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Abstract: Phylogeographic and population genetic screens of chloroplast DNA (cpDNA) provide insights into seed- 
based gene flow in angiosperms, yet studies are frequently hampered by the low mutation rate of this genome. Detec- 
tion methods for intraspecific variation can be either direct (DNA sequencing) or indirect (PCR-RFLP), although no 
single method incorporates the best features of both approaches. We show that screening universal chloroplast ampli- 
cons for length polymorphism provides an accurate and efficient method for identifying cpDNA variation. By sequenc- 
ing 4500 bp of cpDNA from 17 accessions of Purshia tridentata (bitterbrush), we detected 9 haplotypes, 8 of which 
were identifiable by unique multilocus length combinations resolvable by automated fragment analysis. In silico esti- 
mates of PCR-RFLP for these loci show that 5 haplotypes would be resolved by agarose electrophoresis. A survey of 
4 intraspecific data sets from diverse angiosperms revealed that length variation in cpDNA amplicons is nearly ubiqui- 
tous, and 61 of 67 haplotypes identified by direct sequencing could be identified by screening length variation. Com- 
bined with automated fluorescent detection, length polymorphism screening of universal cpDNA regions offers a simple 
screen for intraspecific variation that can be used across angiosperms with minimal optimization, providing detection 
limits that rival direct sequencing at a fraction of the cost. 
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RCsumC : Des analyses phylogCographiques et de gCnCtique des populations sur I'ADN chloroplastique (ADNcp) nous 
Cclairent sur les flux gCniques via Ies graines chez les angiospermes, mais de telles Ctudes sont souvent limitCes par le 
faible taux de mutation au sein de ce g6nome. Les mCthodes de dCtection pour la variation intraspkcifique peuvent Ctre 
directes (sdquenqage de I'ADN) ou indirectes (PCR-RFLP), mais aucune m6thode ne combine les caractdristiques les 
plus souhaitables de ces deux approches. Les auteurs montrent ici que le criblage d'amplicons chloroplastiques univer- 
sels pour le polymorphisme de longueur constitue une mCthode prCcise et efficace pour identifier la variation au sein 
de 1'ADNcp. En sCquenc;ant 4500 pb d'ADNcp chez 17 accessions du Purshia tridentata (purchie tridentde), les au- 
teurs ont dCtectC 9 haplotypes dont 8 Ctaient identifiables en raison d'une combinaison unique de tailles des amplicons, 
lesquelles Ctaient CvaluCes par analyse automatisk. Des prCdictions in silico du polymorphisme PCR-RFLP ont rCvClC 
que 5 haplotypes seraient identifiables sur gel d'agarose. Une analyse de 4 jeux de donnCes sur la variation intraspbci- 
fique chez diverses angiospermes a rCvClC que la variation pour la taille des arnplicons d'ADNcp est quasi universelle 
et que 61 de 67 haplotypes identifies par sequengage direct auraient pu Ctre dCtectCs en examinant la variation pour la 
taille des amplicons. CombinCe h la dCtection automatisCe en fluorescence, l'analyse du polymorphisme de taille des 
amplicons au sein de rCgions chloroplastiques universelles s'avkre une mCthode simple pour la detection de variation 
intraspkifique. De plus, elle peut Ctre employCe chez diverses angiospermes B la suite d'une optimisation minime et 
offre des limites de dCtection qui sont proches de celles offertes par le sCquenc;age direct mais h une fraction des cotits. 

Mots clbs : ADNcp, polymorphisme intraspkcifique, gCnCtique des populations, phylogCographie, indels. 

[Traduit par la RCdaction] 

Introduction 

The genomes of cytoplasmic organelles make attractive 
markers for population genetic and phylogeographic studies 
because they are haploid, non-recombinant, uniparentally in- 
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herited, and usually achieve high rates of fixation relative to 
nuclear markers (Avise 1994; McCauley 1995; Provan et al. 
2001). Because the effective population size of organellar 
genomes is one-half to one-third the size of a diploid nuclear 
genome (Birky et al. 1983; Hamilton and Miller 2002), 
organellar markers respond more rapidly to processes such 
as migration and drift, and may show increased differentia- 
tion relative to nuclear markers across an equivalent geo- 
graphic scale (McCauley 1995; Sunnucks 2000). In plants, 
the fact that organellar markers are haploid is a significant 
feature that can simplify comparisons among taxa exhibiting 
chromosome number or autopolyploid variation (Trewick et 
al. 2002). 

Many "universal" chloroplast DNA (cpDNA) PCR prim- 
ers are available for amplifying introns and intergenic spacer 
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regions, and enjoy widespread use in studies of intraspecific 
diversity and divergence (Taberlet et al. 1991; Demesure et 
al. 1995; Dumolin-Laphgue et al. 1997b; Hamilton 1999; 
Shaw et al. 2005). Despite the popularity of these markers, 
chloroplast sequences diverge at 1/10 the rate of mammalian 
mitochondria1 genomes (c 1 x 1 substitutions.(site-yr)-' ; 
Wolfe et al. 1987; Clegg et al. 1994) and show considerable 
rate heterogeneity across different non-coding regions in the 
genome (Schaal et al. 1998; Hamilton et al. 2003; Shaw et 
al. 2005). Consequently, studies focusing on intraspecific se- 
quence divergence are often plagued by a paucity of varia- 
tion relative to the effort expended sequencing loci 
(McCauley 1995; Schaal et al. 1998). A relatively abundant 
and evolutionarily labile class of mutations is insertions- 
deletions (indels; Provan et al. 2001) involving one to sev- 
eral nucleotides. Indels are often associated with repeated 
motifs (e.g., mono- and di-nucleotide repeats) through the 
action of polymerase- or strand-slippage, and can accumu- 
late rapidly (-1 x to 1 x mutations-(sitesyr)-'; 
Provan et al. 1999; Marshall et al. 2002). Secondary struc- 
ture of group I1 introns may also play a role in larger 
recombination-mediated deletions, as regions participating 
in hairpin structures appear prone to deletion events 
(Kelchner and Wendel 1996; Kelchner 2002; Hamilton et al. 
2003). 

In this report, we show how indel accumulation in univer- 
sal cpDNA amplification products can be used to efficiently 
detect chloroplast variants. Length polymorphism in 3 non- 
coding regions of a dryland restoration shrub (Purshia 
tridentata (Rosaceae)) has the potential to reveal nearly all 
of the haplotype diversity detected by direct nucleotide se- 
quencing of 6 loci exceeding 4500 bp. To determine whether 
this trend is evident in other taxa, we surveyed cpDNA 
sequences from published population-level surveys from 4 
diverse species, Calamagrostis breweri (Poaceae), Lilium 
philadelphicum (Liliaceae), Silene latifolia (Caryophyl- 
laceae), and Arabis holboellii (Brassicaceae). This compari- 
son shows that indels are a frequent and variable component 
of "universal" cpDNA amplicons from these species. Cri- 
tically, 61 of 67 haplotypes detected by direct sequencing in 
these 5 species are marked by unique multilocus length com- 
binations. The intrinsic property of chloroplasts to rapidly 
accumulate indels makes length polymorphism screening 
a simple but powerful approach for identifying chloroplast 
variants in population-level studies, particularly if combined 
with fluorescent amplification and automated detection 
methods. 

Materials and methods 

Studied species 
Chloroplast DNA sequences from Purshia tridentata were 

generated as part of an ongoing effort to characterize ecolog- 
ically important restoration species. Sequences for Cala- 
magrostis breweri, Lilium philadelphicum, Silene latifolia, 
and Arabis holboellii have been described elsewhere, but are 
outlined below. 

Purshia tridentata 
Antelope bitterbrush (Purshia tridentata Pursh DC; 

Rosaceae) is a dryland shrub that occupies about 3 x lo6 

acres of rangeland and dry forest between the Cascade, Si- 
erra Nevada, and Rocky Mountain ranges, USA (Young and 
Clements 2002). Leaves from this shrub provide palatable 
winter forage for large mammals, and the seed is an impor- 
tant food for granivores (Young and Clements 2002). Bitter- 
brush is slow growing, taking up to 10 years to reach 
flowering age, and varies widely in its ability to regenerate 
from roots after fire. These features combine to make bitter- 
brush a widely planted shrub in habitat restoration projects 
(Young and Clements 2002). In this study, 16 plants were 
sampled across a wide geographic range to gain insight into 
the magnitude of cytoplasmic variation (Table 1). 

Comparative studies 
Chloroplast DNA sequences were evaluated from popula- 

tion studies of 4 different angiosperms. Shorthair reedgrass 
(Calamagrostis breweri Thurber) is native to subalpine 
meadows in the central Sierra Range of California and 2 iso- 
lated populations exist on Cascade volcanoes in Oregon. 
Owing to its rarity, interrelationships between 3 northern 
hexaploid populations and 1 southern tetraploid population 
of C. breweri were evaluated at 4 cpDNA loci (the rp116 
intron, trnH(GuG)-psb~, t m ~ ( ~ ~ ~ )  3' exon - trnfiGAA), and 
trnFuGu) - t r n ~ ( ' ~ ~ )  5' exon) as part of a conservation as- 
sessment for the USDA Forest Service (Cronn et al. 2004; 
Table 1). The Lilium philadelphicum cpDNA data set con- 
sists of 3 intergenic spacer regions ( t r n ~ ( ~ ~ ~ L t r n ~ ( ~ ~ * )  
(Shiraishi et al. 2001), trnH(GUG)-psb~, and tmfiUGu) - 
t m ~ ( ~ ~ ~ )  5' exon) from 22 samples collected across the 
range of this North American species (Table 1). DNA isola- 
tion, PCR amplification of cpDNA markers, and sequence 
identification are described in Horning (2003). Sequences 
from S. latifolia were described in two previous studies fo- 
cussing on the influence of cytoplasmic male sterility on 
organellar diversity (Ingvarsson and Taylor 2002) and phylo- 
geographic interrelationships of S. latifolia and Silene 
vulgaris across Europe (Ingvarsson et al. 2003). This data 
set includes 4 intergenic spacer regions ( t r n ~ ( ~ ~ ~ ) - t r n S ( ~ ~ ~ ) ,  
the t r n ~ ( ' ~ ~ )  intron, t r n ~ ( ~ ~ ~ ) - t r n f l ~ ~ ~ ' ,  and trnH(GUG)- 
psbA) from 25 individuals. Sequences from Arabis holboellii 
were included in a phylogeographic study of North Ameri- 
can A. holboellii, A. drummoizdii, and their hybrid derivative 
A. x divaricarpa (DobeS et al. 2004). Because we are inter- 
ested in intraspecific diversity, we only analyzed the 25 ac- 
cessions identified as A. holboellii that were examined at 1 
intergenic spacer region ( t r n ~ c ~ ~ ~ ) - t r n F " ~ ~ ) )  and 2 introns 
( t r n ~ ( ' ~ ~ )  and rpoC1; DobeS et al. 2004). All previously 
published sequences are available from GenBank (http:/1 
www.ncbi.nlm.nih.gov/; Table 1). 

Chloroplast DNA amplification, sequencing, and 
sequence analysis 

Chloroplast loci from bitterbrush were amplified and se- 
quenced with universal cpDNA primers designed for the fol- 
lowing regions: the t m ~ ( ~ ' ~ ) - ~ s b ~  spacer (Hamilton 1999; 
Tate and Simpson 2003; for Purshia only), the trnfiUGU'- 
t r n ~ ( " ~ ~ )  and t n ~ ~ ( ~ ~ ~ ) - t r d ~ ~ ~ )  spacers (Taberlet et al. 
1991), the rp116 intron (Jordan et al. 1996), the trnK spacer 
(Cronn et al. 2002), and the accD-psal spacer (Small et a]. 
1998). Genomic DNA from Purshia specimens was isolated 
from 50-150 mg of fresh or dried leaf tissue using the 
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Table 1. Collection information for taxa included in this study. 

Genome Vol. 49,2006 

Species Accession and collection locality or reference 

Purshia tridentata 30-3, Lake Roosevelt, Wash. 
B 1 -I, Winema National Forest, Ore. 
B 1 1-3, Mt. Hood National Forest, Ore. 
B 13, Umatilla National Forest, Ore. 
B 13-1, Umatilla National Forest, Ore. 
B3-1, Hart Mountain National Wildlife Refuge, Ore. 
8A, Craters of the Moon National Monument, Idaho 
10-3, St. Anthony, Idaho 
B20, Lassen National Forest, Calif. 
B2 1, Tahoe National Forest, Calif. 
B 18, Modoc National Forest, Calif. 
B23, Inyo National Forest, Calif. 
B24, Elko, Nev. 
1-1, Granite Seed Company, Nevada source 
23-2, Vernal, Utah 
20A, Panguitch Lake, Utah 
S1, Medicine Bow National Forest, Wyo. 
Data from Cronn et al. (2004) Calamagrostis 

breweri 

Lilium philadelphicum Data from Horning (2003) 

Silene latifolia Data from Ingvarsson and Taylor (2002) 

Arabis holboellii Data from DobeS et al. (2004) 

Latitude ("N), 
longitude ("W) GenBank accession Nos. 

Unknowna DQ10017 1 -DQ100186 (accD-psal), 
42.41,121.33 DQ100187-DQ100202(tmH-psbA), 
45.25, 121.23 DQ100203-DQ100218 (tmL-tmF), 
45.1 0, 1 18.53 DQ 100219-DQ100234 (trnK), 
45.10, 118.53 DQ100235-DQ 100250 (rpE1d) 
42.29, 119.38 
43.4, 113.5 
44.0, 11 1.7 
40.18, 120.32 
39.22, 120.80 
41.39, 121.27 
37.39, 1 18.55 
4 1.40, 1 14.35 
Unknownu 
40.4, 109.5 
37.7, 112.6 
Unknownu 
- DQ1139 17-DQ113925 (trnH-psbA), 

04113926-DQ113934 (trnLtrnF), 
DQ113935-DQ113943 (trnT-trnL), 
DQ113944-DQ113952 (rplld) 

- DQ122704-DQ122720 (tmH-psbA), 
DQ12272 1-DQ122737 (trnD-trnY), 
DQ122738-DQ122754 (tmT-trnL) 

- AF5 1901 3-AF5 19037 (trnL), 
AF5 18879-AF5 18903 (trnGtrnF), 
AF5 18904-AF5 18928 (trnH-psbA), 
AF5 19047-AF5 1907 1 (trnG-trnS) 

- AY257693-AY257794 (trnL-tmF), 
AY257795-AY257838 (rpoCI) 

'Restoration seed mixes of uncertain geographic origin. 

F~S~DNA" kit (Bio 101). PCRs (40 pL) were performed on 
an MJ Research PTC-100 thermocycler and contained 
-50 ng genomic DNA, 0.2 pmol/L each forward and reverse 
primers, Ix reaction buffer (50 mmol/L KCl, 10 mmol/L 
Tris-HC1, pH 9.0), 200 pmol/L dNTPs, 1.5 mmol/L MgCl,, 
1.6 U Tag polymerase, and 40 pg bovine serum albumin. 
PCR cycle parameters were 80 "C for 2 min; 34 cycles of 
95 "C for 30 s, 50 "C for 30 s, a ramp to 65 "C (temperature 
increase of 0.1 "CIS), 65 "C for 4 min; and a final extension 
at 72 "C for 10 min. Reactions were cleaned using polyeth- 
ylene glycol precipitation (Lis 1980) and sequenced with the 
ABI PRISM@ Big DyeTM terminator cycle sequencing kit 
(v. 3.1, Applied Biosystems Inc., Foster City, Calif.). Se- 
quences were resolved on an ABI 3100 capillary automated 
sequencer at the Oregon State University Center for Gene 
Research and Biotechnology (Corvallis, Ore.; http://www. 
cgrb.orst.edu/). 

Sequence traces were checked using BioEdit v. 5.0.6 (Hall 
1999) and alignments were constructed using ClustalW 
(in BioEdit, default settings), with minor corrections. Align- 
ments are available from GenBank or from the authors. We 
determined the absolute length of each sequence (aligned 
length minus the number of gapped positions) and used 

these to estimate multilocus fragment-length genotypes. We 
used MEGA v. 2.1 (Kumar et al. 2001) to identify length 
variants for each locus, and to calculate variable positions 
and nucleotide diversity (n). Gaps were recoded as binary (1, 
present; 0, absent) or multistate unordered events following 
the guidelines of Simmons and Ochoterena (2000), and these 
characters were appended to nucleotide alignments. These 
data were evaluated using statistical parsimony (TCS 1.13; 
Clement et al. 2000) to create most-parsimonious haplotype 
networks based on both substitutions alone and substitutions 
plus coded indels. 

Fragment length polymorphism screening 
To demonstrate the feasibility of fragment screening, we 

amplified PCR products from 2 loci using fluorescent prim- 
ers and screened multiplexed products for length polymor- 
phism using capillary electrophoresis. Loci included the 
tmH-psbA spacer (5'[HEX]-trnH2 primer) and the accD- 
psaI spacer (5'[6FAM]-psal-75R primer). Amplified tmH- 
psbA products were analyzed without modification, and 
100-200 ng of accD-psal product was digested with 5 U of 
EcoRI (10 pL total reaction volume) to cut the -1200 bp 
amplicon into 2 smaller fragments. Fluoresecent detection 
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was accomplished using an ABI3100 equipped with a 36 cm 
capillary and POP4 polymer, and MapMarkerB 1000 ROX 
internal lane standards (BioVentures Inc., Murfreesboro, 
Tenn.). Bands were visualized using Genotyper v. 3.7NT 
(Applied Biosystems Inc.) and estimated sizes and standard 
errors were determined from duplicate capillary runs from 
each sample (2-4 repititions/haplotype). 

Comparisons of fragment length screening to PCR-RFLP 
were conducted using in silico restriction digests for variable 
sequences (the trnH-psbA spacer, the trnT-trnL spacer, the 
trnGtmF spacer, the rp116 intron, the trnK spacer, and the 
accD-psal spacer) using 4-cutter (AluI, HaeIII, HhaI, HpaII, 
MseI, MspI, RsaI, and TaqI), 5-cutter (HinfI), and 6-cutter 
(EcoRI) restriction enzymes identified in published PCR- 
RFLP surveys. Sequences were digested using the Esche- 
richia coli multilocus in silico RFLP tool (http:// 
www.shigatox.net/cgi-bin/mlst7/rflppredictor) and polymor- 
phic fragments were identified using the following criteria: 
(i) polymorphic fragments must differ by 22% of the largest 
fragment length to be detected using high-resolution agarose 
(such as Metaphor, Cambrex Biosystems, East Rutherford, 
N.J.) and (ii) individual fragments must be larger than 20 bp 
to be detected. Even though polyacrylamide is used success- 
fully in PCR-RFLP studies (e.g., Dumolin-Lapcgue et al. 
1997a), agarose electrophoresis is used more frequently. For 
this reason, agarose electrophoresis is used as the basis for 
this comparison. 

Results 

cpDNA fragment length variation in bitterbrush 
Amplification products from 6 different cpDNA regions 

were evaluated from Purshia tridentata. One region was in- 
variant (atpB-rbcL spacer, 777 bp), and 2 additional regions 
(rp116 intron, 787 bp; trnL-trnF spacer, 388 bp) showed sin- 
gle variable sites without length variation. Because these se- 
quences were uninformative with regard to length variation 
and correspondence to haplotype variation, they are only 
considered in the next section. 

The 3 remaining genes showed absolute length variation 
that ranged from less than 0.6% (trnK intron) to 8.3% 
(accD-psal spacer) of their aligned length. The intergenic 
spacer between accD and psal genes was the most variable 
with regard to the range of absolute length (1098-1 176 bp; 
range = 78 bp) and number of length variants detected (n = 
5). Length variation at this locus arose entirely through a 
combination of perfect tandem duplications (ranging from 3 
to 55 bp) and unique indels; microsatellites were absent. In 
contrast, length variation at the trnH-psbA spacer and the 
tmK intron was restricted entirely to simple repeats. While 
indels at trnH-psbA and the trxK intron resulted in a nar- 
rower range of length variation as compared with tandem 
duplications at accD-psal, length polymorphism was sub- 
stantial, with 4 variants observed at trnH-psbA and 3 at the 
trnK intron. Averaged across loci showing length variation 
(accD-psal, trnH- psbA, trnK) and loci showing length con- 
stancy (trnL-trnF spacer, rpl16 intron), 10 indels were in- 
ferred from 4516 aligned bp, or approximately 2.2 indel 
events/kb. 

Multigene length genotypes from these 3 variable loci 
combined to reveal 8 different haplotypes from the 17 indi- 

viduals screened (Fig. I, Table 2). Considering the gene or- 
der "accD-psal + trnH-psbA + tmr ' ,  these 8 haplotypes 
have combined lengths of 1098+455+902 base pairs (for ac- 
cession B 1 1-3), 1 137+460+899 (for B23, 1-1 ), 
1 143+460+899 (for 20A), 1 153+455+902 (for B 1-1, B13, 
B13-1, B20), 1153+455+904 (for 30-3, B21, B18), 
1 176+454+902 (for 8A, B24), 1 176+455+902 (for B3-I, 
10-3), and 1 176+456+902 (for 23-2, S1 ). 

Correspondence between length polymorphism and 
genealogy 

Size homoplasy in cpDNA PCR products can lead to mis- 
taken homology, particularly if recurrent mutations occur in 
regions of limited variation and (or) constrained length. To 
determine if dissimilar haplotypes were misclassified as 
identical owing to homoplasious length mutations, we gener- 
ated allele networks from nucleotide sequences using statis- 
tical parsimony (Clement et al. 2000) and compared 
sequence-derived networks to fragment length estimates of 
haplotype identity. Sequences from this sample of geograph- 
ically diverse germplasm showed high uniformity, with only 
6 variable sites detected in 45 16 total aligned bases. Conse- 
quently, nucleotide diversity among these 17 individuals was 
exceptionally low (n = 0.0005), and the 6 substitutions alone 
yielded 4 haplotypes (Fig. IA). By including indels (coded 
as binary characters) in the analysis, 9 haplotypes are re- 
vealed (Fig. IB). Of the 10 scored indels, 3 showed possible 
evidence of homoplasy (shaded bars, Fig. 1B). One of the 
indels was located in tmH-psbA (lowercase a in Fig. 1B; 
positions 141-151) and involved a T, rnicrosatellite. At this 
site, individuals S1, 23-2, B23, and 1-1 shared TI, as 
opposed to T9 or TI*. The other two sites were found in 
accD-psal, with one caused by a 5 bp deletion (b; positions 
724-728 of the alignment), and the other caused by a 55 bp 
deletion (c; positions 828-8232), 

Of the 9 haplotypes detected, only 2 non-identical se- 
quences (B24 and 8A) show identical fragment-length com- 
binations. These two haplotypes would be considered 
identical if surveyed by fragment-length screening alone. 
While this result highlights a limitation of fragment-length 
screening, it's critical to note that these sequences differ by 
only 1 substitution in >4500 bp; a less-exhaustive sample of 
nucleotides by direct sequencing would likely have led to 
the same inference of identity. Equally as important, B24 
and 8A are sister haplotypes that trace to a recent common 
ancestor, as opposed to more divergent haplotypes that are 
united through parallel mutation and homoplasy. In the case 
of bitterbrush, it appears that simple screening of length 
polymorphism from 3 cpDNA PCR products could reveal 
nearly as many haplotypes (8 of 9, or 89%) as direct se- 
quencing from 6 genes and 4516 aligned bases. 

Fragment length polymorphism screening versus PCR- 
RFLP in bitterbrush 

To determine whether fragment length polymorphism 
screening could be used to detect the length mutations pres- 
ent in bitterbrush cpDNA, we used capillary fragment analy- 
sis to evaluate labeled amplicons from accessions exhibiting 
small (trnH-psbA) and large @sal-accD) length differences. 
These include accessions 8A (trnH-psbA = 454 bp; psal- 
accD = 1 176 bp (sizes do not include primers)), B 18 and 
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Fig. 1. Haplotype networks derived from nucleotides (A) and nucleotides plus indels (B) for Purshia tridentata. Multilocus length ge- 
notypes of the aligned locus order accD-psalltmH-psbAltrnK (e.g., 115314551904) are highlighted in grey for each unique haplotype 
identified by direct sequencing. Unobserved mutational events (0), nucleotide substitutions (O), and indels (0) are traced on branches. 
Homoplasious indels are shown with grey rectangles; letters correspond to specific indels described in the text. 

B20 (455 and 1153 bp, respectively), and B23-2 and S1 
(456 bp and 1176 bp, respectively). Results showed that the 
length differences in trnH-psbA were identified as distinct, 
with mean fragment sizes estimated at 508.39 bp for acces- 
sion 8A, 509.04 bp for accessions B18 and B20, and 
5 10.11 for accessions B23-2 and S 1 (Table 3). Critically, 
replicates showed high precision, with 99% confidence in- 
tervals ranging from 20.064 to k0.137 bp. EcoRI-digested 
accD-psal fragments from the same individuals yielded an 
invariant accD fragment of 515.0 bp, and a variable psal 
fragment of 637.76 bp (B18, B20) or 660.93 bp (8A, B23-2, 
S1) in length (Table 3). Error estimates for these larger frag- 
ments were proportionately larger, with 99% confidence in- 
tervals ranging from k0.218 to k0.429 bp. These results 
show that single-base differences can be easily detected in 
products 510 bp in length, but that resolution will diminish 
with larger fragments. 

For comparison, in silico PCR-RFLP analysis was per- 
formed on variable sequences to estimate the number of 
haplotypes that could be detected. Substitutions detected in 
rp116 and trnGtrnF would not result in a polymorphism for 
the restriction enzymes surveyed. Four enzymes cut trnH- 
psbA (AluI, MseI, RsaI, TaqI), and MseI revealed an RFLP 
between the larger spacer in accessions 20A, B23 and 1-1 
(generating 2 internal bands of 16 and 49 bp) and the 
smaller spacer from all other accessions (1 internal band of 
66 bp). Six enzymes cut the trnK intron (AluI, MseI, RsaI, 
TaqI, HinfI, EcoRI) although none revealed an RFLP. Diges- 
tion with MseI and Hinfl could resolve 2 haplotypes owing 

to length variation in internal restriction fragments. For ex- 
ample, digestion with MseI would yield 1 internal fragment 
of 137 bp for accessions 20A, B23, and 1-1, whereas the ho- 
mologous fragment in all other accessions is 140-141 bp. 
Finally, 7 enzymes cut accD-psal (AluI, HaeIII, MseI, RsaI, 
TaqI, Hinfl, EcoRI). HinfI is the only enzyme that reveals 
an RFLP; this site is associated with the 55 bp indel at posi- 
tions 828-882. Owing to the extensive length variation at 
this locus (1098 bp-1176 bp), AluI, TaqI, and Hinfl  also 
have the potential to resolve 5 haplotypes that show varia- 
tion in internal fragments (data not shown). If all variable 
loci are combined, 5 unique multilocus haplotypes could be 
identified by PCR-RFLP using high-resolution agarose elec- 
trophoresis. This number is substantially lower than the 8 
haplotypes that could be detected by capillary electrophore- 
sis of cpDNA fragments. 

cpDNA fragment length variation in other species 
Bitterbrush may represent an unusual case where the cor- 

respondence between length polymorphism and haplotype 
detection is a product of low nucleotide diversity or a dispro- 
portionately high rate of indels per substitution. In this re- 
gard, comparisons with previously published data are 
revealing. Population-level sequence data from 13 cpDNA 
loci and 4 diverse species covers a wide range of nucleotide 
diversity (Table 2), with a low of 0.0010 (Liliurn) to a high 
of 0.0106 (Arabis). Length polymorphism was comparably 
diverse, with variable loci showing between 2 (trnH-psbA 
from C. breweri) and 1 1 (S. latifolia and A. holboellii) vari- 
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Table 2. Summary of observed nucleotide and length variation in cpDNA from 5 intraspecific studies. 0 
2 
3 

No. of inferred indels arising from 3 

No. of length % total 
Variable haplotypes / no. haplotypes 

Aligned nucleotide simple tandem other of sequence detected 
Species Variable loci length (bp) positions (n)" repeatsh duplicationsC indels Observed lengths (bp) haplotypes by FLP 
l? tridentata (n=16) accD-psal 1 198 0 0 3 1 1098, 1137, 1143, 1153, 1176 

tmH- psbA 462 2 4 0 0 454, 455, 456, 460 
trnK intron 904 2 2 0 0 899, 902, 904 
trnGtrnF 388 1 0 0 0 388 
rp116 intron 787 1 0 0 0 787 

Cumulative 6 (0.0005) 6 3 1 
C. breweri (n  = 9)  rp116 intron 796 5 0 0 0 796 

tmH-psbA 598 3 1 0 0 597, 598 
trnGtrnF 414 3 0 1 1 407, 413, 414 
tmT-trL 842 7 2 0 1 836, 837, 838, 841 

Cumulative 18 (0.0019) 3 1 2 
L. philadelphicum (n = 22) trnD-trnY 363 1 0 1 1 338, 362, 363 

tmH-psbA 427 1 I 0 2 369, 370, 426 
tmT-trnL 521 1 0 0 0 52 1 

Cumulative 3(0.0010) 1 1 3 
S. latifolia (n  = 25) trnL intron 576 4 2 3 2 526, 527, 528, 532, 534, 535, 

539, 540, 542, 545, 548 
trnL-trnF 391 7 0 2 1 366, 385, 386, 391 
tmH-psbA 198 13 3 0 3 185, 186, 187, 188, 198 
tmG-trnS 428 6 2 3 3 398, 408, 409, 410, 411, 416, 418 

Cumulative 30 (0.0027) 7 8 9 22/24 92 
A. holboellii ( n  = 25) tmL-trnF 953 40 0 0 3 860, 864, 874, 877, 880, 881, 

887, 890, 893, 895, 896 
rpoCl 746 22 0 1 4 717, 719, 720, 721, 726, 732, 

734, 735 
Cumulative 62 (0.0106) 0 1 4 20122 91 

'Average P distance (nucleotide diversity, or K) calculated across all loci and samples. 
bSimple repeats include variable length single nucleotide runs (e.g.. A,), as well as dinucleotide repeats. 

O Tandem duplications include perfect or near perfect duplications from 3-55 bp in length. 
E 3  o d ~ ~ ~ ,  fragment length polymorphism. 
0 Q\ 



Table 3. Resolution of three Purshia tridentata chloroplast haplotypes using length poly- 
morphism analysis of fluorescently labeled cpDNA fragments. 

Genome Vol. 49,2006 

-- 

N per [HEXItrnH-psbA accD-p~aI[6FAM]~ 

Accession haplotype SizekSD (bp) 99% CI SizekSD (bp) 99% CI 

8A 2 508.39d.035 508.32-508.45 660.93d.408 660.50-661.35 
B23-2, S1 4 509.04k0.090 508.92-509.1 6 637.6720.167 637.45-637.89 
B18,B20 4 5 10.1 I k0. 107 509.97-510.25 660.93d.408 660.50-661.35 

Note: PCR products from [HEXItmH-psbA are full length, whereas accD-psaZ[6FAM] products were 
digested with EcoRI to reduce the length. All samples were run in duplicate. SD. standard deviation; 
CI, confidence interval; N, the number of replicate fragment analysis runs per haplotype. 

"Size information is not provided for the accD fragment, which was invariant across these samples. 

ants per locus, and a median value of 3.5. Only 2 locus- 
taxon combinations showed length constancy (rp116 intron, 
C. breweri; tmT-trnL intron, L. philadelphicum). 

As found with Purshia, the number of haplotypes inferred 
from length polymorphism alone is comparable to the num- 
ber revealed by direct sequencing, ranging from a high of 
100% to a low of 71 %. Most efficiently, Calamagrostis 
breweri showed 18 variable nucleotide positions and 6 in- 
ferred indels across 2650 aligned bases from 4 loci that com- 
bined to identify 6 haplotypes. Notably, length variants at 
trnH-psbA (2), trnGtrnF (3), and trnT-tnzL (4) can be com- 
bined to reveal the same 6 haplotypes. Length variation at 4 
cpDNA loci encompassing 1593 aligned bp was estimated 
for S. latifolia, and the number of length-inferred haplotypes 
was nearly identical to the number inferred from direct se- 
quencing (22 of 24 haplotypes recovered, 92%). Length vari- 
ation at 2 cpDNA regions encompassing 1699 aligned bp 
from A. holboellii showed a similar correspondence, with 20 
of 22 (91%) haplotypes marked by unique length combina- 
tions. Data from L. philadelphicum showed the largest dis- 
crepancy between length polymorphism screening and direct 
sequencing, as only 5 of 7 (7 1 %) haplotypes could be identi- 
fied. In the L. philadelphicum example, low detection effi- 
ciency by length polymorphism could be attributable to the 
inclusion of only 2 variable loci, the extremely low nucleo- 
tide diversity (n = 0.0010), or the relatively small sample of 
nucleotides (131 1 aligned bp) compared with other taxa (Ta- 
ble 2). Averaging across these 5 data sets, length polymor- 
phism alone reveals 61 of 67 total haplotypes. 

Discussion 

Many approaches have been used to infer cpDNA 
haplotype diversity, including RFLPs (Mason-Gamer et al. 
1995; Maskas and Cruzan 2000), PCR-RFLPs (Bacles et al. 
2004), cpSSRs (Mengoni et al. 2001), PCR - single strand 
conformational polymorphism (PCR-SSCP; Isoda et al. 
2000; Shiraishi et al. 2001), direct sequencing (Gutierrez 
Larena et al. 2002), and combinations thereof (Grivet and 
Petit 2003). Of these approaches, traditional RFLP and 
PCR-RFLP studies frequently use agarose gel electrophore- 
sis, a medium that is insensitive to single-nucleotide differ- 
ences. Because changes in simple sequence repeat length 
rarely result in restriction site changes, RFLP-based methods 
would only be capable of detecting abundant polymorphisms 
created by simple sequence repeats if capillary or acryla- 
mide electrophoresis were used. 

The remaining methods can detect minute length variation 
in cpDNA amplification products but each has its own draw- 
backs. SSCP analysis reveals length and nucleotide dif- 
ferences, but the method requires optimization and is 
complicated by multi-banded phenotypes. A major drawback 
of SSCP is the inherent size limitation (1300 bp) of frag- 
ments that can be accurately resolved. Chloroplast micro- 
satellite analyses have proven powerful in revealing indel 
variation (Weising and Gardner 1999; Provan et al. 2001; 
Grivet and Petit 2003), but attempts to develop "universal" 
microsatellite primers in angiosperms has met with limited 
success (Provan et al. 2004). Also, substantial length varia- 
tion may lie outside regions containing single-nucleotide re- 
peats. This is demonstrated clearly in Purshia tridentata, 
where a larger number of haplotypes are marked by complex 
indels (5 in accD-psal) than are marked by single- 
nucleotide repeats (4 in the combined trnH-psbA and trnK 
intron regions). Direct sequencing is the most informative 
method, but the high cost and typically low levels of se- 
quence variation (<2 variable sites/kb in Purshia tridentata) 
makes this an expensive option. 

The method described herein capitalizes on the simplicity 
of fragment length screening and the tendency for cpDNA to 
accumulate length variation at a rate equivalent to nucleotide 
substitutions. Our evaluation of intraspecific cpDNA se- 
quence variation from 5 species shows that the number of 
haplotypes inferred from multilocus length combinations 
closely approximates the actual number of haplotypes de- 
tected by direct sequencing, especially when 3 or more vari- 
able regions are examined. Once identified, length variants 
can be treated as classical haplotypic markers (for calculat- 
ing FST or for use in AMOVA) in population genetic studies, 
or they can be sequenced as required by phylogenetically ex- 
plicit methods. 

This screening method is only useful to the extent that the 
rate of indel formation is comparable to the rate of nucleo- 
tide substitution. For this reason, the method cannot be ap- 
plied to coding regions or other regions of the chloroplast 
genome with length constraints. In addition, the method may 
show less promise if species accumulate indels at a mark- 
edly lower rate than substitutions. This phenomenon has 
been described for Oryza sativa, which averages 2.7 substi- 
tutions per indel event (72 substitutions, 27 indels) across 
the genomes of 4 cultivars (Tang et al. 2004). It should be 
noted that our comparison includes sequences that span a 
wide range in the ratio of substitutions per indel (7.9 for 
A. holboellii; 0.6 for L. philadelphicum), and the absolute 
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number of indels detected per kilobase of sequence (15.1 in Clement, M., Posada, D., and Crandall, K.A. 2000. TCS: a corn- 
s. latifolia; 2.2 in P. tridentata). In this context, we feel the puter program to estimate gene genealogies. Mol. Ecol. 9: 

method should prove useful across flowering plants. 1657-1 659. 
Cronn, R.C., Small, R.L., Haselkom, T., and Wendel, J.F. 2002. Rapid 

cpDNA length polymorphism scanning: putting 
principles into practice 

To maximize the efficiency of this method, one would ide- 
ally amplify and survey a large number of universal cpDNA 
products for length variation. In practice, our survey of 5 
species shows that as few as 3 polymorphic regions could re- 
veal a large proportion of haplotypic variation. By labeling 
universal cpDNA amplification primers with fluorescent tags 
(e.g., GFAM, HEX), amplification products can be multi- 
plexed and variation can be evaluated at several regions in a 
single run. Alternatively, PCR products could be labeled by 
incorporating fluorescently labeled deoxynucleotide tri- 
phosphate into the reaction (Wu et al. 2003). The only sig- 
nificant limitation of this approach is that single-nucleotide 
resolution is limited to DNA fragments smaller than most 
cpDNA introns and spacers (which often exceed lkb; Shaw 
et al. 2005). For example, Applied Biosystems' product liter- 
ature suggests that an ABI3100 equipped with a 36 cm cap- 
illary can resolve 400 bp fragments with a standard 
deviation of 0.15 bp. Our results show that similar precision 
can be obtained for larger fragments, but single nucleotide 
resolution is probably not feasible above 650 bp (Table 3). 
Because of this limitation, larger introns and spacers should 
be amplified as smaller fragments using internal primers, or 
reduced in size with restriction enzymes that cut once per 
fragment. Using this generalized approach, we routinely 
screen samples at 4 or more loci (>2500 bp) in a single cap- 
illary run. In our laboratory, this efficient approach provides 
a substantial cost savings, as the per-sample cost of fragment 
analyses for screening 2500 bp is currently less than 2% that 
of DNA sequencing at our core facility (Oregon State Uni- 
versity Center for Gene Research and Biotechnology; 
http://www.cgrb.orst.edu/). 
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