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APPLICATION ARTICLE

A SET OF PLASTID LOCI FOR USE IN MULTIPLEX FRAGMENT
LENGTH GENOTYPING FOR INTRASPECIFIC VARIATION IN PINUS
(PINACEAE)!

AUSTIN M. WorrFORD?, KRISTEN FINCHZ3, ADAM BiGorT2, AND ANN WILLYARD?#
2Department of Biology, Hendrix College, 1600 Washington Avenue, Conway, Arkansas 72032 USA

e Premise of the study: Recently released Pinus plastome sequences support characterization of 15 plastid simple sequence
repeat (cpSSR) loci originally published for P. contorta and P. thunbergii. This allows selection of loci for single-tube PCR
multiplexed genotyping in any subsection of the genus.

* Methods: Unique placement of primers and primer conservation across the genus were investigated, and a set of six loci were
selected for single-tube multiplexing. We compared interspecific variation between cpSSRs and nucleotide sequences of ycf]
and tested intraspecific variation for cpSSRs using 911 samples in the P. ponderosa species complex.

* Results: The cpSSR loci contain mononucleotide and complex repeats with additional length variation in flanking regions.
They are not located in hypervariable regions, and most primers are conserved across the genus. A single PCR per sample
multiplexed for six loci yielded 45 alleles in 911 samples.

e Discussion: The protocol allows efficient genotyping of many samples. The cpSSR loci are too variable for Pinus phylogenies
but are useful for the study of genetic structure within and among populations. The multiplex method could easily be extended

to other plant groups by choosing primers for cpSSR loci in a plastome alignment for the target group.

Key words:

Simple sequence repeats (SSRs; microsatellites) have been
widely used for nearly two decades to visualize intraspecific ge-
netic variability (Avise, 1994), and SSRs have been used to infer
phylogenies in some lineages (Orsini et al., 2004). Because they
are highly polymorphic, SSRs are often informative for finer-scale
patterns within and among populations (DeFaveri et al., 2013). The
fast mutation rate that creates these high levels of polymorphism is
widely recognized to increase levels of homoplasy as genetic dis-
tance increases (Estoup et al., 2002), although the use of multiple
loci may mitigate the impact of homoplasy in a single locus. The
genomic location (i.e., coding vs. noncoding) and nucleotide re-
peat pattern (mononucleotide repeats vs. two or more repeated
nucleotides) of a set of SSRs are important factors that affect ho-
moplasy and thus experimental design.

Plastid genomes provide useful markers to infer plant genetic
patterns. Plastid data are especially important in Pinus L.
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discriminant analysis of principal components; intraspecific taxonomy; microsatellites; Pinus; plastid.

(Pinaceae) because nuclear genetic markers have been problem-
atic. For example, there has been slow concerted evolution in the
nuclear ribosomal DNA internal transcribed spacer (Gernandt
et al., 2001), greatly limiting its usefulness. Incomplete lineage
sorting in Pinus low-copy nuclear loci extends deeply into the
tree (Syring et al., 2005). This will likely mean that numerous
low-copy nuclear loci will be required to resolve species trees in
Pinus. Although plastid lineages can suffer from incomplete lin-
eage sorting as well, their faster coalescence times may make
them more useful for species-level questions. Because plastids
are paternally inherited in Pinaceae (Neale and Sederoff, 1989),
plastids potentially track pine pollen flow in contrast to maternal
mitochondrial inheritance and biparental nuclear inheritance. Be-
cause much of the genetic variation in long-lived forest trees like
Pinus is contained within rather than among populations (Petit
and Hampe, 2006), our long-term goal of delimiting a species
complex required a marker that could be efficiently genotyped in
many individuals per population so that we could use allele
frequencies rather than exemplar sampling. We investigated 15
plastid simple sequence repeat (cpSSR) loci—nine loci based on
the P. thunbergii Parl. plastid genome (Wakasugi et al., 1994;
Vendramin et al., 1996) and six loci designed for P. contorta
Douglas (Stoehr and Newton, 2002)—that have been genotyped
in numerous species and populations of pines and other mem-
bers of Pinaceae (Echt et al., 1998; Walter and Epperson, 2001;
Marshall et al., 2002; Richardson et al., 2002; Robledo-Arnuncio
et al., 2005; Godbout et al., 2010; Feng et al., 2011; Jardon-
Barbolla et al., 2011).

We clarify the genomic locations of these 15 cpSSRs in a
plastome alignment of 107 pine species (Parks et al., 2012),
summarize the extent of primer sequence conservation across
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Geographic locations of 41 populations (Appendix 2) genotyped for Fig. 4 showing their assignment to one of three operational taxonomic

units (OTUs) in each region. Areas shaded in light gray represent the distribution of the P. ponderosa species complex. In the western region, the Pacific
Northwest OTU includes one population from Fort Lewis, Washington, and two from Willamette Valley, Oregon; the Benthamiana OTU includes six popu-
lations from western California; the Ponderosa OTU includes five inland populations. In the eastern region, the Sky Island OTU includes seven populations
in southeastern Arizona, the P. arizonica OTU includes three populations that are partially sympatric with the Sky Island OTU, and the Scopulorum OTU

includes 17 allopatric populations.

the genus to allow selection of loci that can be used for any pine
species, and investigate whether these loci are in hypervariable
regions of the plastome.

To evaluate the most distant relationships for which the
cpSSR loci might be useful, we investigated interspecific com-
parisons. Subsect. Ponderosae (sect. Trifoliae) was chosen for
this test because of our ongoing study of that group. The highly
variable ycfl locus has been suggested as a useful region for
species-level phylogenies (Parks et al., 2012). We compared
interspecific information content of the multilocus cpSSR frag-
ment lengths with ycfI sequences from the same 15 individuals
in subsect. Ponderosae.

A set of six nonredundant loci were chosen that can be eco-
nomically and efficiently amplified in a single-tube multiplexed
PCR, and we demonstrate the use of these six cpSSR lociin 911
samples. We also evaluate the impact of homoplasy on these
loci using multilocus linkage disequilibrium as another crite-
rion to evaluate their usefulness. For loci on the nonrecombining
plastid genome, a finding of significant linkage disequilibrium
suggests that the multilocus haplotypes are unlikely to be cre-
ated by homoplasy (Angioi et al., 2009). Based on preliminary
evidence in our own laboratory and on other reports, we hy-
pothesize that two distinctive geographic regions represent
divergent lineages within the P. ponderosa P. Lawson &
C. Lawson species complex (Fig. 1). We hypothesize for the
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western region (corresponding to P. ponderosa var. ponderosa)
that the Willamette Valley, Oregon, and Fort Lewis, Washing-
ton, populations (Pacific Northwest operational taxonomic unit
[OTU]) are genetically distinct from the populations of western
California (Benthamiana OTU) and/or inland populations (Pon-
derosa OTU) (Bouffier et al., 2003; Potter et al., 2013). For the
eastern region (corresponding to P. ponderosa var. scopulorum
Engelm. in S. Watson), we hypothesize that populations in
southeastern Arizona (Sky Island OTU) are distinct from other,
mostly allopatric populations of P. ponderosa var. scopulorum
(Scopulorum OTU) and/or from partly sympatric P. arizonica
Engelm. (Rehfeldt, 1999; Epperson et al., 2009). Patterns among
these populations were observed using a method that does not
require an assumption of uncorrelated alleles and allows for
a priori definition of groups to emphasize among-group rather
than within-group variation.

MATERIALS AND METHODS

The published nucleotide sequences for 15 cpSSR primer pairs (Table 1)
were located within the aligned plastomes of 107 species of Pinus and six
Pinaceae outgroups (TreeBase S12640) (Parks et al., 2012). Unique primer
matches were confirmed by conducting a BLAST search for each primer se-
quence within the P. ponderosa var. ponderosa plastome (GenBank FJ899555).
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We made slight manual adjustments to improve the alignment in areas where
cpSSRs were located, and then used annotations for FJ899555 to determine
whether the primers, SSR regions, and flanking sequences were coding or non-
coding. Using the same plastome alignment, primer conservation was deter-
mined for each taxonomic subsection (Gernandt et al., 2009). Primers were
regarded as being highly conserved if they had no more than one base position
mismatch. Alignments are available on the Dryad Digital Repository (http://
doi.org/10.5061/dryad.5nc25; Wofford et al., 2014).

To test if these loci were in hypervariable regions of the plastome, we mea-
sured nucleotide variation in the regions immediately surrounding each locus
using the same plastome alignment by extracting a 1-kb segment centered on
the repeat region. Using the script sorter.pl (Goremykin et al., 2010) on the
iPlant Discovery Environment (http://www.iplantcollaborative.org), we calcu-
lated the observed variability (OV) for each base position. OV calculates a
mean of all possible pairwise comparisons, excluding gaps. Mean OV was also
calculated for the full plastome alignment. For comparison, we also counted the
number of unique amplicon lengths for each locus in the alignment (measuring
from the outside of each primer pair) and conducted a Spearman’s rank correla-
tion test between the mean OV of the 1-kb segments and the amplicon lengths.

To evaluate interspecific information content, we selected the 14 samples
that represent subsect. Ponderosae s.s. (Gernandt et al., 2009; Willyard et al.,
2009) from the plastome alignment described above and P. jeffreyi Balf. (sub-
sect. Sabinianae) to serve as the outgroup (Appendix 1). These 15 plastomes
were used to compare the information content in the fragment lengths of the 15
cpSSR loci vs. the nucleotide sequences for the highly variable ycfI region us-
ing median joining haplotype networks with star contraction preprocessing
(Network version 4.6; Fluxus Engineering, Suffolk, England).

To improve the PCR multiplex, we removed loci that were monomorphic in
early testing (Pt107517), had numerous failures (Pc69, Pc987, Pt1254, Pt15169,
Pt36480), or amplified the same region as other cpSSR loci (Pcl1A2, Pt30204;
see Results). Six loci (Pc10, PcG2R1, PcI2T1, Pt100783, Pt71936, and Pt87268)
amplified consistently in subsect. Ponderosae, were polymorphic, and had
lengths that allowed confident four-color genotyping. For intraspecific com-
parisons, these six cpSSR loci were genotyped for 911 individuals from 41
populations of subsect. Ponderosae (Fig. 1; Appendix 2) using a PCR multiplex
protocol that integrates fluorescent labels during PCR (Culley et al., 2008; Culley
et al., 2013). New forward primers were purchased (Integrated DNA Tech-
nologies, Coralville, Iowa, USA) with a unique nucleotide sequence for one of
four fluorescent dyes added to the 5 end of the published primer (Table 2). The
same four unique sequences (Table 2) were purchased as fluorescently labeled
primers (Life Technologies, Carlsbad, California, USA). A 1-uM primer mas-
ter mix was created with six forward, six reverse, and four labeled primers in a
1:4:4 (forward : reverse : labeled) volume ratio to limit forward primers as rec-
ommended by the manufacturer’s protocol for the Multiplex PCR kit (part
number 206143, QIAGEN, Germantown, Maryland, USA). We isolated DNA
using the DNeasy Plant Mini Kit (QIAGEN, Valencia, California, USA) ac-
cording to the manufacturer’s protocol except that leaves dried in silica gel
were homogenized in QIAGEN AP1 buffer and RNase A using the FastPrep
homogenizer (MP Biomedicals, Santa Ana, California, USA) with a ceramic
bead and garnet sand in FastPrep tubes, processing three times for 20 s each at
6 m/s. PCR reactions were 10 pL, using 1 uL of 1 mM primer master mix and
1 uL of DNA eluted from the DNeasy procedure. Thermocycler parameters
were 15 min at 95°C; 35 cycles of 30 s denaturing at 94°C, 90 s annealing at
58°C, and 90 s extension at 72°C; and a final extension of 10 min at 72°C. PCR
success (expecting multiple fuzzy bands because of the six-plex) was deter-
mined on 0.8% agarose gels using 2 UL of PCR product with 1:1000 SYBR
Green loading dye (Sigma-Aldrich, St. Louis, Missouri, USA). PCR products
were diluted 1:10 and genotyped (University of Missouri DNA Core Facility;
ABI 3730xI DNA Analyzer, Life Technologies) with a GS600 LIZ (Life Tech-
nologies) size standard.

TasLe 2. Fluorescently labeled primers for 15 Pinus cpSSR loci.

Fluorescent dye Tag source Tag sequence?®

PET MI13B CACTGCTTAGAGCGATGC
6-FAM M13 TGTAAAACGACGGCCAGT
NED MI3A TACGAGTGCAGCAAGCAT
VIC T7 CTAGTTATTGCTCAGCGGT

aEach tag sequence is used as a fluorescently labeled primer and added
to the 5" end of the forward primer.
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Linkage disequilibrium was estimated using MultiLocus (version 1.2; http://
www.bio.ic.ac.uk/evolve/software/multilocus) and significance was estimated
using 100 randomizations. Patterns among predefined OTUs were observed us-
ing discriminant analysis of principal components (DAPC) (Jombart et al.,
2010). Two separate DAPC analyses were run, one for the western and one for
the eastern region, with a priori grouping into three OTUs each (Fig. 1). DAPC
and scatter plots of the first two principal components were run using adegenet
(version 1.3-9.2; Jombart et al., 2010) in R (version 3.0.2; http://www.R-project.
org). We used default parameters to place inertia ellipses for each OTU.

RESULTS

We found single locations in the plastome for all 30 primers
(Table 3; Fig. 2; http://doi.org/10.5061/dryad.5nc25; Wofford
et al., 2014). Two locus pairs were redundant: Pt30204 and Pc10
had the same reverse primer sequence and the forward primer for
Pc10 was 50-bp upstream from Pt30204. Thus, they would yield
amplicons that encompass the same repeat region. Pt87268 and
PcI1A2 also had overlaps that include the same repeat region,
despite not having matching primer sequences. Fourteen loci had
both primers located in coding regions; primers for Pt71936 were
within the ycf3 intron (Table 3). Fourteen loci had repeat regions
located in intergenic spacers or introns. The repeat region for
Pt107517 was located entirely within the rp/32 gene. Repeat mo-
tifs for the loci varied. Five were simple mononucleotide repeats,
five had two adjacent segments of mononucleotide repeats, and
five had complex motifs, including an 11-bp minisatellite in
Pc987 and a 10-bp minisatellite in PcL2T1. We also found that
indels in flanking regions contribute to the length variation in
some loci. Primer conservation was high in all taxonomic subsec-
tions for 10 of the 15 primers (Table 3), and opportunities exist to
create nearby primers for taxonomic subsections that have di-
verged (data available from the Dryad Digital Repository: http://
doi.org/10.5061/dryad.5nc25; Wofford et al., 2014). As expected
from their design in P. thunbergii and P. contorta, primers were
well conserved across subgen. Pinus except for Pt71936 in sect.
Trifoliae. Subgen. Strobus had mismatches for primers of four
loci: Pc987, Pt100783, Pt1254, and Pt87268.

For the 107 Pinus plastomes examined, none of the tested
loci were located in hypervariable regions. The mean OV for
the entire plastome was 0.0350 (0.1193 SD), while the mean
OV for the 15 segments surrounding each locus was 0.0210
(0.0084 SD). For the same 107 Pinus plastomes, length varia-
tion ranged from four to 37 alleles per locus (Table 3). Pt107517
was monomorphic for the repeat region with only minor length
differences in the flanking regions, as expected from its loca-
tion in a coding region. Pc10, Pt30204, and Pt15169 had the
greatest amount of length variation with 37, 35, and 32 unique
lengths in 107 species, respectively. Spearman’s rank correla-
tion tests (r,) for the 15 loci showed no significant correlation
between mean OV and number of alleles [r,(13) =0.1323, P =
0.43], nor for only the six loci (described below) that we se-
lected for subsect. Ponderosae [r(4) = 0.4412, P > 0.5]. Net-
works based on cpSSRs and ycf1 nucleotide sequences from the
same samples were different (Fig. 3).

Multiplex genotyping in 911 subsect. Ponderosae individu-
als yielded 45 total alleles, with a mean of 7.5 (2.3 SD) alleles
per locus (Table 3). Pt71936 was successfully amplified despite
minor primer differences. Multilocus linkage disequilibrium
was significant (rqy = 0.95; P < 0.01). Our DAPC analysis in-
cluded 35 cpSSR alleles in 314 individuals in the western re-
gion (Fig. 1). Populations assigned to the Pacific Northwest
OTU did not overlap on the scatter plot with the Benthamiana
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Fig. 2. Locations of 15 cpSSR loci within the Pinus ponderosa plastome (GenBank FJ899555).

OTU or with the Ponderosa OTU (Fig. 4A). There were 37
cpSSR alleles in 597 individuals in the eastern region (Fig. 1).
The inertia ellipse for the Sky Island OTU did not overlap with
the ellipse for the Scopulorum OTU or with the ellipse for the

P. arizonica OTU (Fig. 4B).
DISCUSSION
Our analysis of plastome alignments confirmed single loca-

tions for all 15 primer pairs but found that repeat regions were
redundant for two pairs of loci: Pt30204 and Pc10; Pt87268 and
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PcI1A2. The primers showed generally high levels of sequence
conservation across the four taxonomic sections of pine, with
some exceptions in subgen. Strobus where either the forward or
the reverse primer for three loci (Pc987, Pt100783, and Pt1254)
had mismatches across the entire subgenus. For these, minor
adjustments in primer location to more conserved adjacent re-
gions would potentially increase cross-species transferability
(data available from the Dryad Digital Repository: http://doi.
org/10.5061/dryad.5nc25; Wofford et al., 2014).

Because the plastid genome is nonrecombining, the signifi-
cant linkage disequilibrium that we observed in this set of six
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Fig. 3. Comparison of information content of fragment lengths and nucleotide sequences from the same 15 plastomes (Appendix 1) using median

joining haplotype networks; black circles indicate median vectors. (A) Based on alleles from six cpSSR loci; numerals indicate additional median vectors.

(B) Based on ycf! sequences.

cpSSR loci in 911 samples suggests that these multilocus hap-
lotypes are likely to be identical by descent rather than to have
been derived by homoplasy.

The cpSSR haplotype network for one exemplar each of 15
species has two unresolvable cycles, and outliers are attached to
the network by as many as 10 median vectors (Fig. 3A). This
suggests that when using a single sample per taxonomic unit
these six cpSSR loci are too saturated to make useful inter-
specific comparisons in subsect. Ponderosae. The ycfl network
(Fig. 3B) differs from the cpSSR network. It has 27 median
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nodes, seven cycles, and fails to group most of the clades that
were resolved from a whole-plastome phylogeny using the
same samples (Parks et al., 2012). This suggests that nucleotide
sequences of ycfI are also inadequate for interspecific compari-
sons across this taxonomic subsection.

DAPC scatter plots for our two intraspecific analyses each
support our hypothesized OTU. The Pacific Northwest OTU is
clearly distinct from the Benthamiana and Ponderosa OTUs
(Fig. 4A), with no intermingled sample points. Although some
Scopulorum sample points are intermingled with Sky Island
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Fig. 4. Scatter plots of discriminant analysis of principal components (DAPC) of cpSSR data for 911 pine samples (Fig. 1; Appendix 2). For each run,
a priori groups were assigned to the operational taxonomic units (OTUs) shown in the legend. Ovals are inertia ellipses inferred by adegenet. (A) Three
hundred fourteen individuals from 14 populations that contained 35 alleles for six cpSSR loci, retaining 10 principal components and two discriminant
functions. (B) Five hundred ninety-seven individuals from 27 populations that contained 37 alleles for six cpSSR loci, retaining 30 principal components

and two discriminant functions.

OTU samples, the inertia ellipse for the Sky Island OTU does
not overlap with the inertia ellipses for the Scopulorum OTU or
for P. arizonica (Fig. 4B). Using data from six loci for 911 in-
dividuals, we were not able to infer an optimal number of clus-
ters (k) using the Bayesian Information Criterion implemented
in the find.clusters algorithm of adegenet. However, this feature
may be useful to assign individuals to populations to identify
potentially admixed populations.

As we finish our data set for all subsect. Ponderosae popula-
tions of interest, DAPC of cpSSRs will certainly play an impor-
tant role. We will test a range of nested OTU groupings to
observe relative distinctiveness of these subdivisions. An im-
portant caveat is that these cpSSR loci are all linked on the plas-
tid genome and are uniparentally inherited. DAPC offers a way
to use these cpSSR data that avoids the discriminant analysis
assumption that variables are uncorrelated yet takes advantage
of the a priori group assignment feature of discriminant analy-
sis, a feature that is lacking in principal components (Jombart
et al., 2010), and is likely to be important in cases like ours
where much of the variation is contained within populations.

Incomplete lineage sorting is an important factor in pine mo-
lecular studies (Syring et al., 2005) and can lead to incongru-
ence among nuclear and plastid phylogenies (Willyard et al.,
2009). Plastid lineages in pines might also be incongruent with
nuclear lineages in areas of secondary contact via the wide-
spread phenomenon that has been called “chloroplast capture”
(Matos and Schaal, 2000; Liston et al., 2007). This plastid-
nuclear conflict has been attributed to hybridization in many
plant families, although other mechanisms play a role (Stegemann
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et al., 2012). For the P. ponderosa species complex, mitochon-
drial haplotypes in some cases support further subdivision of
OTUs indicated by our plastid evidence, support fewer subdi-
visions, or suggest different geographic delineations between
OTUs. For example, although data presented here show that the
Willamette Valley, Oregon, and Fort Lewis, Washington, pop-
ulations have similar plastids (Pacific Northwest OTU in
Fig. 4A), they do not have similar mitochondria. A Fort Lewis,
Washington, population shares a mitochondrial haplotype
with populations represented by our Benthamiana OTU, and a
Willamette Valley, Oregon, population shares a mitochondrial
haplotype with populations represented by our Ponderosa OTU
(Potter et al., 2013). We also have preliminary evidence from
nuclear SSRs for some incongruent groupings, suggesting a ge-
netic mosaic for the P. ponderosa species complex. Although
the patterns are certainly affected by incomplete lineage sort-
ing, we expect that pollen flow (revealed by paternal plastid
inheritance) and seed dispersal (revealed by maternal mito-
chondrial inheritance) have shaped the genotype of divergent
pine populations in contact zones. The extent of organelle
transfer and nuclear introgression across contact zones of long-
separated subsect. Ponderosae populations seems to be rather
limited (Latta and Mitton, 1999), but emerging patterns suggest
that there are other major contact zones that are yet to be ex-
plored. Thus, our taxonomic conclusions in subsect. Pondero-
sae will await nuclear and mitochondrial data, as well as
morphological characters and ecological niche models. DAPC
will be an important tool to combine these independent data
sets because it can accommodate correlated variables and
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provides group weightings to compensate for unequal contribu-
tions from each partition.

Considering the current possible alternatives for measuring
genetic diversity in wild plants, multiplex genotyping of cpSSRs
in Pinus provided an efficient and relatively informative view of
genomic diversity for use in estimating genetic distance in the
plastid lineage. Although we demonstrated the utility of these six
loci within subsect. Ponderosae, the conservation of primers
across the genus suggests that many of the 13 nonredundant
cpSSR loci will provide useful data for other Pinus taxonomic
subsections. In conjunction with other criteria for population ge-
netic structure and species delimitation, these fragment length
characters can provide useful insights into pine relationships. We
suggest that the method would be easy to extend to other plants
using readily available plastome alignments to design primers
specific for the target group (Angioi et al., 2009).
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AppenDIX 1. Taxon name and sample, GenBank number, country, state, and geographic coordinates of 15 samples used in Fig. 3. NA = not available.

arizonica: Pinus arizonica Engelm. isolate ARIZ01; JN854225; USA: New
Mexico (33.13, —108.00)

cooperi: P. arizonica Engelm. var. cooperi (C. E. Blanco) Farjon & Styles
isolate COOPO1; JN854216; Mexico: Durango (NA)

devoniana: Pinus devoniana Lindl. isolate DEVO02; JN854208; Mexico:
Michoacén (19.42, —101.82)

douglasiana: Pinus douglasiana Martinez isolate DOUGO1; JN854205;
Mexico: Jalisco (19.53, =103.52)

engelmannii: Pinus engelmannii Carriere isolate ENGEO02; JN854201; USA:
Arizona (31.73, -110.83)

hartwegii hartwegii: Pinus hartwegii Lindl. isolate HARTO07; JN854196;
Mexico: Guerrero (17.52, =99.96)

hartwegii donnell-smithii: Pinus hartwegii Lindl. subsp. donnell-smithii (Mast.)
Silba isolate DONNO2; IN854206; Guatemala (14.80, —91.52). Note: shown
as P, donnell-smithii in whole-plastome tree (Parks et al., 2012).

jeffreyi: Pinus jeffreyi Grev. & Balf. isolate JEFF04; JN854193; USA:
California (37.37, -118.39)

montezumae: Pinus montezumae D. Don in Lamb. isolate MONZO01;
JN854183; Mexico: Hidalgo (20.11, -98.61)

ponderosa benthamiana: Pinus ponderosa P. Lawson & C. Lawson var.
benthamiana (Hartw.) Vasey isolate POND21; JN854172; USA: California
(39.69, -121.69)

ponderosa ponderosa: Pinus ponderosa P. Lawson & C. Lawson; FJ899555;
USA: Montana (47.969, —115.985)

ponderosa scopulorum: Pinus ponderosa P. Lawson & C. Lawson var.
scopulorum Engelm. in S. Watson isolate PONDS59; JN854171 USA:
South Dakota (44.295, —103.828)

pseudostrobus pseudostrobus: Pinus pseudostrobus Lindl. isolate PSEU03;
JIN854169; Guatemala (15.38, —91.43)

pseudostrobus apulcensis: Pinus pseudostrobus Lindl. var. apulcensis (Lindl).
Shaw isolate OAXAO02; JN854178; Mexico: Oaxaca (17.32, —-96.43).
Note: shown as P. oaxacana in whole-plastome tree (Parks et al., 2012).

yecorensis: Pinus yecorensis Debreczy & 1. Racz isolate YECO02; IN854152;
Mexico: Sonora (28.38, —108.87)

APPENDIX 2. Operational taxonomic unit (OTU), population, collector(s), collector number or herbarium voucher, U.S. state, and GPS coordinates of 41 populations
shown in Fig. 1 and used in Fig. 4. A herbarium voucher for each population has been deposited at Hendrix College Herbarium (HXC in Index Herbariorum).

P. arizonica: AM; Willyard, Liston, Gernandt; DSG874; Arizona; 32.63323,
—109.82387. CH; Willyard, Marquardt, Epperson; AMW1080; Arizona;
31.94951, —109.30785. PA; Telewski, Marquardt; HXC5826; Arizona;
32.41369, —110.70954.

Benthamiana: HE; Finney, Willyard; AMW1107; California; 37.19180,
—121.54477. HL; Finney, Willyard; AMW1103; California; 37.02610,
—122.04603. PS; Willyard; AMW 1017; California; 40.66833, —122.69750.
QH; Finney, Willyard, AMW1102; California; 37.08527, —122.05990.
UZ, Finney, Willyard; AMW 1104; California; 36.98420, —122.06352. V1;
Finney, Willyard; AMW1105; California; 36.05983, —121.57147.

Ponderosa: IH; Finch, Willyard; AMW1111; Washington; 48.61683, —11816853.
KF; Finch, Willyard; AMW1115; Oregon; 44.41843, —121.76797. PB;
Willyard; AMW1015; Oregon; 44.06538, —118.78980. PC; Willyard;
AMW1098; California; 40.34333, —121.73333; RW; Willyard; AMW999;
Nevada; 39.33073, —104.17405.

Scopulorum: A1; Bigott, Lea, Pouncey, Schumacher, Spatz, Willyard; AMW 1136;
Arizona; 36.54290, —110.46870. A2; Bigott, Lea, Pouncey, Schumacher,
Spatz, Willyard;, AMW1137; Arizona; 35.38140, —110.96400. A3;
Bigott, Lea, Pouncey, Schumacher, Spatz, Willyard; AMW1138; Arizona;
35.09800, —113.88110. A4; Bigott, Lea, Pouncey, Schumacher, Spatz,
Willyard; AMW1139; Arizona; 36.79550, —112.25500. C1; Bigott, Lea,
Pouncey, Schumacher, Spatz, Willyard; AMW1135; Colorado; 37.72930,
—108.20920. C2; Bigott, Lea, Pouncey, Schumacher, Spatz, Willyard;
AMW1143; Wyoming; 44.31150, —106.81270. DG; Gernandt; DSG1016;

Utah; 39.80000, —110.90000. N1; Bigott, Lea, Pouncey, Schumacher, Spatz,
Willyard; AMW 1146; Nebraska; 42.69560, —103.00520. N2; Bigott, Lea,
Pouncey, Schumacher, Spatz, Willyard; AMW1147; Nebraska; 42.79000,
—100.0200. RG; Langer HXC5827; South Dakota; 45.52388, —103.16423.
S1; Bigott, Lea, Pouncey, Schumacher, Spatz, Willyard; AMW1145; South
Dakota; 43.85300, —104.05320. SF; Finch, Nguyen, Segear, Willyard;
AMWI1073; New Mexico; 35.73355, —105.56277. SM; Langer, Rand
HXC5833; Nevada; 36.32038, —115.67522. TA; Langer HXC5828; New
Mexico; 35.24800, —107.72900. Ul; Bigott, Lea, Pouncey, Schumacher,
Spatz, Willyard, AMW1140; Utah; 37.72950, —112.25050. U2; Bigott,
Lea, Pouncey, Schumacher, Spatz, Willyard; AMW1141; Utah; 40.63240,
—111.17180. W1; Bigott, Lea, Pouncey, Schumacher, Spatz, Willyard;
AMW1142; Wyoming; 42.76420, —106.32690.

Sky Island: BF; Willyard, Marquardt, Epperson; AMWI1078; Arizona;
31.91702, —109.27539. HS; Willyard, Marquardt, Epperson; AMW1081;
Arizona; 31.25815, —110.20852. LA; Telewski, Marquardt; HXC5829;
Arizona; 32.43837, —110.79093. LB; Willyard, Marquardt, Epperson;
AMWI1077; Arizona; 32.62208, —109.82723. PT; Telewski, Marquardt;
HXC5830; Arizona; 34.04893, —111.09373. SL; Langer; HXC5831;
Arizona; 31.70020, —110.84718. SR; Willyard, Marquardt, Epperson;
AMW1082; Arizona; 31.68636, —110.87816.

Pacific Northwest: F1; Willyard;, AMWI1099; Washington; 47.03832,
—122.52643. VB; Meyers; AMW1112; Oregon; 44.37922, —122.91157.
VW; Meyers; HXC5832; Oregon; 45.32350, —122.76570.

http://www.bioone.org/loi/apps

Downloaded From: https://bioone.org/journals/Applications-in-Plant-Sciences on 26 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

10 of 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


