITS (Liston et al., 
1999, 2003) and cpDNA (Gernandt et al., 2005) could add 
resolution, but it seems likely that many of these groups will 
remain multi-species polytomies even after the acquisition of 
more data. From our current temporal vantage point, such di- 
vergences appear nearly instantaneous (e.g., Fig. 4A). We have 
calculated estimated divergence times for the four lineages of 
sect. Trifoliae using nine nuclear gene sequences (A. Willyard 
et al., unpublished manuscript); irrespective of the calibration 
method, the four lineages of sect. Trifoliae appear to have 
diverged within a brief time, perhaps as little as 2-5 million 
years during the Miocene. This perspective is valuable, be- 
cause it suggests that many species groups diversified over a 
relatively narrow time frame, perhaps in response to climate 
change or adaptive ecotypic divergence. The near-absence of 
interspecific crossing barriers within these subsections (Little 
and Righter, 1965; Garrett, 1979; Critchfield, 1986) attests to 
their limited genetic divergence and close phylogenetic affin- 
ity. 

A related, yet possibly more vexing, obstacle to resolving 
recently diverged pine groups is the apparent longevity of al- 
lele lineages in conifers. Standard phylogenetic methods rely 
on the assumption that intraspecific divergence is low relative 
to interspecific divergence; restated, the branches derived from 
gene geneologies need to be long compared to within-species 
coalescence times. This "long branch assumption" has re- 
cently been shown to be violated in species of Picea across 
three low-copy genes (Bouillk and Bousquet, 2005), and at 
nrITS in Pinus and Picea (Gernandt et al., 2001; Campbell et 
al., 2005). Comparisons of three nuclear loci from Picea abies, 
P. glauca, and P. mariana show that non-coalescence among 
species was commonplace (BouillC and Bousquet, 2005). The 
estimated coalescence time between randomly selected alleles 
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from any two species ranged from 10 to 18 million years ago, 
and these estimates overlap with estimated species divergence 
times (13-20 mya). Similarly, preliminary genetic data gath- 
ered from the comparably aged North American five-needle 
pines (A. Willyard et al., unpublished manuscript; J. Syring, 
unpublished data) shows a similar pattern for two of the loci 
used in this study (IFG8612, AGP6). As might be expected, 
narrowly restricted species (e.g., P. albicaulis, a timberline 
endemic) exhibit species-level allelic coalescence, but wide- 
spread species (e.g., P. lambertiana, sugar pine) share allele 
lineages with other North American (even East Asian) pine 
species. 

If trans-species-shared polymorphisms are commonplace in 
Pinus and Picea, it seems likely that similar trends will be 
revealed in other plant groups with long fossil representation, 
similar life histories, and large population sizes. BouillC and 
Bousquet (2005) cautioned that widespread lack of species- 
level coalescence may impede phylogenetic estimation in co- 
nifers and other trees with similar ecological and reproductive 
traits. These authors "call for caution in estimating congeneric 
species phylogenies from nuclear gene sequences" in conifers. 
While we acknowledge that their results are likely to apply to 
closely related pine species (within subsections), the congru- 
ence of results from four low-copy independent data sources 
presented herein shows that these markers confidentally re- 
solve phylogenetic relationships among more distantly related 
pines. This finding underscores the importance of historical 
events on the utility of nuclear markers and in the interpreta- 
tion of phylogenies derived from their use. Considering the 
dramatic impact intraspecific polymorphism can have on phy- 
logenetic results, we predict that a final resolution of the pine 
phylogeny will incorporate many sources of data (such as 
those described in this paper) and a mix of traditional phylo- 
genetic approaches (parsimony, likelihood) and coalescent 
analyses to evaluate the relative age of species and their com- 
plex genealogical relationships. 
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APPENDIX. Sampled Pinus species and outgroup Picea. Taxa are listed by subgenus. A dash indicates the region was not sampled (IFG8612 Picea), that 
sequences were taken from GenBank (P. taeda; see footnote), or that an alternative voucher source was used (P. roxburghii). Information for nrITS and 
cpDNA are reported in the original citations with modifications noted in the methods. 

Taxona; Section; Subsection; Voucher informationb; IFG1934, AGP6, 4CL, IFG8612. 

Subgenus Pinus 
l? merkusii Junghuhn & de Vriese; Pinus; Pinus; Thailand, X.R. Wang 956 

(no voucher); AY617085, AY634320, AY634352, AY634337. l? roxbur- 
ghii Sargent; Pinus; Pinaster; Nepal, Kew 1979.06113 (K); -, -, 
AY634353, -. l? roxburghii Sargent; Pinus; Pinaster; India, S.C. Garkojij 
s.n., R M P  0416" (no voucher); AY617086, AY634321,-, AY634338. l? 
radiata D. Don; Trifoliae; Australes; California, USA, RMPc 0418 (OSC); 
AY617083, AY634318, AY634350, AY634335. l? taeda Linnaeus; Trifol- 
iae; Australes; Georgia, USA, R. Price s.n. (no voucher)sf; -, -, -, 
AY634332. R contorta Douglas ex Loudon; Trifoliae; Contortae; Oregon, 
USA, A. Liston 1219 (OSC); AY617084, AY634319, AY634351, 
AY634336. l? ponderosa Douglas ex F? & C. Lawson; Trifoliae; Ponde- 
rosae; Oregon, USA, F.C. Sorenson s.n., R M P  0415 (OSC); AY617082, 
AY634317, AY634349, AY634334. 

Subgenus Strobus 
l? longaeva D.K. Bailey; Parrya; Balfourianae; California, USA, D.S. Ger- 

nandt 03099 (OSC); AY617094, AY634329, AY634361, AY634346. P. 
monophylla Torrey & Fremont; Parrya; Cembroides; California, USA, D.S. 
Gemandt 404 (OSC); AY617092, AY634327, AY634359, AY634344. I? 
nelsonii Shaw; Parrya; Nelsoniae; Mexico, D.S. Gernandt & S. Ortiz 
11298 (OSC & MEXU); AY617095, AY634330, AY634362, AY634347. 
l? gerardiana Wallich ex D. Don; Quinquefoliae; Gerardianae; Pakistan, 
R. Businsky' 41105 (RILOGd)"; DQ018375, DQ018373, DQ018377, 
DQ018379. l? krempJii Lecomte; Quinquefoliae; Krempjianae; Vietnam, 
P. Thomas, First Darwin Expedition 242 (E); DQ018376, DQO18374, 
DQ018378, DQ018380. R monticola Douglas ex D. Don; Quinquefoliae; 
Strobus; Oregon, USA, J. Syn'ng 1001 (OSC); AY617090, AY634325, 
AY634357. AY634342. 

Outgroup 
Picea sitchensis (Bong.) Carr.; Oregon, USA, J. Syring 1002 (OSC); 

AY617096, AY634331, AY634363, -. 

a Taxonomy follows Gernandt et al. (2005). Some taxonomists restrict P. merkusii to populations from the Phillipines and Sumatra, in which case the plant 
used here would be considered as P. latteri Mason. 

Herbarium acronyms follow Index Herbariorum: http:Nsciweb.nybg.org/science2/IndexHerbariorum.asp. 
RMP = Resource Management and Production Division of the Pacific Northwest Forest Science Center in Corvallis, Oregon. 
RILOG = Silva Tarouca Research Institute for Landscape and Ornamental Gardening, 252 43 Mhonice, Czech Republic. 

" DNA extracted from megagametophyte rather than leaf tissue. 
'Sequences for P. taeda from IFG1934, AGP6, and 4CL were taken from GenBank (H75103, AF101785, U39405, respectively). 




