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This thesis summarizes work completed over the previous four years primarily focusing on
chloroplast phylogenomic inquiry into the genus Pinus and related Pinaceae outgroups using
next-generation sequencing on Illumina platforms. During the time of our work, Illumina
sequence read lengths have essentially been limited to 25 to 100 base pairs, presenting
challenges when trying to assemble genomic space featuring repetitive regions or regions
divergent from established reference genomes. Our assemblies initially relied on previously
constructed high quality plastome sequences for each of the two Pinus subgenera, yet we were
able to show clear negative trends in assembly success as divergence from reference
sequences. This was most evident in assemblies of Pinaceae outgroups, but the trend was also
apparent within Pinus subgenera. To counter this problem, we used a combination of de novo
and reference-guided assembly approaches, which allowed us to more effectively assemble

highly divergent regions.

From a biological standpoint, our initial focus was on increasing phylogenetic resolution by
using nearly complete plastome sequences from select Pinus and Pinaceae outgroup species.
This effort indeed resulted in greatly increased phylogenetic resolution as evidenced by a
nearly 60-fold increase in parsimony informative positions in our dataset as compared to
previous datasets comprised of only several chloroplast loci. In addition, bootstrap support

levels across the resulting phylogenetic tree were consistently high, with >95% bootstrap



support at 30/33 ingroup nodes in maximum likelihood analysis. A positive correlation
between the length/amount of sequence data applied to our phylogeny and overall bootstrap
support values was also supported, although trends indicated some nodes would likely remain
recalcitrant even with the application of complete plastomes. This correlation was important to
demonstrate, as it was reflective of trends seen in a meta-analysis of contemporary,
infrageneric chloroplast-based phylogenies. In addition, our meta-analysis indicated that most
researchers rely on relatively small regions of the chloroplast genome in these studies and
obtain relatively little in resolution and support in resulting phylogenies. Clearly, the
application of plastome sequences to these types of analyses has great potential for increasing

our understanding of evolutionary relationships at low taxonomic levels.

An unexpected finding of this work involved two putative protein-coding regions in the
chloroplast, ycfl and ycf2, which featured strongly elevated rates of mutation, and together
accounted for over half of exon parsimony informative sites although making up only 22% of
exon sequence length. Of these two loci, clearly ycfl was more problematic to assemble from
short read data, as it featured numerous indels as well as several repetitive regions. We
designed primers based on conserved regions allowing essentially complete amplification of
this locus and sequenced the ycfl locus (with Sanger technology) for a representative of each
of the 11 Pinus subsections, using accessions from the previous study. Importantly, these
primers were also effective across Pinaceae and should facilitate future work throughout the

family.

Accessions with full ycfl sequences were in turn utilized as subsectional references as we
sequenced and assembled plastomes for most of the remaining Pinus species. To efficiently
produce these sequences, we relied on a solution-based hybridization strategy developed by
Richard Cronn to enrich preparations of total genomic DNA for chloroplast-specific DNA.
While the phylogenetic results of a full-plastome, full-genus analysis were certainly of
interest, our final focus was on the investigation of ‘noise’ in our dataset, and whether it
affected phylogenetic conclusions drawn from the plastome. To determine this, we explored
the removal of variable sites from our alignment and the resultant effect on topology and

resolution. This allowed us to identify a window of alignment partitions in which nodal



bootstrap support remained high across the genus, yet sufficient noise was removed to identify
important patterns in the positioning of three clades with historically problematic phylogenetic

positioning.
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Plastome Phylogenomics in the Genus Pinus Using Massively Parallel Sequencing
Technology

GENERAL INTRODUCTION

The genus Pinus is an intriguing taxon for biological inquiry on many levels. From an
ecological perspective, pines are important and often dominant components of the northern
boreal forests, are able to exploit challenging environments, and are often important colonizers
after disturbance events (Richardson and Rundel 1998). From an evolutionary standpoint,
Pinus is notable in that the genus has a history of over 100 million years, a relatively rich
fossil record, and encompasses over one sixth of extant gymnosperms. Pinus thereby
represents an important link between seedless vascular plants and flowering plants, and can
offer important insight into past ecosystems and evolutionary events. Not surprisingly, there is
a substantial history of inquiry into the genus Pinus and its evolutionary relationships,
including early to contemporary morphological analyses (Engelmann 1880, Shaw 1914, 1924,
Pilger 1926, Gaussen 1960, Little and Critchfield 1969, Van der Berg 1973, Farjon 1984,
Frankis 1993, Ickert-Bond 2001, Gernandt et al. 2005, Klymiuk et al. 2011), extensive
crossability studies largely performed by Elbert Little and William Critchfield (Critchfield
1963, Critchfield 1966, Little and Critchfield 1969, Critchfield 1975, 1986), and a number of
molecular-based studies (Liston et al. 1999, Wang et al. 1999, Wang et al. 2000, Geada Lopez
et al. 2002, Liston et al. 2003, Zhang and Li 2004, Gernandt et al. 2005, Syring et al. 2005,
Eckert and Hall 2006, Gernandt et al. 2009, Palmé et al. 2009). Studies based on morphology
(of both extant and extinct species) and crossability have provided valuable information in
determining the relationships between Pinus species, yet both are limited tools in comparison
to molecular data. Specifically, morphological characters are problematic in the pines due to
extensive homoplasy (Gernandt et al. 2005), while crossability studies provide only a rough
estimate of species relationships by relying on a single measured character and provide little
information outside of the currently accepted Pinus subsections (Gernandt et al. 2005).
Although previous Pinus molecular studies have sampled very limited amounts of nuclear and
chloroplast genomes, theoretically these genetic compartments should be much more
information-rich than other types of data, as they contain tens of thousands to billions of
measurable sites (depending which genome is investigated). In addition, these sites are subject

to a range of evolutionary pressures largely dependent on their position in the genome (for



example coding vs. non-coding regions, loci under positive vs. negative selection) and should
more effectively mark evolutionary events. The majority of molecular phylogenetic analyses
in Pinus have relied at least in part on loci residing in the chloroplast genome (plastome), a
situation broadly reflective of plant phylogenetic analyses. The plastome is a reasonable target
for plant molecular phylogenetic studies for a number of reasons. For instance, an overall
moderate mutation rate (Wolfe et al. 1987, Palmer 1990) makes determination of orthology
straightforward even when considering distantly related taxa. On the other hand, a haploid
state and uniparental inheritance result in a decreased effective population size compared to
nuclear markers (Birky 1978, Birky et al. 1983), thereby increasing the chance of capturing
signal during divergence events. In addition, while the chloroplast genome technically
represents a single linkage group, there is a diversity in evolutionary rates of change across the
plastome (Graham and Olmstead 2000, Shaw 2005, Shaw et al. 2007) allowing the chloroplast
to be applied to different levels of phylogenetic inquiry. Finally, the genome sizes of
chloroplasts are much smaller and less variable than are those of plant nuclear genomes,
making full plastome sequences a more tractable target for sequencing and analysis. For
comparison, the average nuclear genome size in Pinus is around 29 billion base pairs
(Grotkopp et al. 2004) and consists of perhaps 80% repetitive elements (Kriebel 1985, Kovach
et al. 2010), while typical plastome size is closer to 115-120000 base pairs, about half of
which accounts for the ca. 130 protein and RNA molecules encoded by the chloroplast
(Wakasugi et al. 1994, Parks et al. 2009).

The most recent genus-wide molecular taxonomy of Pinus was completed in 2005 (Gernandt
et al. 2005) and was based on just over 2800 aligned base pairs of chloroplast sequence from
over 100 species of pine. This work clarified many of the broad relationships within Pinus (in
terms of chloroplast evolutionary history), supporting the division of the genus into two
subgenera, four sections and 11 subsections (Figure 1.1). Notably, most species-rich clades
failed to resolve internally, resulting in extensive polytomies within subsections. Resolution in
several enigmatic clades was also lacking or problematic. For example, the morphologically
unique Pinus krempfii (subsection Krempfianae) showed strong support for inclusion within
section Quinquefoliae, but its relation to subsections Strobus and Gerardianae was not able to
be determined (Figure 1.1). The Southeast Asian species Pinus merkusii, on the other hand,

was found to have relatively strong support for inclusion within subsection Pinus of section



Pinus, although its morphology suggests a stronger affinity for subsection Pinaster of the
same section (Frankis 1993). Similarly, subsection Contortae resolved with high support as
sister to the clade of subsections Ponderosae and Australes within section Trifoliae (Figure
1.1), yet a relatively shallow fossil record and capability to hybridize with members of
subsection Australes support a much more recent derivation of the Contortae within the
section (Gernandt et al. 2005).

Considering the relatively small portion of the chloroplast genome sampled prior to our work,
it was reasonable to expect that more extensive sampling of the plastome could result in
greater resolution of the infrageneric relationships in Pinus, and a more accurate
understanding of the phylogenetic positions of problematic taxa like subsections Krempfianae
and Contortae, and Pinus merkusii. However, until relatively recently the sequencing capacity
necessary to efficiently produce full plastomes was substantially hindered by a combination of
the high per base pair sequencing cost and low throughput per sequencing run that are
associated with traditional Sanger sequencing, as well as difficulty in isolating large or
numerous genomic targets in preparation for sequencing. The development and commercial
availability of ‘next-generation” or massively parallel sequencing technologies over the last 5-
10 years, however, have very nearly turned sequence-based research on its head, such that the
expectation of cheaply and quickly sequencing large or numerous genomic targets from many
samples is now the norm rather than the exception (Mardis 2008, Shendure and Ji 2008,
Mamanova et al. 2010, Mardis 2011). Plant systematics as a field has been somewhat slow to
harness the high-throughput capacity of massively parallel sequencers. In addition to the work
presented herein, currently only a relative handful of the ca. 200 published chloroplast
genomes have been sequenced using next-generation technology rather than traditional Sanger
sequencing-based approaches (Moore et al. 2006, Moore et al. 2007, Asif et al. 2010, Atherton
et al. 2010, Tangphatsornruang et al. 2010, Yang et al. 2010, Doorduin et al. 2011, Jansen et
al. 2011, Nock et al. 2011, Shulaev et al. 2011, Straub et al. 2011). Of the chloroplast genomes
currently sequenced using massively parallel sequencing, most have utilized the Roche/454
pyrosequencing technology, in part because it features longer reads than other next-generation
platforms. Nonetheless, the most powerful platforms to date are designed by Illumina, with
sequence output on the order hundreds of millions to several billions of base pairs per

sequencing run on the early Illumina GA (Mardis 2008), to hundreds of billions of base pairs



on the latest full-capacity model, the HiSeq2000 (Schweiger et al. 2011). However, all next-
generation platforms to date are limited to some degree by the short length of their sequence
reads. This is particularly true for the lllumina platforms, reads lengths from which essentially
ranged from 25-100 base pairs during the time our work was performed. Due to this limitation,
a number of effective ‘short-read’ assemblers and aligners have been developed in the last
decade. For example, assembly programs such as Velvet (Zerbino and Birney 2008), EDENA
(Hernandez et al. 2008), ABySS (Simpson et al. 2009) and Euler-SR (Chaisson and Pevzner
2008) utilize various strategies to assemble short sequence reads into longer, ‘de novo’
contigs. These assemblers rely on overlapping k-mers of some length shorter than the read
length to assemble large contigs without the aid of a reference sequence. On the other hand,
reference-guided assemblers, such as Bowtie (Langmead et al. 2009), SOAP (L.i et al. 2008),
BWA (Li and Durbin 2009), and YASRA (Ratan 2009) align reads to a specified reference
sequence in order to assemble short reads into longer contigs. Although most reference-guided
assemblers are utilized for resequencing projects in which a closely-related genome is
available to be used as a reference, YASRA employs a combination of de novo and reference-
guided assembly in an iterative fashion in order to more effectively assemble short read

sequences across divergent regions of the reference genome.

Considering the exponential growth in sequencing throughput and its potential applications to
phylogenetic pursuits, we attempted to apply massively parallel sequencing to more
effectively resolve the evolutionary relationships within the genus Pinus. As this project was
begun in the early stages of the development of massively parallel sequencers, our original
challenge was simply to efficiently sequence and assemble pine plastome sequences using the
Illumina GA platform and its associated 25-40 base pair reads. This proved a challenging, but
not insurmountable task, and was greatly aided by the development of a multiplexing strategy
that allowed multiple individual samples to be run in single lanes of the lllumina flowcell
(Cronn et al. 2008). Still, initial plastome assemblies featured some poorly assembled or
incomplete regions, primarily due either to short read lengths (problematic in repetitive or
highly divergent regions) or the polymerase chain reaction- (PCR-) based amplification
strategy we employed (problematic at primer junctions) (Cronn et al. 2008). In particular,
assemblies proved difficult as divergence increased from either of our two established Pinus

reference genomes, and were least effective as we moved outside of the genus into the broader



Pinaceae family. Nonetheless, we were still able to assemble 37 mostly complete plastome
sequences using our initial strategies, as detailed in Chapter Il of this thesis. For our
assemblies, we employed a combination of de novo and reference-guided approaches using
the de novo assemblers Velvet and Edena (Hernandez et al. 2008, Zerbino and Birney 2008)
and an in-house reference-guided assembler RGA (Shen and Mockler). While not as efficient
as our later approaches, this pipeline nonetheless aided in assembling accessions divergent

from our references.

The remainder and large part of our work was somewhat analogous to how a traditional
ecologist might investigate a novel habitat or ecosystem, as it involved a mixture of
exploration, documentation, and testing. Our primary goal, as mentioned above, was to
document the utility of the plastome in resolving the interspecific relationships within the
genus Pinus. Based on alignment of our initial 37 assemblies and two established reference
genomes, we found that plastome sequences indeed resulted in substantial increases in both
phylogenetic resolution and bootstrap support as compared to previous efforts based on
smaller portions of the chloroplast genome (Wang et al. 1999, Gernandt et al. 2005, Eckert
and Hall 2006), although for some relationships, such as those resulting from rapid radiations,
it appeared unlikely that even the application of complete plastome sequences would result in
full resolution. Regardless, using a meta-analysis of contemporary, chloroplast-based
phylogenetic analyses, we were able to show that similar gains in resolution and support likely
would be found in most plant genera by applying full plastome sequences. These results are

the topic of Chapter Il of this thesis.

Through the course of these analyses, the putative protein-coding chloroplast loci ycfl and
ycf2 were identified as highly variable when compared to all other chloroplast protein-coding
loci, and likely targets of positive selection. This is particularly the case with ycfl, which
features not only numerous variable positions, but several stretches of repetitive units and
many apparent insertion and deletion mutations. In part due to our findings, ycfl has now been
used to help further untangle the complex relationships of subsection Ponderosae (Gernandt et
al. 2009) and is serving as a DNA ‘barcode’ locus for validating species identities in
commercially available pine nuts potentially linked to dysgeusia (Handy et al. 2011). The

highly divergent nature of ycfl also led us to develop a novel set of primers that allowed



complete amplification of this large (ca. 5.5-6 kbp) locus, and subsequent resequencing and

validation using Sanger-sequencing technology. This was performed for representatives of all
Pinus subsections, and helped us to create accurate plastome references for every subsection.
These primers also appear to be effective in the broader Pinaceae, so it is likely that they will
have applications in genera beyond Pinus. The development and application of these primers

is the topic of Chapter IV of this thesis.

In our final sequencing efforts, resulting in ca. 70 new plastome assemblies, increased read
lengths and the replacement of PCR-based chloroplast enrichment with a solution-based
hybridization approach greatly improved both the success of our assemblies and the efficiency
of our sequencing, such that we were able to produce nearly complete plastome sequences for
almost all remaining species of pines in a relatively short period of time. In addition, a greatly
improved assembly pipeline and more complete subsectional references allowed for more
accurate and complete plastome assemblies. Assembly and alignment of plastome sequences
for nearly all of the world’s pines species, as predicted by our initial 37 assemblies, did indeed
result in greatly increased resolution and an unprecedented view of the interspecific
relationships within Pinus. Nonetheless, as seen in our earlier analyses, some relationships
still failed to resolve with high support. This was most evident in species-rich subsections
(subsections Australes and Quinquefoliae, for example), where decreased support values were
clearly clustered in regions with short branch lengths and putative rapid divergence events. In
these cases, it is likely that the plastome may not contain sufficient signal to resolve all
relationships within the genus with high confidence. In other cases, however, it is possible that
the plastome contains misleading phylogenetic signal, or ‘noise’, that has sufficient presence
to influence or even override lesser amounts of accurate signal. To investigate this possibility,
we removed the most variable sites in our alignment in 100 base pair partitions, and followed
the effect of this removal on topology and support in three taxa mentioned previously with
historically unresolved or contentious phylogenetic positioning — subsection Contortae,
consisting of four North American species, subsection Krempfianae, consisting of the
morphologically distinct Pinus krempfii, and a clade of two closely related southeast Asian
pines, Pinus merkusii and Pinus latteri. In each of these cases, previous, chloroplast-based
phylogenetic positioning is either weakly supported and/or contentious due to conflicting

positioning based on alternative data, such as nuclear sequence, morphology, or the fossil



record. In all three cases, there appeared to be a fairly strong signature of phylogenetic noise,
although the response to the removal of noise was not the same in all three taxa. For both P.
krempfii and the clade of P. merkusii / P. latteri, removal of highly variable sites resulted in a
much more highly supported positioning that also reflected conclusions based on non-
chloroplast data. At the same time, support for the positioning of subsection Contortae was
substantially reduced as highly variable sites were removed, suggesting that ‘noise’ in the
chloroplast genome may be a major contributor to a putatively incorrect phylogenetic
positioning. The results of this study are the topic of the final research chapter of this thesis,
Chapter V.
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Figure 1.1. Systematic subdivisions of the genus Pinus. Phylogenetic positioning and branch
lengths are based on chloroplast sequence data from Gernandt et al. (2005) and the present
work. Numbers in parentheses indicate the number of species in each subsection as described

in Gernandt et al. (2005).
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ABSTRACT

Massively parallel sequencing technologies (MPST) offer unprecedented opportunities for
novel sequencing projects. MPST, while offering tremendous sequencing capacity, are
typically most effective in resequencing projects (as opposed to the sequencing of novel
genomes) due to the fact that sequence is returned in relatively short reads. Nonetheless, there
is great interest in applying MPST to genome sequencing in non-model organisms. We have
developed a bioinformatics pipeline to assemble short read sequence data into nearly complete
chloroplast genomes using a combination of de novo and reference-guided assembly, while
decreasing reliance on a reference genome. Initially, short read sequences are assembled into
larger contigs using de novo assembly. De novo contigs are then aligned to the corresponding
reference genome of the most closely related taxon available and merged to form a consensus
sequence. The consensus sequence and reference are in turn ‘merged’ such that aligned de
novo sequence remains unaffected while missing sequence is filled in using the reference
sequence. This chimeric reference is then utilized in reference-guided assembly to align the
original short read data, resulting in a draft plastome. Using two established Pinus reference
plastomes, our method has been effective in the assembly of 33 chloroplast genomes within
the genus Pinus, and results with four species representing other genera of Pinaceae suggest
the method will be of general use in land plants, particularly once limitations of PCR-based

chloroplast enrichment are overcome.
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INTRODUCTION

High throughput sequencing technologies have increased DNA and RNA sequencing capacity
by orders of magnitude within the last decade. For example, the first human genomic
sequence, finished in the early part of this decade, took over a decade to produce at an
estimated total cost of between 0.3 - 3 billion US dollars (Lander et al. 2001, Venter et al.
2001, Collins et al. 2004, Bentley et al. 2008). In contrast, resequencing of human genomes
today can be completed in a matter of weeks, with the cost measured in tens to hundreds of
thousands of dollars (Bentley et al. 2008, Wang et al. 2008, Ahn et al. 2009, Mardis et al.
2009), and trends suggest the rate of progress in sequencing capacity is still increasing (Gupta
2009). Currently at the forefront of sequencing efforts are massively parallel sequencing
technologies (MPST). MPST platforms generate millions of short reads (currently 30-400 bp
depending on the platform used (Simon et al. 2009)) in parallel during sequencing, which are
then typically mapped back onto a previously sequenced reference genome to determine
genomic sequence of sampled organismal or cellular lineages (Holt and Jones 2008, Ley et al.
2008, Wang et al. 2008, Mardis et al. 2009). Even considering the tremendous sequencing
capacity of these technologies, challenges remain in their application to a broad range of
sequencing projects. For example, sequence capacity measured in Gbp is clearly excessive for
the sequencing of small genomes (such as bacterial, organellar or viral genomes). Thus far,
this challenge has been approached through the development of multiplex strategies in which
multiple accessions indexed by short barcode tags are sequenced simultaneously (Porreca et
al. 2007, Craig et al. 2008, Cronn et al. 2008). Another, and perhaps more daunting challenge,
lies in utilizing MPST to sequence the genomes of organisms lacking a closely related
reference genome. Clearly, with more distantly related species, the likelihood for sequence
divergence and genomic structural rearrangements increases. Utilizing short read sequence
data in such cases can quickly become problematic, as divergence and rearrangement make it
difficult or impossible to map short reads onto the genomes of distantly related references
(Whiteford et al. 2005, Pop and Salzberg 2008). To counter this second problem, we have
developed a short read assembly pipeline which transforms raw sequence data into genomic
sequence in four basic steps: 1) de novo assembly of short read data into larger contigs, 2)
alignment of de novo contigs to the most-closely related reference genome available, 3)
formation of a chimeric reference using aligned de novo contigs, with gaps filled in by the

reference genome, and 4) alignment of short read data to the chimeric assembly to form final
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genomic contigs. While several commercial “all-in-one” software packages are currently
available to serve a similar purpose, these tend to be fairly expensive (typically several
thousands of US dollars). In contrast, our assembly pipeline can function entirely with open

source software.

To date, we have used our pipeline to assemble 33 chloroplast genomes within the genus
Pinus (32 of which lacked a same-species reference), as well as four chloroplast genomes of
non-pine members of Pinaceae. All genomic sequencing was performed in multiplex
(typically 4-6x) on the Illumina IG genome analyzer, and resulting genomes were estimated to
average 92% complete.

MATERIALS AND METHODS
Sequence preparation
Amplification and sequence preparation followed Cronn et al. (Cronn et al. 2008).

Processing of raw sequence data
Microread sequence and quality files were converted from raw sequence output, sorted,
binned and had their tags removed using custom perl scripts available at

http://www.science.oregonstate.edu/~knausb/genomics_scripts/knaus_scripts.html.

Chloroplast genome assembly

Assembly from microreads to chloroplast genomes is described in detail elsewhere (Whittall
et al. 2009). In brief, microreads from an accession were assembled into larger contigs using
de novo assemblers, and aligned to the most closely related reference chloroplast genome
available (Fig. 2.1A). A chimeric reference sequence was then created by merging aligned
contigs with the reference genome, such that aligned de novo sequence persisted and reference
sequence was used in areas missing de novo coverage (Fig. 2.1A). The accession’s microreads
were then aligned against this chimeric reference using a reference-guided assembler to form
the contigs of the draft genome (Fig. 2.1B). These contigs were then checked for quality and
manually edited also as previously described (Whittall et al. 2009).
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RESULTS

Assemblies overall (including outgroups) averaged 92% complete (Fig. 2.2). Assemblies in
subgenus Strobus averaged 117 kb, with an estimated 8.8% missing data (compared to P.
koraiensis reference). Subgenus Pinus assemblies averaged just less than 120 kb (6%
estimated missing data, compared to P. thunbergii reference). Outgroup assemblies averaged
just over 119 kb (10.4% average estimated missing data compared to P. thunbergii reference).
De novo assemblies ranged from 64% to over 97% of estimated plastome lengths
(avg.=89.2% = 7.0% standard deviation), while finished assemblies were slightly higher
(92.2% * 5.9% sd) as noted above (Table 2.1 for details). Our alignment of all assemblies was
132,715 bp in length, with slightly less than half (62,298 bp) from exons encoding 71
conserved protein coding genes (20,638 amino acids), 36 tRNAs and 4 rRNAs. A high degree
of co-linearity is inferred for these genomes due to: 1) the absence of major rearrangements
within de novo contigs, and 2) the overall success of the PCR-based sequence isolation
strategy (indicating conservation of the order of anchor genes containing primer sites).
Nonetheless, several known structural rearrangements, including a tandem duplication of
psbA in P. contorta (Lidholm and Gustafsson 1991) and the apparent loss of duplicate copies
of psaM and rps4 in P. koraiensis, could not be confirmed. Two loci, ycfl and ycf2, stood out
as highly variable regions among exons, accounting for 22% of all exon sequence but nearly
52% of exon variable sites. From our assemblies, these two loci also exhibit numerous indels
in Pinus, although these are difficult to validate completely based on short-read assembly.
Because of their variability, assembly success for protein-coding exons was determined both

with and without these loci (see below).

Uncorrected p-distances between finished assemblies and their closest established references
ranged greater than two orders of magnitude, from 0.000645 (76 total differences to reference
in P. thunbergii) to 0.079221 (7615 total differences to reference in Abies firma) (Table 2.1).
Assembly success generally was correlated weakly with divergence from reference and
sequencing effort (here defined as microread count), although significant correlations were
found in some cases (Table 2.2, Figure 2.3). Assembly success and divergence from reference
were correlated negatively in subgenus Pinus and outgroup accessions; this correlation was

positive in subgenus Strobus and when all pines were considered together (Fig. 2.3A, Table
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2.2). Assembly success was correlated positively with sequencing effort (here defined as
microread count) in both subgenus Pinus and Strobus, but negatively correlated in outgroup
accessions (Fig. 2.3B, Table 2.2). Significant correlation (i.e., 95% confidence interval for
slope does not include zero) was found between assembly success and sequencing effort in
subgenus Pinus and when all pines were considered together (positive correlation), and
between assembly success and divergence in subgenus Strobus (Table 2.2).

Noncoding regions (aligned positions excluding exons, introns and RNA loci) contained the
highest proportions of variable sites when all accessions were considered together, or when
subgenus Pinus, subgenus Strobus and non-pine assemblies were considered separately (Table
2.3). Exonic (protein coding) sequence, while approximately the same overall length as total
noncoding sequence, contained ca. 60-70% as many of the variable sites by comparison; this
proportion decreased further with the exclusion of ycfl and ycf2. Both noncoding and exonic
regions appear to have assembled with similar success (Table 2.3). In contrast, RNA loci had
the lowest proportion of variable sites and also the lowest estimated assembly success (Table
2.3). Similarly, intron sequence was less variable than exonic sequence and noncoding

sequence (but not exonic sequence without ycfl and ycf2), and had a lower assembly success.

DISCUSSION

We have presented an effective and efficient method for assembling small, non-referenced
genomes from short-read sequence data. Relying primarily on open source software, we
assembled a total of 37 chloroplast genomes (36 non-referenced) of approximately 118kb
length to an average of 92% completion. The process described herein is an iterative process.
Initially, preliminary genomic contigs are created through de novo assembly. These contigs
are then refined through alignment to a closest reference, formation of a chimeric reference,
and subsequent re-alignment of short read sequences (reference-guided assembly) to the
chimeric reference. Key to this process is the formation of the chimeric reference prior to
reference-guided assembly, consisting of aligned de novo contigs with reference sequence
utilized in place of missing data. In theory, this allows for more accurate final assemblies for
several reasons, including: 1) clear identification of indels within aligned de novo contigs, 2)
potential identification of structural rearrangements through de novo assemblies, and 3)

improved reference-guided assembly due to higher sequence identity between the chimeric
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reference and short read genomic sequences as opposed to simply relying on the closest
reference without manipulation. It is worth noting that we utilized what we considered to be
the most up to date and applicable software at the time of our assemblies. However, since that
time a considerable amount of effort has been put into developing and refining short read
assembly software, such that for each step in our assembly process there are now several
options. For example, the open source aligner Mummer (http://mummer.sourceforge.net/)
could be used to in place of the commercially available aligner CodonCode; alternative
reference-guided alignment programs, such as Maq (http://mag.sourceforge.net/maq-
man.shtml), Bowtie (http://bowtie-bio.sourceforge.net/index.shtml, Langmead et al. 2009) and
Yasra (Miller and Ratan, unpublished), could be used in place of RGA. While the bulk of our
assemblies had fairly closely related references (within the same subgenus), it is noteworthy
that 13 of our Pinus assemblies reside in different sections than the complete reference used in
their assembly. This represents an estimated divergence period of 19-47 million years in the
case of subgenus Strobus accessions and 14-31 million years in the case of subgenus Pinus
accessions (Willyard et al. 2007, Gernandt et al. 2008). Further, the divergence period
between the pines and our non-pine representatives is estimated at 87 to 193 million years
(Willyard et al. 2007, Gernandt et al. 2008), thereby representing a several-fold greater
divergence period yet. It is not surprising, then, that assembly success was somewhat
negatively impacted by increasing phylogenetic distance from the reference (although the
opposite trend was seen in subgenus Strobus). Nonetheless, these trends were not particularly
strong, and our worst assembly was estimated at 75% complete (P. cembra). This provides
validation for the effectiveness of our strategy in assembling genomes fairly divergent from
the nearest available reference. Further support is found in the similar success rates of
assembling coding and non-coding regions, in that one would expect to see decreased
assembly success in more poorly conserved noncoding regions if our assembly strategy was

lacking.

Considering that divergence plays a limited role in assembly success, it is then reasonable to
ask what the most difficult obstacles are in assembling non-referenced genomic sequences. As
reported by Cronn et al. (Cronn et al. 2008), assembly gaps are consistently found directly
adjacent to primer sites used in PCR amplifications with our sequencing strategy. In addition,

sequence repeats (such as microsatellites) may also be difficult or impossible to bridge with
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short read data (Cronn et al. 2008). In our assemblies, primer regions are likely a more
significant problem, as they accounted for a substantial portion of missing sequence and
precluded the assembly of any contig greater than the largest amplicon (just over 4 kb). In
addition, a PCR-based method is more prone to failure in capturing genomic structural
rearrangements, as amplification failures will occur when rearrangements span more than one
amplicon. This could result in an amplicon being scored as missing or failed without any
indication of a rearrangement. Regions with problematic amplification due to technical
difficulties, primer divergence, or rearrangements can also eliminate substantial regions of the
genomic assembly. For example, missing amplicons are part of the reason for the lower
assembly success in rRNA regions, particularly in subgenus Strobus (likely due to technical

problems with amplification and primer divergence, data not shown).

The limitations of PCR-based approaches noted above may be overcome through
hybridization-based strategies (Gnirke et al. 2009, Herman et al. 2009), as these methods
promise both more even and more thorough coverage of targeted regions. However, these
methods have yet to be proven widely applicable. Alternatively, paired-end sequencing of
whole genomic extractions may allow the simultaneous capture of large portions of
chloroplast, nuclear, and mitochondrial genomes from a single organism (Meyers et al, this

volume), particularly if nuclear genomes are relatively small (<1.5 Gbp).

Sequencing effort also clearly plays a role in the overall success and accuracy of assemblies,
although there may be a point of diminishing returns and the phylogenetic distance to
reference may still play a significant role. For example, with the exception of P. ponderosa
(which was sequenced over several sequencing runs and prepared with variable methodology),
our greatest sequencing effort was in P. thunbergii (4.54 million reads, >1.8x sequencing
effort of any other assembly). Nonetheless, this assembly was essentially identical in its
completion to those of P. taeda and P. pinaster, which had 56% and 38% of the sequencing
effort, respectively. On the other hand, missing sequence in these accessions is mostly
associated with primer locations, which are impossible to recover with our strategy. Notably,
other studies (Hillier et al. 2008, Whittall et al. 2009) have also demonstrated improved SNP
discrimination with increasing coverage depth. For these reasons, it may be a good strategy in

future projects to overestimate necessary sequencing effort rather than trying to maximize
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taxon density through low coverage levels, depending on the specific aims of the project.
Alternatively, when assembling numerous non-referenced genomic sequences a reasonable
strategy might be to initially dedicate a larger proportion of sequencing effort to the assembly
of one or several representative reference genomes. This could in turn be followed by higher
levels of multiplexing (relatively less sequencing effort) for subsequent accessions/taxa.

In the near future, it is reasonable to expect that increasing sequence capacity, as well as
concurrent improvements in both targeted sequencing and short read assembly strategies will
make de novo assembly of small genomes an increasingly simple process. lllumina predicts
that their sequencing capacity will approach 100 Gbp per run by the end of 2009.
Theoretically, this is sufficient capacity to sequence over 600 average-sized chloroplast
genomes or 5500 average sized animal mitochondria to a depth of 100x in a single sequencing
run. In order to efficiently utilize this capacity, however, it is clearly incumbent upon those
involved in the sequencing of small genomes to maintain a similar pace of development in the

areas of sample preparation and downstream assembly.
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Figure 2.3. Potential factors contributing to assembly success in ingroup accession
assemblies. A) Relationship of assembly success and divergence from nearest complete
reference used in assemblies. B) Relationship between assembly success and sequencing effort
(i.e., number of microreads). In each chart, relationships are shown for subgenus Pinus (solid
circles and lines), subgenus Strobus (squares and dash-dot lines) and outgroup (triangles and
dashed lines) accessions. Results for P. ponderosa were not included in these estimations as
the sequencing effort for this accession was substantially higher (10-20x the number of reads
from several sequencing runs) than that for other accessions. Regression lines for analyses of
all pines not shown.
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Table 2.1. Summary of genome assemblies and pairwise distances between assembled
accessions and their original reference.

Uncorrected # of
Estimated  Aligned de  Determined p-distance differences
plastome novo genome from to
Reference Accession length, bp!  length, bp?>  length, bp® reference reference
Pinus

thunbergii  Abies firma 119207 97641 100921 0.079221 7615
Cedrus deodara 118072 92231 95083 0.069649 6337
Larix occidentalis 119680 114509 118797 0.065859 7411
Picea sitchensis 120176 106899 109548 0.059725 6243
Pinus attenuata 118229 102684 107865 0.013953 1494
P. banksiana 120166 106027 110792 0.014866 1624
P. canariensis 120158 114492 112900 0.008007 895
P. chihuahuana 119202 110034 114793 0.013127 1373
P. contorta 120011 76276 105833 0.014363 1628
P. merkusii 119665 107634 113005 0.005494 616
P. resinosa 120179 114145 117914 0.004079 460
P. pinaster 119904 109302 119246 0.008528 995
P. ponderosa 120289 108301 113659 0.012249 1444
P. taeda 120422 116074 119057 0.012867 1512
P. thunbergii 119717 114086 117936 0.000645 76
P. torreyana ssp.
torreyana 120401 108722 104432 0.012955 1335
P. torreyana ssp.
insularis 120412 108402 107978 0.013025 1388

Pinus

koraiensis  P. albicaulis 117266 106403 107163 0.001573 168
P. aristata 118226 111542 114628 0.014976 1683
P. armandii 117141 99769 100399 0.002927 293
P. ayacahuite 117424 103665 104985 0.005723 596
P. cembra 115825 81630 86922 0.001317 114
P. flexilis 117346 110273 110415 0.005543 607
P. gerardiana 117615 114769 115466 0.007133 814
P. krempfii 116598 110554 113730 0.007139 803
P. lambertiana S 117515 104050 105203 0.005472 571
P. lambertiana N 116449 107317 114390 0.001759 200
P. longaeva 117726 111303 114798 0.014308 1611
P. monophylla 116104 107095 112804 0.014291 1582
P. monticola 116841 94630 93800 0.003391 316
P. nelsonii 116616 106160 109434 0.015587 1671
P. parviflora 115986 106600 109043 0.002189 238
P. peuce 116697 106938 108157 0.004556 489
P. rzedowskii 116802 106225 111128 0.015918 1727
P. sibirica 116593 96630 97547 0.001572 153
P. squamata 117848 109936 112199 0.007035 780
P. strobus 116854 100714 103545 0.004956 511

1 Determined based on full alignment.

2 Total length of aligned de novo contigs.
3 Total of all positions in length with determined base call.



Table 2.2. Statistical summaries of relationships shown in Figure 2.3.
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95% confidence

Slope of linear  interval for correlation
Group Regression regression line  slope (R%
subgenus assembly success  -4.22 -9.38, 0.94 0.249
Pinus / p-distance
assembly success  2.55 (x10°®) 0.45 (x10®), 0.422
/ microread count 4.66 (x10®)
subgenus assembly success  6.70 1.56, 11.83 0.294
Strobus / p-distance
assembly success  4.70 (x10°®) -0.88 (x10), 0.148
/ microread count 10.27 (x10®)
all pines assembly success  3.42 -0.41, 7.25 0.100
/ p-distance
assembly success  3.34 (x10®) 0.85, 5.82 0.201
/ microread count
outgroups assembly success  -5.12 -31.33, 21.09 0.261
/ p-distance
assembly success  -4.00 (x10®%)*  -0.88 (x10), 0.249

/ microread count

10.27 (x10°®%)

1 evidence of non-normality in data set



Table 2.3. Summaries of alignment length, variable sites and assembly success for different
aligned assemblies.

partitions of
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Percentage Average
# variable of variable percent
Type of Accessions Alignment sites in sites in sequence
region included length (bp) alignment alignment completion
non-coding  all (n=37) 58967 13209 224 93.5
subgenus Pinus (n=13) 4.1
subgenus Strobus 51342 2081 5.1 96.3
(n=20) 49497 2526 92.9
non-pines only (n=4) 55134 7495 13.6 87.1
exons all 57694 7924 13.7 93.4
subgenus Pinus 55464 1726 3.1 93.9
subgenus Strobus 56479 1797 3.2 935
non-pines only 56508 3844 6.8 90.8
exons, no
yefL or ycf2 all 48919 4500 9.2 94.2
subgenus Pinus 48769 815 1.7 94.2
subgenus Strobus 48726 974 2.0 94.7
non-pines only 48776 2377 4.9 91.3
introns all 13053 1780 13.6 87.7
subgenus Pinus 12570 265 2.1 87.7
subgenus Strobus 12627 387 3.1 87.2
non-pines only 12784 1065 8.3 90.1
rRNA all 4524 99 2.2 78.4
subgenus Pinus 4518 18 0.4 79.0
subgenus Strobus 4515 16 0.4 74.6
non-pines only 4523 47 1.0 95.3
tRNA all 1356 47 35 834
subgenus Pinus 1356 5 0.4 90.6
subgenus Strobus 1356 13 1.0 81.3
non-pines only 1356 28 2.0 69.9
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ABSTRACT

Molecular evolutionary studies share the common goal of elucidating historical
relationships, and the common challenge of adequately sampling taxa and characters.
Particularly at low taxonomic levels, recent divergence, rapid radiations, and
conservative genome evolution yield limited sequence variation, and dense taxon
sampling is often desirable. Recent advances in massively parallel sequencing (MPS)
make it possible to rapidly obtain large amounts of sequence data, and multiplexing
makes extensive sampling of megabase sequences feasible. Is it possible to efficiently
apply MPS to increase phylogenetic resolution at low taxonomic levels?

We reconstruct the infrageneric phylogeny of Pinus from 37 nearly-complete
chloroplast genomes (avg. 109 kilobases each of an approximately 120 kilobase
genome) generated using multiplexed MPS. 30/33 ingroup nodes resolved with >95%
bootstrap support; this is a substantial improvement relative to prior studies, and
shows MPS-based strategies can produce sufficient high quality sequence to reach
support levels originally proposed for the phylogenetic bootstrap. Resampling
simulations show that at least the entire plastome is necessary to fully resolve Pinus,
particularly in rapidly radiating clades. Meta-analysis of 99 published infrageneric
phylogenies shows that whole plastome analysis should provide similar gains across a
range of plant genera. A disproportionate amount of phylogenetic information resides
in two loci (ycfl, ycf2), highlighting their unusual evolutionary properties.

Plastome sequencing is now an efficient option for increasing phylogenetic resolution
at lower taxonomic levels in plant phylogenetic and population genetic analyses. With
continuing improvements in sequencing capacity, the strategies herein should
revolutionize efforts requiring dense taxon and character sampling, such as

phylogeographic analyses and species-level DNA barcoding.
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INTRODUCTION

Molecular phylogenetic and phylogeographic analyses are typically limited by DNA
sequencing costs, and this forces investigators to choose between dense taxon
sampling with a small number of maximally informative loci, or genome-scale
sampling across a sparse taxon sample (Delsuc et al. 2005, Philippe 2005, Jansen et al.
2007, Moore et al. 2007). Balancing these choices is particularly difficult in studies
focused on recently diverged taxa or ancient rapid radiations, as taxon sampling needs
to be sufficiently large to define the magnitude of intraspecific variation and the
phylogenetic depth of shared alleles (Liston et al. 2007, Whitfield and Lockhart 2007).
Similarly, broad genome sampling is necessary to offset the low level of genetic
divergence among individuals of recent co-ancestry and to overcome low phylogenetic
signal to noise ratios characteristic of rapid radiations (Whitfield and Lockhart 2007).
Next generation DNA sequencing is poised to bring the benefits of affordable
genome-scale data collection to such studies at low taxonomic levels (genera, species,
and populations). Massively parallel sequencing (MPS) has increased per instrument
sequence output several orders of magnitude relative to Sanger sequencing, with a
proportional reduction in per-nucleotide sequencing costs (Hudson 2008, Mardis
2008). In principle this could allow the rapid sequencing of large numbers of entire
organellar genomes (chloroplast or mitochondria) or nuclear loci, and result in greatly
increased phylogenetic resolution (Cronn et al. 2008). To date, comparatively few
plant or animal evolutionary genetic analyses have utilized MPS (Moore et al. 2006,
Gilbert et al. 2008, Ossowski et al. 2008), due to associated costs and the technical
challenge of assembling large contiguous sequences from micro-reads. These barriers
have been largely eliminated through four innovations: development of strategies for
targeted isolation of large genomic regions (Porreca et al. 2007, Cronn et al. 2008,
Gnirke et al. 2009, Herman et al. 2009); harnessing the capacity of these platforms to
sequence targeted regions in multiplex (Porreca et al. 2007, Craig et al. 2008, Cronn et
al. 2008); streamlining sample preparation and improving throughput (Quail et al.
2008); and developing accurate de novo assemblers that reduce reliance upon a

predefined reference sequence (Hernandez et al. 2008, Zerbino and Birney 2008).
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In this paper we demonstrate the feasibility and effectiveness of MPS-based
chloroplast phylogenomics for one-third of the world’s pine species (Pinus), a lineage
with numerous unresolved relationships based on previous cpDNA-based studies
(Wang et al. 1999, Gernandt et al. 2005, Eckert and Hall 2006). We also highlight the
broad applicability of our approach to other plant taxa, and remark on the potential
applications to similar mitochondrial-based studies in animals and plant DNA
barcoding. Using multiplex MPS approaches, we sequenced nearly-complete
chloroplast genomes (120 kilobases (kb) each total length) from 32 species in Pinus
and four relatives in Pinaceae. Our sampling of Pinus includes both subgenera (subg.
Pinus, 14 accessions; subg. Strobus, 21 accessions) and species exemplars chosen
from all 11 taxonomic subsections (Gernandt et al. 2005) to evenly cover the
phylogenetic diversity of the genus. Taxon density is highest for a chosen subsection
(subsect. Strobus) as representative of a species-rich clade lacking phylogenetic
resolution in previous studies (Wang et al. 1999, Gernandt et al. 2005, Liston et al.
2007, Syring et al. 2007). Three species are also represented by two chloroplast
genomes each (P. lambertiana, P. thunbergii, P. torreyana).

METHODS AND MATERIALS

DNA Extraction, Amplification and Sequencing

DNA extraction, amplification and sequencing are described in and followed Cronn et
al. (Cronn et al. 2008), with 4 base pair (bp) tags, replacing the original 3 bp tags
(Table 3.1). For one sample, P. ponderosa, additional reads from three non-

multiplexed lanes of genomic DNA were also included.

Sequence Assembly and Genome Alignments

Sequence assembly and alignment are described in and followed Whittall et al.
(Whittall et al. 2009). An analysis of interspecific recombination was conducted using
RDP v. 3.27 (Martin et al. 2005b). Rather than using the full genomic alignment,
which was too memory-intensive, concatenated nucleotide sequences for 71 exons
common to all accessions were used (reflective of order on the plastome). Subgenera
were investigated separately as members of opposing subgenera appear incapable of
hybridization (Price et al. 1998). Each subgenus was checked for recombination events
using standard settings for several recombination-detection strategies, including:
Recombination Detection Program (RDP) (Martin and Rybicki 2000), GeneConv
(Padidam et al. 1999), Chimaera (Posada and Crandall 1998), MaxChi (Smith 1992),



35

BootScan (Martin et al. 2005a), and SiScan (Gibbs et al. 2000). A total of 24 putative
recombination events were identified. On close investigation, all events involved one
or more of the following: misalignment, autapomorphic noise coupled with missing
data, and amplification of pseudogenes. In cases of misalignment, alignments were
corrected prior to subsequent phylogenetic analyses. In cases of amplification of
pseudogenes, the entire amplicon for the accession involved was turned to N’s.
Inspection of the alignment also revealed that some amplicons in some accessions had
failed to amplify, or amplified apparently paralogous loci (evidenced by substantially
higher divergence). These regions were masked in affected accessions. The locus
matK was determined to be a putative paralog in several accessions, and in four (P.
armandii, P. lambertiana S, P. albicaulis, and P. ayacahuite) it was replaced with
Sanger sequence (Liston et al. 2007). We also replaced 2180 bp of poor quality
sequence of the locus ycfl in P. ponderosa with Sanger sequence. In all accessions
amplified by PCR, the regions adjacent to primer sites typically had low coverage,
while primers had very high coverage, thus primer-flanking regions (where
problematic) and the primers were also excluded. It was also determined through
Sanger sequencing that a 600 bp region of the previously published P. koraiensis
plastome (positions 48808-49634 in GenBank AY228468) is apparently erroneous.

This region was removed and reference guided analysis was rerun for this amplicon.

Aligned sequences were annotated using Dual Organellar Genome Annotator
(DOGMA) (Wyman et al. 2004) with manual adjustments to match gene predictions
from GenBank and the Chloroplast Genome Database
(http://chloroplast.cbio.psu.edu/). Exons were evaluated for reading frame and
translations, and validity of exon mutations was judged based on presence in de novo

sequence, effect on the resulting polypeptide sequence, and sequence coverage depth.

Data Deposition

Illumina sequencing reads and quality scores have been deposited in the NCBI SRA
database as accession SRA009802. New sequences have been deposited in GenBank
as accessions FJ899555-FJ899583.

Phylogenetic Analyses
Sequence data was analyzed using all genome positions and concatenated nucleotide

sequence from 71 exons common to all pine accessions; both partitions were analyzed
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with and without the loci ycfl and ycf2. A relatively short (~630 bp) repetitive stretch
of the locus ycfl of subgenus Strobus accessions was masked in all analyses due to
alignment ambiguity. The loci ycfl and ycf2 (ca. 14 kb combined) were also analyzed
individually and together.

Maximum Likelihood (ML) phylogenetic analyses were performed through the Cipres
Web Portal (http://www.phylo.org/portal/Home.do) using RAXML bootstrapping with
the general model of nucleotide evolution (GTR+G) (Stamatakis 2008) and
automatically determined numbers of bootstrap replicates. Bayesian inference (BI)
analyses were performed using MrBayes v. 3.1.2 (Ronquist and Huelsenbeck 2003)
using the GTR+G+I model, which was selected using MrModelTest v. 2.3 (Nylander
2004) under both Aikake Information Criterion and Hierarchical Likelihood Ratio
Test frameworks. Each analysis consisted of two runs with four chains each (three hot
and one cold chain), run for 1000000 generations with trees sampled every 100
generations. The first 25% percent of trees from all runs were discarded as burn-in.
Unweighted maximum parsimony (MP) analyses of data partitions were conducted in
PAUP* v. 4.0b10 (Swofford 2000) by heuristic search with 10 replicates of random
sequence addition, tree bisection and reconnection branch swapping and a maxtrees
limit of 1000. Non-parametric bootstrap analysis was conducted under the same

conditions for 1000 replicates to determine branch support.

Topological differences between the full alignment topology and each of the three
other largest data partitions (full alignment without ycfl and ycf2, and exon
nucleotides both with and without ycfl and ycf2) were tested for significance using the
Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) with resampling
estimated log-likelihood (RELL) bootstrapping (1000 replicates) under the GTR+G
model of evolution. To further determine which topological differences were most
influential, tests were repeated with the positions of topology-variable accessions
alternately modified to match the full alignment topology. In total, the full alignment

data set was compared to nine different topologies.

Exon indels and stop codon shifts were mapped onto the topology determined by ML
analysis of the full alignment by parsimony mapping using Mesquite v. 2.6 (Maddison
and Maddison, http://mesquiteproject.org). Tests of selection for exons were
performed in MEGA v. 4.0 (Tamura et al. 2007) using the codon-based Z-test for
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selection, with pairwise deletion and the Nei-Gojobori (p-distance) model; variance of
the differences were computed using the bootstrap method with 500 replicates.

Estimation of Divergence Times for Poorly Resolved Nodes

Divergence times for four nodes with topological uncertainty (P. albicaulis - P.
lambertiana N - P. parviflora, P. sibirica - P. cembra - P. koraiensis, P. krempfii —
section Quinquefoliae of subgenus Strobus) were estimated according to Pollard et al.
(Pollard et al. 2006). Chloroplast mutation rate was estimated by averaging maximum
and minimum mutation rates for Pinaceae chloroplast genomes from two previous
studies (Willyard et al. 2007, Gernandt et al. 2008) and assuming a generation time of
50 years (Bouille and Bousguet 2005). Two estimates were calculated for each node
using either low (10000) or high (100000) effective population size (Syring et al.
2007).

Effect of Character Number on Phylogenetic Resolution

(1) Empirical data from Pinus genomes

Variable-size random subsamples of the full alignment were tested under the
parsimony criteria using PAUP* v. 4.0b10 (the faststep option was used for all but the
two smallest partitions due to time considerations). Eleven partition sizes were tested
(2.5, 5, 10, 20, 30, 40, 50, 60, 80, 100 and 120 kb) in five replicates each, with
resolution measured as the percentage of ingroup nodes produced with >95%
jackknife support. Relationships between partition size and ingroup resolution were
estimated using least squares regressions, and 95% confidence limits for individual
points were estimated based on linear regression using SAS JMP 7.0.1 (S.A.S.
Institute, Inc., http://www.jmp.com/). Our full alignment, exon nucleotides and
ycfl/ycf2 partitions were analyzed under the same parsimony criteria for comparison,
as were the alignments of (Wang et al. 1999, Gernandt et al. 2005, Eckert and Hall
2006). Accessions from Gernandt et al. and Eckert et al. (Gernandt et al. 2005, Eckert
and Hall 2006) were pruned to include only taxa common to our sampling; the original
analysis of Wang et al. (Wang et al. 1999) was used since this data matrix was not

available for alternative phylogenetic analyses.

(2) Meta-Analysis of Published Studies
We evaluated 99 phylogenetic analyses from 86 studies published between 2006-2008

in Systematic Botany, Systematic Biology, American Journal of Botany, Taxon,
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Molecular Phylogenetics and Evolution, and Annals of the Missouri Botanical Garden
(see additional data file 2). Analyses were selected based on: 1) the presented
phylogeny was based solely on chloroplast DNA sequence; 2) the analysis included
>10 species from a monophyletic genus; 3) there were more inter- than intra-specific
taxa analyzed within the genus; 4) parsimony-based bootstrap or jackknife values were
presented. Ingroup branches with bootstrap support >95%, the number of ingroup taxa
and the aligned base pairs used in the analysis were recorded for each case. The
authors’ taxonomic interpretations were accepted in instances of taxonomic
uncertainty. Conspecific clades were treated as one taxon unless clearly differentiated
from one another, and internal bootstrap values were disregarded. The number of
branches with bootstrap support >95% was regressed both on the number of aligned
base pairs and the number of taxa (both log-transformed to meet assumptions of

normality and equal variances).

RESULTS

Genomic Assemblies and Alignment

Assemblies in subgenus Strobus averaged 117 kbp, with an estimated 8.8% missing
data (compared to P. koraiensis reference); subg. Pinus assemblies averaged just less
than 120 kbp (6% estimated missing data, compared to P. thunbergii reference).
Outgroup assemblies averaged just over 119 kbp (10.4% average estimated missing
data compared to P. thunbergii reference). Median coverage depth for determined
positions was variable but typically high (range 21-156x) (Table 3.1, also see
Appendix Figure 3.1). Full alignment of all assemblies was 132,715 bp in length,
including 62,298 bp from exons encoding 71 conserved protein coding genes (20,638
amino acids), 36 tRNAs and 4 rRNAs. A high degree of co-linearity is inferred for
these genomes due to the absence of major rearrangements within de novo contigs,
and by the overall success of the polymerase chain reaction (PCR)-based sequence
isolation strategy (indicating conservation of the order of anchor genes containing
primer sites). However, minor structural changes (a tandem duplication in two species
(Lidholm and Gustafsson 1991) and the apparent loss of duplicate copies of psaM and
rps4 in P. koraiensis) could not be confirmed. No evidence of interspecific
recombination was detected, consistent with the rarity of recombination in plant

plastomes (Palmer 1985).
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The aligned matrix contained 7,761 parsimony informative ingroup substitutions
(4,286 non-coding positions and 3,475 coding positions) (Table 3.2). Over one-half of
parsimony informative sites (55.0%) in protein coding regions resided in ycfl and
ycf2, two large genes of uncertain function (Drescher et al. 2000), that accounted for
22% of all exon sequence (Fig. 3.1A, 3.1B). No other exons in the pine plastome
exhibit such a disproportionate number of parsimony informative sites (Fig. 3.1C).
These loci have an elevated nonsynonymous substitution rate (Table 3.3) and appear
to have a substantial number of indels in Pinus, although it was not possible in many
cases to confidently score indels in these loci due to the inherent limitations of
reference-guided assembly of short reads in length variable regions. Start codon
position, overall length and stop codon positions were nonetheless largely preserved in
these loci across the genus. In addition to substitutions in exons, 48 ingroup exon

indels and 23 ingroup stop codon shifts were identified in 26 loci.

Phylogenetic Resolution in Non-Random and Randomized Data Partitions

Full alignment partitions yielded a higher proportion of highly supported nodes, with
88-91% (29-30/33) of ingroup nodes resolved with bootstrap support >95% in
likelihood analysis. The four largest data partitions tested (full alignment and
concatenated exon nucleotides, both with and without ycfl and ycf2) yielded results
that were topologically identical with the exception of four taxa (P. albicaulis, P.
krempfii, P. lambertiana N, P. parviflora) (Figs. 3.2 and 3.3). In addition, support for
the branching order of P. cembra, P. koraiensis and P. sibirica was low in full
alignment partitions. Topological differences were found to be significant according to
Shimodaira-Hasegawa comparisons of the full alignment topology to two of the other
major partitions (full alignment and exon nucleotides without ycfl and ycf2). Trends in
significance were most strongly influenced by the two alternative positions of P.
krempfii (Fig. 3.2 vs. Fig. 3.3A, C; Table 3.4). With the exception of P. krempfii, areas
of topological uncertainty reside in a single clade that historically has lacked internal
resolution (subsection Strobus) (Wang et al. 1999, Gernandt et al. 2005, Eckert and
Hall 2006). Coalescent estimations suggest that these poorly resolved subsection
Strobus haplotypes diverged in rapid succession relative to the age of their shared
nodes (0.009 to 0.44 coalescent units, or ca. 90,000 — 450,000 years) (Table 3.5). A
putative chloroplast capture event in P. lambertiana previously documented (Liston et
al. 2007) was also supported with whole-plastome results. Substantial resolution was

achieved in analyses of ycfl and ycf2 data partitions, however we observed several
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topological differences from the full alignment with high support (primarily involving
the species discussed above) (Fig. 3.4).

Of the 71 exon coding indels and stop codon shifts identified, 35 mapped
unambiguously to monophyletic groups (i.e., no accessions in a group were missing
data for that event) (Figs. 3.5 and 3.6). All of these groups had strong support in
nucleotide-based phylogenetic analyses (100% likelihood and parsimony bootstrap
support). The remainder of these events were primarily either putatively monophyletic
(missing data in one or more members of a clade) or showed strong evidence of

homoplasy (Figs. 3.5 and 3.6).

In parsimony analyses of variable-sized jackknife samples of our full alignment, nodal
support showed a strong positive correlation with the length of the nucleotide matrix
(proportion nodes >95% = -1.0808 + 0.38497xlogy,[matrix size, bp]; r*=0.915,
P<0.0001) (Fig. 3.7A). Resolution of full alignment and exon nucleotide partitions
was indistinguishable from random jackknife samples of comparable size, indicating
similar phylogenetic content of these partitions and corresponding similar-sized
random genomic subsamples. Partitions consisting of ycfl and ycf2 — in particular
ycfl, and ycfl and ycf2 combined — showed significantly higher resolution than the
genome-wide average (Fig. 3.7A). The concatenated partition ycfl + ycf2 (13.1 kb;
77.4% nodes >95% bootstrap support) yielded only slightly less phylogenetic
resolution than all exons combined (62.3 kb; 80.6% nodes >95% bootstrap support) in

parsimony analysis.

Comparisons to Previous Pinus Phylogenies

Previous chloroplast DNA-based estimates of infrageneric relationships in Pinus
(Wang et al. 1999, Gernandt et al. 2005, Eckert and Hall 2006) sampled the same
species and/or lineages as our study, and inferred relationships using 2.82 to 3.57 kb of
chloroplast DNA. Results of these studies are largely consistent with our results,
although highly supported nodes (=95%) accounted for only 13 to 23% of the total
ingroup nodes (23% to 42% if (Gernandt et al. 2005, Eckert and Hall 2006) adjusted to
match our species composition). The empirical results of these studies fell within or
close to the 95% prediction intervals established from our jackknife resampling

response from our full genome alignment (Fig. 3.7A), indicating that the loci used in
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prior studies (primarily rbcL and matK) are similarly informative as a comparable
sample of random nucleotides from the chloroplast genome.

Meta-Analysis of Published Infrageneric Studies

From our sampling, infrageneric analyses in plants published from 2006-2008 were
typically based on 2574 aligned bp (95% bootstrap confidence interval: 2292, 2864) of
sequence data, evaluated 31.7 ingroup species (95% bootstrap confidence interval:
20.2, 43.2), and resolved 22.6% of nodes at >95% bootstrap support (95% bootstrap
confidence interval: 18.6, 26.5). Regression analysis shows that the proportion of
highly resolved nodes in these studies is significantly and positively correlated with
matrix length (Fy s = 18.032; r’=0.149; P < 0.0001) but not the number of included
taxa (Fy97 = 0.546; r?=0.006; P = 0.461), although there was a negative trend in the
latter (Fig. 3.7B, 3.7C). Our current sample size is typical in the number of taxa
sampled, but both matrix length (132.7 kbp) and the proportion of highly bootstrap-
supported nodes (84.8% parsimony, 90.3% maximum likelihood (ML)) were
substantially higher.

DISCUSSION

Our results highlight that whole plastome sequencing is now a feasible and effective
option for inferring phylogenies at low taxonomic levels. Compared to previous
chloroplast-based phylogenetic analyses in Pinus, our data matrix contained
approximately 60 times more phylogenetically informative characters resulting in an
approximately two- to four-fold increase in the proportion of highly resolved nodes
(after adjusting results of previous studies to match our species composition) (Fig. 3.8,
Table 3.2). An important question arising from these comparisons is whether the
difference in resolution is entirely attributable to the increase in nucleotides, or
whether the genomic partitions sequenced in prior studies were less informative on
average than the rest of the genome. In fact, the resolution provided by loci used in
previous Pinus studies is indistinguishable from or slightly greater than that of
comparably sized random genomic subsamples from our full alignment. Combined
with the strong correlation between resolution and the size of random genomic
subsample, this suggests that the increase in resolution in this study is primarily due to
the increase in matrix length. This is further supported by a significant relationship

between resolution and matrix length in a broad sampling of chloroplast-based
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infrageneric phylogenies. Based on these results, we predict that whole-plastome
analysis will yield similar gains in phylogenetic resolution not only in the genus Pinus
but for most land plant genera. On the other hand, it is apparent that even the entire
chloroplast genome may be insufficient to fully resolve the most rapidly radiating
lineages. In this regard, our results are reflective of previous analyses of ancient rapid
radiations wherein nodal resolution does not scale proportionately to the length of
sequence analyzed (Fishbein et al. 2001, Wortley et al. 2005). Notably, the position of
P. krempfii was significantly different between the four largest data partitions (Table
3.4), even though this species does not appear to be associated with a rapid radiation
(Table 3.5). This result is not completely unexpected, as this species has previously
been difficult to place phylogenetically (Wang et al. 2000, Syring et al. 2005). An
unequivocal resolution of this species will likely require the inclusion of multiple

nuclear loci (Syring et al. 2005).

When considering recent divergence, the disproportionately high mutation rate in ycfl
(and ycf2, to a lesser extent) demonstrated here is of importance, and mirrors findings
in other plant taxa (Chung et al. 2007, Neubig et al. 2009) and recently in Pinus
subsection Ponderosae (Gernandt et al. 2009). These loci should be informative for
phylogenetic studies in recently-diverged clades or in population-level studies in a
range of plant species. Discretion is advised, however, as ycfl (and possibly ycf2)
appears to be a target of positive selection at least in Pinus and may reflect adaptive
episodes rather than neutral genealogies. In likelihood analyses of ycfl and ycf2, we
observed several topological differences from the full alignment at the subsectional
level, further demonstrating that caution must be taken in drawing phylogenetic
conclusions from these two loci. Although we were able to confidently score small
structural changes (indels and stop codon shifts) for all other exons, it was not possible
to score indels for ycfl and ycf2 due to the apparent high rate of indel formation in
these loci. In all other loci examined, small structural changes only delineated clades
with concurrent high support from nucleotide-based analyses (both in present study
and (Wang et al. 1999, Gernandt et al. 2005, Eckert and Hall 2006)), and thus are
likely to be of limited use in species or population level discrimination. It is not clear

whether this will also be the case in ycfl and ycf2.

It is reasonable to ask whether increased resolution is worth the effort of assembling

whole plastomes. Considering the conservative nature of bootstrap measures (Hillis
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and Bull 1993, Suzuki et al. 2002, Alfaro et al. 2003, Douady et al. 2003), systematists
often accept bootstrap values of >70% as reliable indicators of accurate topology
(Hillis and Bull 1993). Simulation studies (Alfaro et al. 2003), however, have
demonstrated greatly increased accuracy (~42x) with bootstrap values >95% versus
>70%, and the initial formulation of the phylogenetic bootstrap used >95% as the
threshold for topological significance (Felsenstein 1985). Our results similarly support
using a 95% bootstrap support cutoff for conclusive evidence as in both areas of
topological differences, more than one clade received bootstrap support >70% by
analysis of alternate data partitions. It is probable that conflicting topologies with
>70% but <95% bootstrap support accurately reflect data partitions yet may not
represent the plastome phylogeny, and here the use of entire organelle genomes makes
it possible to adopt more conservative criteria of nodal support. There are further
biological reasons why an organellar phylogeny (essentially a single-gene estimate)
may not accurately represent the organismal phylogeny; these include interspecific
hybridization, incomplete lineage sorting, and stochastic properties of the coalescent
process. Nonetheless, phylogenetic reconstruction based on complete organellar
sequences may facilitate the detection of such phenomena, by reducing errors and

uncertainty due to insufficient sampling of DNA sequence.

In conclusion, plastome sequencing is now a reasonable option for increasing
resolution in phylogenetic studies at low taxonomic levels and will continue to
become an increasingly simple process. As sequencers evolve to even higher capacity
and multiplexing becomes routine in the near future, this will allow more extensive
taxon and genomic sampling in phylogenetic studies at all taxonomic levels. It is
estimated that sequencing capacity on next generation platforms will approach 100
gigabase pairs per sequencing run by the end of 2009. For perspective, this is
sufficient sequence capacity to produce all 100 genus-level data sets used in our meta-
analysis (including ours) at greater than 100x coverage depth in a single sequencing
run. Based on the estimates of Cronn et al. (Cronn et al. 2008), this sequencing
capacity would also allow the simultaneous sequencing of several thousands of animal
mitochondria, which could greatly benefit low-level taxonomic or population-based
studies in animals that currently tend to rely on relatively short sequences from many
individuals (Patenaude et al. 2007). It is also clear that these improvements could
enable other pursuits that are currently hindered by limited sequencing capacity, such

as identification of plants by diagnostic DNA sequences (DNA barcoding). The
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recently agreed upon two locus chloroplast barcode for plants claims only 72%
“unique identification to species level” (Hollingsworth et al. 2009). Based on results
herein, whole plastome sequences have the potential to be more highly discriminating
and efficient plant DNA barcodes; in fact, the possibility of plastome- and mitome-
scale barcodes has been raised previously (Erickson et al. 2008). Results in this area
(as well as in phylogenetic and phylogeographic analyses) will be impacted
particularly if advances in target isolation and enrichment (Porreca et al. 2007, Gnirke
et al. 2009, Herman et al. 2009) and streamlining sample preparation (Quail et al.

2008) prove globally effective.
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Figure 3.1. Length and information content of 71 exons common to Pinus accessions
sampled in this study. A) Exon contributions to length as proportion of total exome
length. B) Exon contributions to parsimony informative sites as proportion of total
exome parsimony informative sites. C) Distribution of exons in relation to length and
parsimony informative sites. In A) and B) most exons are shown by functional group
(i.e., atp(), psb(); number of corresponding loci indicated in parentheses) for
visualization purposes. In C) all exons were treated individually (N=71). Trendline in
C) based on all exons with exception of ycfl and ycf2 to emphasize their departure
from trend in other exons.
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Figure 3.2. Phylogenetic relationships of 35 pines and four outgroups as determined
from full plastome sequences. Support values are only shown for nodes with bootstrap
/ posterior probability values less than 100% / 1.0, and are shown as ML bootstrap /
MP bootstrap / Bl posterior probability. Branch lengths calculated through RAXML
analysis, and correspond to scale bar (in units of changes / nucleotide position). Inset
shows topology of outgroups relative to ingroup accessions.
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Figure 3.3. Phylogenetic relationships of 35 pines and four outgroups as determined
from different data partitions. A) Full alignment without ycfl and ycf2. B) Exon
nucleotide sequences. C) Exon nucleotide sequences without ycfl and ycf2. Support
values are only shown for nodes with bootstrap / posterior probability values less than
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Figure 3.4. Phylogenetic relationships of 35 pines and four outgroups as determined
from ycfl and ycf2 partitions. A) ycfl only. B) ycf2 only. C) ycfl and ycf2 combined.
Support values are only shown for nodes with bootstrap / posterior probability values
less than 100% / 1.0, and are shown as ML bootstrap / MP bootstrap / Bl posterior
probability. Branch lengths correspond to scale bar (in units of changes / nucleotide
position, ML analysis). Dashes indicate <50% bootstrap support or <.50 posterior
probability, * indicate topological difference between either parsimony or Bayesian
analyses and ML. Accessions whose position differs from that in full alignment

analysis indicated in bold.
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Figure 3.5. Phylogenetic distribution of exon coding indel mutations in sampled Pinus
accessions. Exon names given above boxes, size of indel (bp) and polarity (“+” =
insertion, “-” = deletion) given below boxes. Polarity of events determined by
comparison to most distant outgroups. Due to the apparent high rate of indel
formation in ycfl and ycf2, these loci were not able to be confidently scored for indels
and are not included in this diagram. Events for only the first copy of psaM are
reported. Branching order of tree corresponds to RAXML analysis of complete
alignment. Diagonal lines represent putative reversals of indel events. * indicates
missing data for one or more accessions of clade. Thin internal branches correspond to
ML bootstrap support <95% or topological difference in four largest data partitions
(full alignment and exon nucleotides, with and without ycfl and ycf2).
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Figure 3.6. Phylogenetic distribution of stop codon mutations in sampled Pinus
accessions. Exon names given above boxes, amino acid shift relative to stop codon
position in outgroups given below boxes. Polarity of events determined by comparison
to most distant outgroups; “+” signifies extension of coding region due to stop codon
mutation, “-” signifies shortening. The value of zero for the psbH- and psaM-
associated events corresponds to events that alter the original stop codon without
altering the total number of codons in the locus. Events for only the first copy of psaM
are reported. Diagonal line represents a putative reversal in psal of P. parviflora.
Branching order of tree corresponds to RAXML analysis of complete alignment. *
indicates missing data for one or more accessions of clade. Thin internal branches
correspond to ML bootstrap support <95% or topological difference in four largest
data partitions (full alignment and exon nucleotides, with and without ycfl and ycf2).
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(@) of full alignment of current study. Labelled data points (A) represent resolution of
the following: a - Wang et al. (Wang et al. 1999), b - Gernandt et al. (Gernandt et al.
2005), ¢ - Eckert and Hall (Eckert and Hall 2006), d - ycf2, e - ycf1, f - combined ycfl
and ycf2, g - exon nucleotides, h - complete alignment. B) Relationship between
matrix length and phylogenetic resolution in published studies (N=99). C)
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(N=99). Regression lines are shown in red; 95% confidence intervals shown in blue.
X-axes of A, B and C and Y-axes of B and C are in log scale.
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A

Figure 3.8. Comparative phylogenetic resolution of Pinus species used in this study.
Resolution from A) two chloroplast loci (Gernandt et al. 2005) and B) our complete
alignment. Distance bar corresponds to 100 nucleotide changes, and is scaled for
either tree. * indicate branches with <95% (likelihood) bootstrap support in B)
(likelihood and parsimony topologies were completely congruent).



Table 3.1. Multiplex tags and read count for sampled accession. “/” indicates
accession was multiplex sequenced in two sequencing runs. Median coverage is
reported for determined positions (>2x coverage depth) in reference-guided analysis.
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Read Length

Multiplex Number of (bp, without Median
Accession Tag Reads tag) coverage

Abies firma AGCT 3110857 36 116
Cedrus deodara CCCT 1338443 36 74
Larix occidentalis GGT 719060 33 30
Picea sitchensis ATT/AATT 1268688 /710117 33/37 80
Pinus albicaulis AGCT 869509 36 54
P. aristata ACGT 1884108 36 100
P. armandii AGCT 1233280 36 109
P. attenuata ACGT 1230397 36 64
P. ayacahuite CCCT 1173420 36 96
P. banksiana AGCT 2307302 36 65
P. canariensis CCCT 1069293 36 95
P. cembra CTGT 1166707 36 40
P. contorta CCT 1423631 / 423905 33/37 65
P. chihuahuana CTGT 950336 36 21
P. flexilis GGGT 1545509 36 136
P. gerardiana GGT 1336725 33 98
P. krempfii AAT 1569301 33 112
P. lambertiana N ATT 1426598 / 33/37 99

1443555
P. lambertiana S CCCT 1180289 36 113
P. longaeva CCT 930078 33 89
P. merkusii ATT 632411 / 585832 33/37 37
P. monophylla GGT 1233556 33 145
P. monticola CTGT 1460934 36 75
P. nelsonii AAT 1139491 / 329838 33/37 81
P. parviflora CCCT 920102 36 45
P. peuce TACT 1402996 36 98
P. pinaster GGT 1745043 33 77
P. ponderosa CCT 16859450 33 44
P. resinosa GGGT 2145134 36 48
P. rzedowskii TACT 2419507 36 156
P. sibirica CTGT 947216 36 60
P. squamata TACT 1956311 36 97
P. strobus GGGT 864197 36 42
P. taeda CGT 1305703/ 33/37 90

1219158
P. thunbergii AAT 1850050 / 33/37 104

2690553
fdri‘;;fg:”a ssp. CTGT 1114111 36 76
P. torreyana ssp. ACGT 1157851 36 88

insularis




Table 3.2. Summary of variable and parsimony informative sites in data partitions.
Data from Gernandt et al. (2005) and Eckert and Hall (2006) pruned to include only
ingroup species and outgroup genera common to our study. (Pl = parsimony
informative.)
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Pines only Pines and
Variable Pl outgroups
positions positions Variable
Aligned (% of (% of positions PI positions
Treatment length total) total) (% of total) (% of total)
All
Nucleotides 132085 11179 (8.5) 7761(5.9) 22834 (17.3) 11534 (8.7)
All
Nucleotides
without ycf1, 118935 8755(7.4) 5852 (4.9) 18978 (16.0) 9038 (7.6)
ycf2
Exon 62298 4716 (7.6) 3475(5.6) 8346 (13.4) 4867 (7.8)
Nucleotides
Exon 49044 2291 (4.7) 1566 (3.2) 4489 (9.2) 2381 (4.9)
Nucleotides
without ycfl,
ycf2
ycfl 6355 1514 (23.8) 1227 (19.3) 2165(34.1) 1507 (23.7)
ycf2 6794 910(13.4) 682 (10.0) 1686 (24.8) 987 (14.5)
ycfl+ycf2 13149 2424 (18.4) 1909 (14.5) 3851 (29.3) 2494 (19.0)
Wang et al.
3513 196 (5.6) 127 (3.6) 482 (13.5) 243 (6.8)
(1999)
Gernandt et al.
2817 197 (7.0) 128 (4.5) 345 (12.2) 167 (5.9)
(2005)
Eckert and
3288 217 (6.6) 123 (3.7) 411 (12.5) 206 (6.3)

Hall (2006)
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Table 3.3. Codon-based Z-test for selection results for exon sequences.
Results shown are overall average of all ingroup pairwise comparisons, with
significance at P < 0.05 indicated in bold.

P value P value P value P value
Ha: Ha: test Ha: Ha: test
exon dN>dS dN<dS statistic exon dN>dS dN<dS statistic
accD 1 0.2013 0.8400 pshK 0.3925 1 0.2735
atpA 1 0.0146 2.2071 pshL 0.0922 1 1.3350
atpB 1 0.0007 3.2809 psbM 0.0125 1 2.2697
atpE 0.0632 1 1.5390 psbN 1 0.1632 0.9854
atpF 0.0888 1 1.3559 pshT 1 0.1193 1.1842
atpH 1 0.0210 2.0561 psbZ 1 0.0783 1.4253
atpl 1 0.0622 1.5477 rbcL 1 0.0000 45278
CCSA 1 0.1785 0.9248 rpl2 1 0.0031 2.7867
cemA 1 0.2453 0.6915 rpl14 1 0.0234 2.0097
chiB 1 0.0002 3.6305 rpl16 1 0.0463 1.6957
chiL 1 0.0039 2.7022 rpl20 1 0.0359 1.8161
chiN 1 0.0000 5.9654 rpl22 1 0.0057 2.5720
clpP 0.4634 1 0.0920 rpl23 1 0.2150 0.7919
infA 1 0.1554 1.0177 rpl32 1 0.1692 0.9613
matK 1 0.1628 0.9871 rpl33 1 0.0695 1.4893
petA 1 0.0140 2.2233 rpl36 1 0.1550 1.0194
petB 1 0.0022 2.9021 rpoA 1 0.0691 1.4928
petD 1 0.1025 1.2742 rpoB 1 0.0000 4.2298
petG 1 0.0697 1.4881 rpoC1 1 0.0103 2.3448
petL 0.0791 1 1.4197 rpoC2 1 0.0017 2.9858
petN 1 0.1594 0.9990 rps2 1 0.0583 1.5804
psaA 1 0.0000 5.5339 rps3 1 0.0019 2.9447
psaB 1 0.0000 5.3084 rps4 1 0.0062 2.5373
psaC 1 0.1711 0.9537 rps7 0.0130 1 2.2541
psal 0.0482 1 1.6756 rps8 1 0.3590 0.3619
psal 1 0.4104 0.2270 rpsll 1 0.0638 1.5339
psaM 0.4967 1 0.0084 rpsl2 1 0.1016 1.2795
psbA 1 0.0004 3.4212 rpsl4 1 0.0984 1.2977
psbB 1 0.0003 3.5747 rpsl5 1 0.0070 2.4949
psbC 1 0.0002 3.6848 rpsl8 1 0.1515 1.0343
psbD 1 0.0045 2.6582 rpsl19 1 0.0863 1.3722
psbE 1 0.0642 1.5310 ycfl 0.0000 1 4.0848
psbF 0.0587 1 1.5769 ycf2 0.0156 1 2.1793
psbH 0.0124 1 2.2732 ycf3 1 0.0813 1.4051
psbl 1 0.1810 0.9151 ycf4 1 0.0531 1.6274

psbJ 0.0916 1 1.3389
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Table 3.4. Shimodaira-Hasegawa test results. Results of significance testing for
topology comparisons of the full alignment (Fig. 3.2) versus the three other largest
data partitions (Fig. 3.3). For each set of comparisons, the first row represents
comparison of unmodified maximum likelihood topologies. In the second and third
rows the positions of P. krempfii and P. albicaulis — P. lambertiana N — P. parviflora
were modified as indicated. Topologies that differ within a comparison are indicated
in bold. Significant topological differences at P < 0.05 are indicated with an asterisk.

P. albicaulis, P. lambertiana N,

P. krempfii topologies P. parviflora topologies P- value
Fig. 3.2 vs. 3.3A 3.2vs. 3.3A 0.011*
Fig. 3.2vs. 3.2 3.2vs. 3.3A 0.153
Fig. 3.2 vs. 3.3A 3.2vs. 3.2 0.024*
Fig. 3.2 vs. 3.3B 3.2vs. 3.3B 0.351
Fig. 3.2 vs. 3.3A 3.2vs.3.3B 0.063
Fig. 3.2 vs. 3.3A 3.2vs. 3.2 0.063
Fig. 3.2vs. 3.3C 3.2vs.3.3C 0.005*
Fig.3.2vs. 3.2 3.2vs.3.3C 0.050
Fig. 3.2vs. 3.3C 3.2vs. 3.2 0.024*
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Table 3.5. Estimated divergence times of poorly resolved nodes

Al divergence time estimates assume a chloroplast mutation rate of 3.26 x 10™%°
substitutions / site / year. Coalescent units reported are based on either high (100000)
or low (10000) effective population (Ne) sizes. Maximum likelihood (ML) branch
lengths are shown as substitutions/site. Estimated divergence times are presented in
years (top), generations (middle) and coalescent units for high/low N, (bottom).

ML branch length  Estimated divergence

Node (substitutions/site) time
P. krempfii - 1126539
section 0.000370 22531
Quinquefoliae 0.113/1.13
P. parviflora - 442057
: . - 0.000144 8841
P. albicaulis 0.044/0 44
. . 92095
P. albicaulis -
. 0.000030 1842
P. lambertiana N 0.009/0.09
P. cembra - 260936
P. koraiensis / 0.000085 5219

sibirica 0.026/0.26
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ABSTRACT

Primers were designed to amplify the highly variable locus ycfl from all 11 subsections of
Pinus to facilitate plastome assemblies based on short sequence reads as well as future
phylogenetic and population genetic analyses. Primer design was based on alignment of 33
Pinus and four Pinaceae plastomes with mostly incomplete ycfl sequences. Sanger sequencing
of 12 Pinus accessions resulted in open reading frames ranging in size from 5.2 to 6.1 kbp.
Highest sequence diversity was identified in two regions totaling 5.5 kbp aligned length which
can be targeted in all pine subsections with three primer combinations. Preliminary results
suggest the primers described also amplify homologous targets in the broader Pinaceae. The
successful design and implementation of PCR primers spanning the large, variable locus ycfl
in Pinus represents the development of a valuable tool in pine genetic studies, and should

facilitate studies throughout Pinaceae.
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INTRODUCTION

‘Next-generation’ sequencing technologies, which feature nucleotide sequence output
measured in millions to billions of base pairs, are revolutionizing DNA- and RNA-based
research. However, the short read length characteristic of these technologies (currently tens to
several hundreds of base pairs) often makes it difficult or impossible to accurately assemble
and characterize regions highly divergent from available reference sequences. For
phylogenetic or population genetic pursuits, such regions are often of great utility. In the
genus Pinus, the locus ycfl was identified as highly variable based on nearly complete
plastome sequences assembled from Illumina short-read sequence data (Parks et al. 2009), and
subsequently used to study the phylogeny of the species-rich subsection Ponderosae
(Gernandt et al. 2009). Nonetheless, a fuller accounting of this locus is desirable, as the ycfl
sequences assembled by Parks et al. (2009) and Cronn et al. (2008) contained a substantial
portion of undetermined positions (largely due to difficulties in assembly of short reads), and

the analyses of Gernandt et al. (2009) used only ca. 20% of total ycfl sequence length.

We designed 14 primers to allow amplification of the entire ycfl locus from all 11 of the
currently recognized Pinus subsections (Gernandt et al. 2005). Our sequencing efforts focused
on 10 of the 11 subsections, as a complete ycfl sequence is already available for subsection
Pinus (GenBank record NC_001631.1, Wakasugi et al. 1994). In addition, although a
complete ycfl sequence is also available for subsection Strobus (Pinus koraiensis, GenBank
record NC_004677.2), we sequenced two additional members of this subsection in order to
verify a repetitive region reported in P. koraiensis. Amplicons were subsequently sequenced
using Sanger technology and combined to assemble complete or nearly complete reading
frames of ycf1 for each accession. Potential applicability of these primers to the broader
Pinaceae was also investigated by alignment of ycfl sequences to four non-Pinus members of

Pinaceae and PCR amplifications using two primer pairs.

METHODS AND RESULTS

Total genomic DNA was extracted from frozen leaf or mega-gametophyte tissues of 12
accessions representing 10 of the 11 Pinus subsections sensu Gernandt et al. (2005) (Appendix
1) using the standard FastDNA extraction protocol (MP Biomedicals, Ohio, USA).
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Fourteen primers (Table 4.1, Figure 4.1) were designed to cover the ycfl locus based on
conserved regions in an alignment of 33 Pinus species and four non-pine outgroups from the
Pinaceae (Parks et al. 2009) (GenBank FJ899555-FJ899583, EU998739-EU998746). PCR
amplifications using various combinations of these primers were performed with either
Phusion DNA polymerase and Phusion buffer HF or Tag polymerase and Thermopol buffer
(New England Biolabs, Massachusetts, USA). Generally, PCR reactions were carried out as:
30 sec 98° C (one cycle), 8 sec 98° C, 30 sec 55-59° C, 30 sec/kb 72° C (25-30 cycles), 5min
72° C (1 cycle), final hold temperature of 4° C. For problematic amplifications, several
strategies were pursued, including: 1) varying annealing temperatures (max 60° C, min 52°
C); 2) use of alternative buffer or additives (for example, Phusion GC buffer with 0.25 pl
100% DMSO / 50 pl reaction volume or addition of 0.1 ul BSA (10mg / ml) / 50 ul reaction
volume when using Taq polymerase); 3) pairing primers herein with alternative primers
designed to target the Pinus plastome in the vicinity of ycfl (Cronn et al. 2008). Amplification
success was determined by gel electrophoresis using 1% agarose gels stained with GelRed (ca.
1:30,000 v/v) (Phenix Research Products, North Carolina, USA) and run for 30 min at 110 V.
Successful amplifications (i.e., strong, single bands) were submitted for Sanger sequencing to
the University of Washington High-Throughput Genomics Unit (www.htseq.org) using the

above described PCR primers for sequencing.

Quality-trimming of sequence reads was performed by the UW High-Throughput Genomics
Unit based on a quality score cutoff of Q20 (corresponding to 99% confidence in a base call),
which is a commonly used cutoff for initial quality filtering (Ewing and Green 1998,
Richterich 1998). Reads were trimmed from their 5" and 3" ends until windows of 50
consecutive positions contained fewer than 10 base calls <Q20. At this point the remaining
sequence, including all positions in the current window, was considered to have passed quality
filtering, although some remaining positions were subject to manual masking in subsequent
steps (see below). The resulting filtered sequences were manually aligned to their reference
genome in BioEdit v7.0.5 (Hall 1999); in all cases, the original assembly of Cronn et al.
(2008) or Parks et al. (2009) served as the reference for an accession’s assembly. Assembly
problems were identified by translation of the ycfl reading frame as well as comparison of
overlapping aligned reads where possible. Putative internal stop-codons, frame-shift mutations
and discordant base calls between overlapping aligned reads or aligned reads and their

reference were investigated through examination of sequence chromatograms and/or
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resequencing. In some cases positions within the quality-filtered reads were masked by hand
based on a combination of low quality score (<Q20) and discordance with overlapping reads
or their previously published assemblies. Sequence polymorphism of final assemblies
(measured as Watterson’s #) was evaluated using the program DnaSP v.5.10.00 (Librado and
Rozas 2009).

Alignment of sequence reads allowed complete or nearly complete assembly of the ycfl locus
from 12 Pinus accessions representing all of the targeted Pinus subsections (Table 4.2).
Assembled lengths of ycfl ranged from ca. 5.2 to 6.2 kbp, and averaged over 500 bp longer in
subgenus Strobus than in subgenus Pinus (Table 4.2). Areas of highest sequence diversity in
aligned Pinus ycfl were found between positions 500-3500 and 5500-8000 of the 8.3 kbp
alignment. These regions are mostly bounded by the primers A to B (E to G in subgenus

Strobus), and C to D, respectively (Figure 4.1).

Alignment of primer sequences to four non-pine members of Pinaceae (Picea sitchensis, Larix
occidentalis, Cedrus deodara, Abies firma, GenBank identifiers included above) suggested
that most of the primers should be effective throughout the family. For primers 1-4 and A-G,
each outgroup accession on average differed at 1.18 + 1.23 (SD) positions in the primer
sequence, while the average distance of these differences from the primer’s 3" end was 10.21
+ 4.98 bp (SD). Using the described PCR strategies, all four non-pine species tested also
successfully PCR-amplified with each of two primer combinations (ycf1.1/ycf1.3 and
ycfl.2/ycfl.4), resulting in amplicons of expected size.

CONCLUSIONS

Based on our results, the primers described should be useful tools in studies employing ycfl as
a phylogenetic or population genetic marker in species of Pinus, and likely throughout
Pinaceae. While full sequencing of this locus may require additional primers, a substantial
portion of the most variable regions of this locus can be targeted with a small number of
primers. In addition, the complete to nearly complete subsectional ycfl sequences generated
should aid in reference-guided assembly from next-generation sequencing data in future

projects targeting Pinaceae chloroplast genomes or the ycfl locus specifically.
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C 0.25
0.2
Theta 0.15
@)
0.1
0.05
0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Alignment position (bp)

Figure 4.1. Map of primer locations used in ycfl1 amplifications. A) Map of primer locations
used in ycfl amplifications in subgenus Pinus. Coordinates correspond to locations in the
Pinus thunbergii chloroplast genome (Wakasugi et al. 1994); B) Map of primer locations used
in ycfl amplifications in subgenus Strobus. Coordinates correspond to locations in the Pinus
koraiensis chloroplast genome (GenBank NC_004677.2). In both A) and B), primer
coordinates represent 5° end of the primer; gap in ycfl of A) corresponds to a repetitive region
of ca. 900 bp aligned length found in subgenus Strobus but not present in subgenus Pinus. C)
Graph of Watterson’s theta (¢) as measured in 100bp windows along the aligned length of ycfl
for Pinus accessions sequenced in this study and Pinus thunbergii (Wakasugi et al. 1994) and
Pinus koraiensis (GenBank NC_004677.2). Light dotted lines indicate approximate locations
of regions of high & values in relation to primer locations in parts A) and B).
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Table 4.1. Information for primers used in ycf1 amplifications and sequencing. Primers from
Cronn et al. (2008) were used mainly as alternative primers for difficult to amplify
accessions/regions.

Region
chIN
ycfl
ycfl
rpsls
ycfl
ycfl
ycfl
ycfl
ycfl
ycfl
ycfl
ycfl

ycfl
ycfl
trnN-
GUU
ycfl
ycfl
ycfl
ycfl

psaC

Primer Name
ycfl.1
ycfl.2
ycfl.3
ycfl.4
ycfl.A
ycfl.B
ycfl.C
ycfl.D
ycfl.E
ycfl.F
ycfl.G

subs. Australes
insert F

subs. Australes
insert R

subs. Parrya
insert F

28F

28R
29F
29R
30F

30R

Source

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

This paper
This paper

(Cronnetal.,
2008)
(Cronnetal.,
2008)
(Cronnetal.,
2008)
(Cronnetal.,
2008)
(Cronnetal.,
2008)
(Cronnetal.,
2008)

Sequence (5" to 3")
TAGATAACTTGGATCGGACCAC
TTCCTTTTCGTTTGAAGCCTT
TCTTATTCCTGTAGATCCCATCAAT
GATCCTCTCTGTTTATCGGGAA
TGGGCGGTCATATTCTATT
TTAAGTTCCGACGATAATCTG
AAGATTTTGAAATTCGTCCTG
TACGACGTTTTGGAAGC
GGCGGTCATATTCTATTCAT
TGCCAATGCTCAGAGATA
CTCGGCATGATAACGTTT
GAAGGAAACAACAAATGTTCTAG

CATAACCCTGCAAATATTCG
GATCCGGATTAGATTTAAAATTCT
'CI';'IC';AACAGCCGACCGCTCTAC
GTAGAGCGGTCGGCTGTTA
TCCCGTATTAACAAGACTGGTG
CCAGTCTTGTTAATACGGGATTT
TTGGATCACGAAAAACCACA

TGTGGTTTTTCGTGATCCAA




Table 4.2. ycfl sequencing and assembly success for accessions representing Pinus
subsections. (P) and (S) indicate subgenus Pinus and Strobus, respectively.
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Subsection

Australes (P)
Contortae (P)
Pinaster (P)
Pinaster (P)

Ponderosae (P)

Balfourianae

(S)
Cembroides (S)

Gerardianae (S)
Krempfianae (S)
Nelsoniae (S)

Quinquefoliae

()

Quinquefoliae

()

Species

Pinus taeda
P. contorta
P. canariensis
P. pinaster

P. ponderosa

average length
(SD)
P. aristata

. monophylla

. gerardiana

=)
=)

P. krempfii
P. nelsonii

P. flexilis

P. lambertiana

average length
(SD)

Estimated
length of ycfl

(bp)
5259

5547
5448
5472
5784

5502 (190)

5772

6054
5781
6222
6036
5901

6114

5983 (170)

Estimated number of
undetermined positions

350
0
48
48
1
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ABSTRACT

Through next-generation sequencing, the amount of sequence data potentially available for
phylogenetic analyses has increased exponentially in recent years. Simultaneously, the risk of
incorporating ‘noisy’ data with misleading phylogenetic signal has also increased, and may
disproportionately influence the topology of weakly supported nodes and lineages with rapid
radiations and/or elevated rates of evolution. We investigated the influence of phylogenetic
noise in large data sets by applying two fundamental strategies, variable site removal and
long-branch exclusion, to the phylogenetic analysis of a full plastome alignment of 107
species of Pinus and six Pinaceae outgroups. While high overall phylogenetic resolution
resulted from inclusion of all data, three historically recalcitrant nodes remained conflicted.
Close investigation of these nodes revealed dramatically different responses to data removal.
Whereas topological resolution and bootstrap support for two clades peaked with removal of
highly variable sites, the third clade resolved most strongly when all sites were included.
Similar trends were observed using long-branch exclusion, but patterns were neither as strong
nor as clear. When compared to previous phylogenetic analyses of nuclear loci and
morphological data, the most highly supported topologies seen in our plastome analysis are
consistent for the two clades gaining support from noise removal and long-branch exclusion,
but inconsistent for the clade with highest support from the full data set. These results suggest
that removal of noise in phylogenomic datasets can result not only in increased resolution for
poorly supported nodes, but serve as a tool for identifying highly supported, but likely
incorrect topologies. In addition, removal of variable sites appears to be more effective than

long-branch exclusion for reducing the impact of noise in our data set.
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INTRODUCTION

The potential influence of phylogenetic ‘noise’, i.e. random or misleading signal, in molecular
phylogenetic studies has been recognized for over 30 years (Felsenstein 1978, Fitch 1979,
Fitch 1984, Hendy and Penny 1989). Similarly, various strategies to identify and/or mitigate
noise in datasets have been formulated, including measuring skewness in the distribution of
phylogenetic trees (Huelsenbeck 1991, Hillis and Huelsenbeck 1992), quantifying
incongruence between data partitions (Farris et al. 1995, but see, for example, Dowton and
Austin 2002, Hipp et al. 2004), likelihood mapping (Strimmer and von Haeseler 1997),
increasing taxon sampling (Pollock et al. 2002, Soltis et al. 2004), and profiling loci based on
phylogenetic information content (Townsend 2007, Klopfstein et al. 2010, Townsend and
Leuenberger 2011), among others. While the specific details of these strategies differ,
ultimately the goal of each is to reduce the impact of noise on phylogenetic hypotheses by
identifying and/or reducing the influence of misleading or ‘noisy’ positions and long-branch
attraction artefacts (Bergsten 2005). Nonetheless, as next-generation technologies continue to
bring about orders-of-magnitude increases in DNA sequence output and usher in an era of
phylogenomics, the challenges associated with phylogenetic noise could yet temper gains in
phylogenetic resolution resulting from increased taxon and sequence sampling (Delsuc et al.
2005, Philippe et al. 2005, Degnan and Rosenberg 2006, Jeffroy et al. 2006, Kubatko and
Degnan 2007, Philippe et al. 2011). Although genomic-scale data sets are relatively novel, it is
clear that inherent noise still impacts phylogenetic resolution, in particular in clades that have
experienced rapid divergence or radiation events, as well as lineages with elevated rates of
evolution and/or long periods of genetic isolation (i.e., “long branches™) (Phillips et al. 2004,
Soltis et al. 2004, Stefanovic et al. 2004, Brinkmann et al. 2005, Degnan and Rosenberg 20086,
Rokas and Carroll 2006, Kubatko and Degnan 2007).

While perhaps the greater drive behind phylogenomics has been the elucidation and
incorporation of nuclear genome sequences into phylogenetic analyses, organellar genomes
still represent tractable and informative systems for phylogenetic analyses. In plants in
particular, nuclear genomes typically present daunting challenges from both a sequencing and
analytical standpoint due to issues such as overall genome size, difficulty in determining
orthology and the presence of homeologous alleles, all of which are often partly or wholly
attributable to polyploidization (Wendel 2000, Adams and Wendel 2005). Even in the absence

of polyploidization, plant nuclear genomes can be difficult to interrogate due to their size. For
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example, nuclear genome sizes in Pinus, a diploid genus, range at least from 22.1 to 36.9 pg,
corresponding to ca. 7-12X the size of a human genome (Grotkopp et al. 2004). Likewise,
plant mitochondria remain challenging genomic targets. Although the first plant mitochondrial
genome was sequenced relatively shortly after the first plant chloroplast genome (Shinozaki et
al. 1986, Oda et al. 1992), to date relatively few plant mitochondrial genome sequences have
been fully sequenced as they are much more variable in size than their plastid counterparts,
mostly due to the relatively transient incorporation and shuffling of both nuclear and
chloroplast nomad sequences (Fauron et al. 2004), as well as apparently species-specific
sequences of unknown function (Kubo and Newton 2008). In addition, nucleotide mutation
rates in plant mitochondria are typically considerably slower than those of both plastids and
plant nuclear genomes (Wolfe et al. 1987, Palmer 1990, but see Palmer et al. 2000). As a
result, structural mutations may be more informative than single nucleotide polymorphisms
for phylogenetic analyses, yet these types of mutations are currently difficult to detect with the
relatively short read length common to next generation sequencing platforms (Alkan et al.
2011). Compared to plant nuclear and mitochondrial genomes, chloroplast genomes are
reasonable targets for phylogenomic analyses for several reasons, including sufficient size and
complexity (typically 120-160 kbp in length, containing ca. 130 genes) to mark most
evolutionary events, yet levels of conservation that allow relatively easy determination of
orthology even across broad time scales. In addition, a moderate mutation rate (Palmer 1990)
and a haploid state result in relatively smaller effective population sizes and increased

likelihood of fixing phylogenetic signal during speciation events and divergence (Birky 1978).

It is no surprise then, due to both technical and biological considerations, that chloroplast
sequences are still the most commonly used markers in plant phylogenetic studies.
Nonetheless, many studies tend to rely on relatively small portions of the chloroplast genome,
and relatively few studies have applied plastome-scale sequences to phylogenetic questions
(Goremykin et al. 2005, Leebens-Mack et al. 2005, Cai et al. 2006, Jansen et al. 2006, Jansen
et al. 2007, Moore et al. 2007, Parks et al. 2009, Lin et al. 2010). This is particularly true at
low taxonomic levels (Parks et al. 2009), while the majority of plastome-level phylogenetic
analyses have focused on clarifying relationships at familial and ordinal levels. Considering
the potential impact of phylogenetic noise in phylogenomic analyses (Delsuc et al. 2005,
Philippe et al. 2005, Degnan and Rosenberg 2006, Jeffroy et al. 2006, Kubatko and Degnan
2007, Goremykin et al. 2010, Philippe et al. 2011), it seems appropriate to explore the effect
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of noise on plastome-scale datasets (Goremykin et al. 2009), particularly as they become
widespread in plant phylogenetic analyses in the near future and more commonly applied to
investigations at low taxonomic levels. Further, although representing a single linkage group,
mutation rate varies between different regions of the plastome (Shaw 2005, Shaw et al. 2007,
Parks et al. 2009), and so the potential for misleading signal certainly exists when using full

plastomes to delineate evolutionary events over varying time-scales.

The genus Pinus, consisting of ca. 110 species distributed primarily throughout the northern
hemisphere, is an excellent system in which to investigate the impact of phylogenetic noise as
it contains evolutionary patterns ranging from deep divergence events to apparent rapid and
relatively shallow radiations. In addition, the moderate size of the genus facilitates extensive
taxon sampling. Pinus is represented by a relatively well-documented fossil record reaching
back over 100 million years (Millar 1998, Klymiuk et al. 2011) and has been the focus of a
large body of phylogenetic work, including studies based in morphology (Little and
Critchfield 1969, Frankis 1993, Ortiz Garcia 1999, Gernandt et al. 2005, Gernandt et al. 2008),
crossability (Critchfield 1966, Little and Critchfield 1969, Critchfield 1975, 1986) and
molecular data, including restriction fragment analyses (Strauss and Doerksen 1990, Krupkin
et al. 1996) and both nuclear (Liston et al. 1999, Liston et al. 2003, Syring et al. 2005, Palmé
et al. 2009) and chloroplast sequence data (Wang et al. 1999, Wang et al. 2000, Geada Lopez
et al. 2002, Zhang and Li 2004, Gernandt et al. 2005, Eckert and Hall 2006, Gernandt et al.
2008, Parks et al. 2009). The most recent full taxonomic treatment of Pinus (Gernandt et al.
2005) recovered a well-supported systematic framework consisting of two subgenera (Pinus
and Strobus), four sections (sections Pinus and Trifoliae in subgenus Pinus, sections Parrya
and Quinquefoliae in subgenus Strobus) and 11 subsections (Figure 5.1) that is widely
accepted today. However, while nearly complete plastome sequences for a subset of pine
species support this framework and result in increased resolution across much of the genus
(Parks et al. 2009), there remain some taxa with poor resolution and/or incongruence between
chloroplast-based and nuclear- or morphology-based analyses. In particular, subsections
Contortae and Krempfianae, as well as a clade of the two closely related species Pinus
merkusii and P. latteri each demonstrate these conflicts. In the present study, we investigated
whether poor or conflicting resolution in these clades was due to the influence of phylogenetic
noise using two fundamental and complementary strategies: removal of highly variable

alignment positions and long-branch exclusion. These strategies were applied to the



phylogenetic analysis of a full-plastome alignment which included most of the world’s pine
species and several Pinaceae outgroups. While responses to noise removal differed between
these clades, each case provided insight into both the general patterns of response to noise
removal in a phylogenomic dataset as well as specific characteristics of Pinus evolutionary
history.

METHODS AND MATERIALS

Accessions Used in Study.

A total of 113 accessions were included in the alignment and subsequent analyses described
below, including 37 Pinus and Pinaceae accessions reported by Cronn et al. (2008) and
included in Parks et al. (2011) (GenBank FJ899555-FJ899583, EU998739-998746,
NC_001631.1 and NC_004677.2) and the plastome sequence of Cathaya argyrophylla
reported by Lin et al. (2010) (GenBank AB547400.1) (Appendix Table 5.1). The 70 novel
plastome accessions included in analyses were sequenced and assembled as described in the

following two sections.

Genomic DNA Extraction, Chloroplast Enrichment and Sequencing.

For plastome accessions novel to this study, total genomic DNA was extracted from frozen
leaf or mega-gametophyte tissues using the FastDNA extraction protocol (MP Biomedicals,
Ohio, USA). In several cases (Pinus chiapensis, P. cembroides, Pinus dabeshanensis, P.
discolor, P. douglasiana, P. edulis, P. hwangshanensis, P. massoniana, P. pumila, and P.
sabiniana), genomic DNA yield was insufficient for sequence preparation, so extracts were
amplified by whole genome amplification with random hexamer priming (Pan et al. 2008).
Genomic libraries were prepared following the Illumina protocol (Illumina 2007), with
fragmentation performed using a BioRuptor Sonicator (Diagenode, Inc., Denville, NJ, USA)
(setting ‘high’ for 5-30 one minute cycles). Adapters ligated to genomic fragments carried
unique 4 bp ‘barcodes’ at their 3" ends for multiplex sequencing as described in Cronn et al.
(2008). Agarose gel size-selected (300-700 bp), adapter-ligated libraries were enriched
through 12-18 cycles of PCR using Phusion DNA polymerase and HF Buffer (New England

7

Biolabs, Ipswich, MA, USA) and standard lllumina paired-end primers, and quantified using a

Nanodrop 1000 (ThermoFisher Scientific, Wilmington, DE, USA).
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Solution-based enrichment of the chloroplast portion of genomic libraries followed the general
methods of Gnirke et al. (2009) and is described in detail in Cronn et al. (Manuscript in
preparation). In brief, enrichments were performed as follows. Chloroplast probe pools were
synthesized by first PCR-amplifying the entire plastome of a member of Pinus subgenus Pinus
(Pinus thunbergii), using the methods described in Cronn et al. (2008). In addition, plastome
regions unique to Pinus subgenus Strobus were amplified from P. koraiensis to account for
regions not present in the Pinus subgenus Pinus plastome. PCR products were quantified
using a Nanodrop 1000 and pooled in an equimolar mix. Pooled amplicons were blunted-
ended and subsequently ligated into ‘concaterpillars’ (Quick Blunting Kit and Quick Ligation
Kit, New England Biolabs, Ipswich, MA, USA) and cleaned with Agencourt AMPure beads
(Beckman-Coulter Genomics, Danvers, MA, USA). ‘Concaterpillar’ probe pools were
denatured into single-stranded product using 0.4 N KOH, and then amplified and biotinylated
in a single incubation of 18 hours at 30° C in the presence of 5’-end biotinylated random
hexamers, 0.4 mM biotin-14-dCTP stock, 1 mM dNTPs and $29 DNA polymerase. After
cleaning by ethanol precipitation, this procedure typically yielded pools consisting of 10-25
ug of large (tens of kbp in length) biotinylated chloroplast probe. Hybridization reactions were
carried out in 40 pl volumes and contained 0.5 pg probe and 0.5-1 pg of either a single
enriched genomic library or equimolar-pooled 4-plex genomic libraries; Denhardts solution
(Invitrogen, Inc., Carlsbad, CA, USA) and lambda DNA (New England Biolabs, Ipswich,
MA, USA) were used as blocking agents to minimize binding of non-target DNA to probes.
Reactions were heated to 95° C for 10 minutes, and subsequently incubated at 65° C for 64-72
hours. After incubation, hybridization products were captured using MagnaSphere
streptavidin-coated paramagnetic beads (Promega, Inc., Madison, WI, USA) suspended in
Sodium-Tris-EDTA buffer after equilibration with 2X Casein blocking buffer. Capture
reactions were incubated for 30 minutes at room temperature, after which the streptavidin-
probe-target DNA complexes were captured through magnetization and then washed four
times at 65° C in the presence of 0.1% SDS and 1X, 1X, 0.5X and 0.1X SSC for 15, 10, 10
and 10 minutes, respectively. Enriched hybrids were eluted from the paramagnetic beads in 50
pl dH20 at 80° C for 10 minutes and PCR-amplified over 12-18 cycles using Phusion-Flash
PCR Master Mix (New England Biolabs, Ipswich, MA, USA) and standard Illumina paired

end primers. After PCR enrichment, libraries were cleaned and subsequently quantified using
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the Nanodrop 1000, and size-confirmed using either gel electrophoresis or the Agilent 2100
BioAnalyzer (Agilent, Santa Clara, CA, USA).

The molarity of enriched libraries was estimated by their concentration and average fragment
size, after which the libraries were submitted for sequencing singly or in barcode-specified
multiplex pools ranging in size from four to 16 accessions. Most individual samples or
multiplex pools were submitted to the Oregon State University Center for Gene Research and
Biocomputing (OSU CGRB) (http://www.cgrb.oregonstate.edu/) for sequencing on the
Illumina GAII sequencer, although several individual samples were submitted to the FAS
Center for Systems Biology at Harvard University (http://sysbio.harvard.edu/csb/) for
sequencing on an lllumina GAIlIx sequencer. Libraries were loaded at a concentration of 5-7
pM and sequenced in 60 or 80 bp single-end sequencing reactions. Cluster formation, primer
hybridization and sequencing reactions followed Illumina protocols (Illumina 2007). Image
analysis, base-calling and error estimation were performed using the lllumina GA Pipeline

version 1.5.

Plastome Assembly from Microreads.

To initially determine enrichment of read pools, all reads containing Illumina adapter
sequence were removed from read pools and the remaining reads were sorted by barcode
using two Perl scripts, sort_fastq.pl and bcsort_fastg_se.pl (available at
http://brianknaus.com). The proportion of reads representing the chloroplast was checked
using the program BLAT (Kent 2002) with default settings and a reference of either Pinus

thunbergii or P. koraiensis for accessions in subgenus Pinus or Strobus, respectively.

Reference-guided assembly of microreads was facilitated using a pipeline of five scripts called
"alignreads”, as described in (Straub et al. 2011). In this series, assembly of microreads into
contigs is performed by YASRA (Ratan 2009), which assembles contiguous sequences
(contigs) by iteratively aligning sequence reads to a reference genome using the lastz
alignment algorithm (Harris 2007). The alignment of assembled contigs is then refined using
NUCmer and Delta-Filter of the MUMmer 3.0 suite (Kurtz et al. 2004), and the resulting
alignment information is paired with the original contigs and read depth information from
YASRA, to be converted into an aligned consensus sequence using sumqual.py and

qualtofa.py. The latter allows user-specified masking of contig positions based on read depth
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and base call proportion. Both sumqual.py and qualtofa.py are available for download at
http://milkweedgenome.org; YASRA and MUMmer are available online at
http://mwww.bx.psu.edu/miller_lab/ and http://mummer.sourceforge.net/, respectively.

For assembly of the novel plastome sequences reported in this paper, subsectional references
reported in Parks et al. (2011) were used (Appendix Table 5.1). The alignment of assembled
contigs was checked and adjusted manually in BioEdit 7.0.9 (Hall 1999). Aligned contig
positions matching the reference were masked if fewer than five overlapping reads and less
than 80% of all reads overlapping to form the contig at that position agreed with the reference;
aligned positions called as SNPs were similarly masked, but required a minimum coverage

depth of 20 aligned reads and 80% call proportion.

Alignment and Quality Screening of Assemblies

Plastome assemblies were aligned in MAFFT v.6.240 (Katoh et al. 2005), using gap opening
and extension penalties of 2.0 and 0.1, respectively. Alignments were subsequently manually
adjusted and annotated in BioEdit 7.0.9. The assemblies of exonic regions were checked and
adjusted as necessary by translation to identify potential misassemblies, as represented by

internal stop codons and/or frameshift mutations.

Novel plastome sequences were quality-screened at this point by level of completion and
relative similarity to the subsectional reference used in their assembly. Specifically,
assemblies were discarded from further analyses if they were estimated to be less than 80%
complete, or if the pairwise distance to their subsectional assembly reference was greater than
two times the standard deviation of all pairwise distances between assembled members of their
subsection and the subsectional reference. The latter measure was taken to diminish the
potential effect of noise resulting from poor assemblies, for example resulting from low
coverage or capture of divergent paralogous copies of chloroplast regions residing in the
nuclear or mitochondrial genome. In addition, several assemblies were discarded due to poor
overall assembly quality as evidenced by highly divergent exon/protein sequences and
divergence from Sanger-sequenced plastome regions of the same species. Previously
published Pinus plastome sequences were used only if they exceeded 80% estimated sequence

completion.
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Phylogenetic Analysis of Full Plastome Alignment

Phylogenetic analyses of the complete alignment were completed through the Cipres Science
Gateway (http://www.phylo.org/) using RAXML-HPC2 (Stamatakis 2008) and MrBayes
(Ronquist and Huelsenbeck 2003), both on the available teragrid. Likelihood analysis in this
case was performed under the GTRGAMMA model, with the number of bootstrap replicates
automatically determined under the recommended autoMRE option. Bayesian analyses were
performed under the same model of evolution. Each analysis consisted of two runs with four
chains each (three hot and one cold chain), run for 10,000,000 generations with trees sampled
every 1000 generations, and the first 25% of trees discarded as burn-in. Stationarity was
evaluated by graphing —InL of trees across all generations and by requiring the standard
deviation of the two runs to be less than 0.05. All trees were combined from both runs past the
point of stationarity to determine topology and support through the majority rule consensus
tree using PAUP* v.4.0b10 (Swofford 2000). Parsimony analysis was performed with PAUP*
v.4.0b10, under heuristic search with ten repetitions of random sequence addition, tree

bisection and reconnection branch swapping and 100 bootstrap replicates

Evaluation of the Impact of Variable Site Removal

Variable sites in the full plastome alignment were identified and ranked using the script
sorter.pl (Goremykin et al. 2010), which quantifies the observed variability (OV) of each
position in an alignment as:

OV = sum(1...k){d;}/k

where:

k = the number of all possible pairwise comparisons between accessions in an alignment,

excluding accessions with a gap at the position considered

di; = the score of character variability (0 for match, 1 for mismatch) in each of k pairwise

comparisons of accessions in the alignment

Variable sites were then serially removed from the alignment in 100 site partitions using the

script sorter.pl, resulting in two series of data partitions. The first series (FA) consisted of the
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full alignment minus the most variable 100, 200, 300,...,25000 sites, while the second series
(VS) consisted of the most 100, 200, 300,...,25000 variable sites.

Phylogenetic analyses on all FA and VS data partitions were run through OSU CGRB
GENOME Cloud computing resources (http://bioinfo.cgrb.oregonstate.edu) using RAXML-
VI-HPC v.2.2.3 (Stamatakis 2008) primarily under the GTRGAMMA model (some of the
larger partitions were run under the GTRCAT model due to time constraints), with 100
bootstrap replicates. The resulting highest likelihood tree from each FA partition and its
corresponding VS partition were then compared using the branch score metric (BSM) (Kuhner
and Felsenstein 1994) and partition metric (PM) (Robinson and Foulds 1981) as implemented
in the treedist executable of Phylip v.3.69 (Felsenstein 2005).

Topology and bootstrap support in relation to BSM and PM values were investigated in depth
for three taxa with historically poorly resolved phylogenetic positions: 1) subsection
Contortae, consisting of Pinus contorta, P. banksiana, P. clausa and P. virginiana, 2) the
monotypic subsection Krempfianae, consisting of the morphologically distinctive flat-needled
P. krempfii, and 3) the southeast Asian clade consisting of P. merkusii and P. latteri (Figure
5.1). For these analyses, bootstrap values for the nodes immediately ancestral to all three taxa
were recorded for each FA partition, as these nodes represented the resolution between
disputed alternative placements of each taxon (Figure 5.1). In addition, bootstrap values
supporting the monophyly of subsection Contortae and the P. merkusii/P. latteri clades were

recorded for each FA partition.

Evaluation of the Impact of Long-Branch Exclusion

As a general rule, the Pinus phylogeny contains relatively long branches (substantial
divergence) separating the two subgenera and four sections, but relatively short branches (low
divergence) within subsections (Gernandt et al. 2005, Parks et al. 2009). As a result, to remove
long branches it is necessary in most cases to remove entire clades at the subsectional level or
higher. Because of this and due to the conflicting topologies of interest residing at the
subsectional level, long branches were excluded in the following manners: 1) all six Pinaceae
outgroups were removed prior to phylogenetic analyses, 2) only the subgenus of interest was
included in the analyses, and 3) only the section of interest and one member of the

neighboring section were included in analyses. For the most exclusive strategy, Pinus
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thunbergii (NC_001631.1), P. monophylla (EU998745.4) and P. ponderosa (FJ899555.2)
were used as outgroups for sections Trifoliae, Quinquefoliae and Pinus, respectively.
Maximum likelihood phylogenetic analyses were performed as described above for the full
alignment for each strategy of long-branch exclusion on each of three partition sizes of interest
(full alignment, FA.136665, FA.133065, as discussed in Results).

Impact of Noise-Removal Strategies on Saturation

To gain further insight into the impact of variable site removal and long-branch exclusion on
saturation in our data matrix (i.e., the history of multiple nucleotide state changes at individual
sites), pairwise genetic distances between all accessions were determined in MEGA4 (Tamura
et al. 2007) both without correction and with application of a Jukes-Cantor correction. The
correlation of these values was determined by linear regression for each of three partition sizes
of interest (full alignment, FA.136665, FA.133065, as discussed in Results) and for each
strategy of long-branch exclusion. The slope of the regression line was taken as indicative of
the level of saturation present in the dataset, such that higher values for corrected pairwise
distances relative to uncorrected distances correspond to higher levels of saturation (Jeffroy et
al. 2006, Rodriguez-Ezpeleta et al. 2007).

RESULTS

Sequence Assembly and Alignment.

After quality/chastity filtering through the lllumina GA Pipeline v. 1.5 and removal of adapter
sequences, read pools for successfully assembled plastome sequences averaged 1.77 = 0.76
million reads per accession, while chloroplast reads accounted for 56.83 + 13.85% of these
reads on average (Appendix Table 5.1). Novel assembled plastome sequences averaged
117157 £ 3634 bp in length, and were estimated to be 98.1 + 2.5% complete on average after
masking (Appendix Table 5.1). The alignment of all successfully assembled plastome
sequences, including 107 Pinus accessions and six Pinaceae outgroups, resulted in 141265

aligned sites.

Variable Sites
Variable sites were identified in nearly all coding and noncoding regions of the plastome,

although they were unequally distributed between and among exons, introns and noncoding
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regions (Table 5.1, Figure 5.2). Highest average per site OV was found in noncoding regions,
followed by protein-coding exons, introns, and finally RNA-coding exons (Table 5.1). With
removal of ycflor ycfl and ycf2 positions, average per site OV for protein-coding exons fell
below that of intronic regions (Table 5.1).

Phylogenetic Analysis of the Full Alignment

Our full alignment contained 42468 alignment patterns, and resulted in highly supported and
almost completely congruent topologies in likelihood, Bayesian and parsimony analyses
(Supplementary Figures 5.1 and 5.2). All major clades at the subgenus, sectional and
subsectional levels as reported by Gernandt et al. (2005) were recovered with 95-100%
bootstrap support. Across the topology, average maximum likelihood bootstrap support for
105 ingroup nodes was 89.7% (standard deviation = 18.5%). Only two minor topological
conflicts were found between methods. In subsection Australes, Pinus caribaea was placed
sister to a clade of P. cubensis and P. occidentalis with low support in Bayesian analysis (<0.6
posterior probability), while ML and parsimony analyses recovered P. caribaea sister to P.
palustris, again with low support (<50% bootstrap support). In section Quinquefoliae,
parsimony analysis recovered P. morrisonicola in a weakly supported clade with P. armandii
(55% bootstrap support), while both Bayesian and ML methods recovered these species in a
grade with variable support (43% bootstrap support, 0.97 posterior probability). Section
Trifoliae was recovered as subsection Contortae + (subsection Australes + subsection
Ponderosae) with high support (100% bootstrap / 1.0 posterior probability) for the monophyly
and position of subsection Contortae. Section Quinquefoliae was recovered as subsection
Strobus + (P. krempfii + subsection Gerardianae) with weak to strong support (58-73%
bootstrap / 1.0 posterior probability) for the position of P. krempfii. Section Pinus was
recovered as subsection Pinus + (P. merkusii/P. latteri + subsection Pinaster) with weak to
moderate for the position of P. merkusii/P. latteri (50-71% bootstrap / 0.52 posterior
probability) but strong support for the monophyly of these two species (100% bootstrap, 1.0
posterior probability).

Impact of Variable Site Removal
Bootstrap support values showed clear trends throughout the FA partitions, with overall values

consistently high (average value > 85%, median value > 98%) until the most variable 8.3 kbp
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had been removed (FA.133065) (Figure 5.3). Overall bootstrap values steadily decreased from
this point until the most variable 18 kbp had been removed (FA ca. 123 kbp in size), at which
point values levelled off at very low values (average value < 17%, median value < 10%). BSM
values initially declined rapidly, but then rose again before decreasing rapidly a final time
starting with the removal of the most variable 4.6 kbp (FA.136665) (Figure 5.4). After this
point, BSM values remained consistently low. PM values experienced an initial rapid decline
before levelling off after the removal of the most variable 2.2 kbp (FA ca. 139.1 kbp in size)
(Figure 5.4). PM values remained constant and relatively low until increasing again beginning
with the removal of the most variable 8.3 kbp (FA.133065). The lowest PM values occurred
between removal of the most variable 7.4 and 8.2 kbp (FA ca. 133.9-133.1 kbp in size).

Monophyly of subsection Contortae was highly supported until removal of 15.3 kbp of the
most variable sites (FA ca. 126 kbp in size), while support for the phylogenetic position of the
Contortae decreased fairly steadily after removal of only 4.2 kbp (FA ca. 137.2 kbp in size)
(Figure 5.5A). Section Trifoliae was recovered as subsection Contortae + (subsection
Australes + subsection Ponderosae) by all FA partitions greater than 137 kbp in size;
resolution based on FA partitions less than 137 kbp in size was variable, although placement
of subsection Contortae as sister to or nested within subsection Australes was supported by
several partitions between FA.136665 and FA.133065.

Bootstrap support for the phylogenetic position of P. krempfii was moderate (59-84%) until
removal of the most variable 5.7 kbp (FA size 135.6 kbp), at which point bootstrap values
steadily increased until peaking at 97-100% after removal of the most variable 6.3-7.8 kbp
(FA size 133.6-135 kbp) (Figure 5.5B). FA phylogenetic partitions greater than 129.4 kbp in
size recovered section Quinquefoliae as subsection Strobus + (P. krempfii + subsection

Gerardianae); at FA partition sizes smaller than this phylogenetic position was variable.

The monophyly of P. merkusii/P. latteri was highly supported until removal of the most
variable 18.2 kbp (FA size 123.2 kbp) (Figure 5.5C). Support for their resolution within
section Pinus, however, was consistently moderate until removal of 7.2 kbp of the most
variable sites (FA size 134.2). FA phylogenetic partitions prior to this point recovered the P.
merkusii/P. latteri clade alternately sister to subsection Pinaster and subsection Pinus. After

this point, bootstrap support rapidly increased to a peak of 96-100% between removals of 7.6-
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9 kbp of the most variable sites (FA sizes 132.4-133.7 kbp), and all FA partitions in this range

recovered section Pinus as subsection Pinus + (P. merkusii/P. latteri + subsection Pinaster).

Impact of Long-Branch Exclusion

When all alignment sites were included in analyses, long-branch exclusion strategies had
essentially no impact on the topology or support of subsection Contortae or Pinus krempfii,
while support increased moderately for a monophyletic (Pinus merkusii/P. latteri + subsection
Pinaster) only with the most exclusive strategy (Table 5.2). When long-branch exclusion was
used in combination with variable site removal (partition sizes FA.136665 and FA.133065),
trends were reflective of variable site removal alone for partition size FA.136665 in subsection
Contortae and P. merkusii/P. latteri (Table 5.2). In the remaining cases, trends were either
non-existent (P. krempfii and P. merkusii/P. latteri exclusion strategies applied to FA.133065)
or counter to patterns seen with variable site removal alone (P. krempfii exclusion strategies
applied to FA.136665, subsection Contortae exclusion strategies applied to FA.133065)
(Table 5.2).

Impact of Noise Reduction on Saturation

Correlation between paired corrected and uncorrected pairwise genetic distances was high for
all strategies of variable site removal and outgroup exclusion (minimum R? = 0.9997). Based
on the slopes of regression lines of corrected vs. uncorrected pairwise distances, saturation
decreased similarly both with variable site removal and long-branch exclusion strategies
(Table 5.3). The highest levels of saturation were observed with inclusion of all accessions,
while the lowest values occurred with removal of the most variable 8.3 kbp of the alignment

(FA.133065) and exclusion of at least the Pinaceae outgroups (Table 5.3).

DISCUSSION

As genome-scale datasets become increasingly common tools in evolutionary analyses, it is
reasonable to expect challenges associated with highly variable or noisy data. Because of this,
it is prudent to develop efficient strategies to identify and mitigate phylogenetic noise while
simultaneously preserving sites and taxa carrying useful phylogenetic signal in order to most
effectively capture information from large datasets. The benefit of developing such strategies
has been demonstrated already, for example in placental mammals (Goremykin et al. 2010),

early-diverging angiosperm lineages (Goremykin et al. 2009) and deep eukaryotic phylogeny
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(Rodriguez-Ezpeleta et al. 2007). Our methodology is similar to previous efforts, but focused
on two fundamental and complementary strategies, variable site removal and long-branch
exclusion, and explored the dynamics of tree topology and support values to measure their
impact on an infrageneric phylogenetic analysis. While the two strategies we employed were
both utilized to counter the effect of phylogenetic noise, there are important contrasts between
them. For example, the strict application of long-branch exclusion serves to minimize long-
branch attraction artefacts, yet phylogenetic hypotheses may still be misled by evolutionary
patterns at highly variable sites since all sites are still included in the analysis. In this case,
removal of taxa could mask evolutionary patterns at some sites that otherwise might be more
clearly interpreted (Hendy and Penny 1989, Zwickl and Hillis 2002), while the inclusion of
fast-evolving sites may still mislead phylogenetic analyses (Townsend and Leuenberger
2011). On the other hand, removal of highly variable sites diminishes the impact of noise in an
alignment and should increase the ability of applied models of sequence evolution to capture
evolutionary patterns in phylogenetic analyses. The success of this strategy may be limited,
however, as the inclusion of highly divergent taxa could still lead to long-branch artefacts
when phylogenetic signal is minimal, and the broad application of variable site removal may
diminish or erase phylogenetic signal in some clades (Kalersjo et al. 1999). It is therefore
likely that utilizing a combination of these two strategies is prudent in many cases (Rodriguez-
Ezpeleta et al. 2007), yet an overly conservative approach could still lead to the loss of
essential phylogenetic signal. With our dataset and strategy, removal of variable sites appears
to be a more effective tool in clarifying the evolutionary relationships of three historically
problematic clades, and it seems reasonable to investigate conflicting or weakly supported
phylogenetic resolution by removing the most variable 4.6 to 8.3 kb of alignment positions
from our 142 kbp alignment. This range of variable site removal, corresponding to alignment
partitions with lower BSM/PM values and high overall bootstrap support, is significant in two
regards. First, as overall high levels of bootstrap support are maintained across this range of
partitions (Figure 5.3), these sites clearly carry essential signal for the resolution of many
relationships within the genus Pinus. Second, as variable sites are removed within this range
of partitions, support for the putatively incorrect position of subsection Contortae diminishes
substantially, while there is increasing resolution for the positions of P. krempfii and P.
merkusii / P. latteri. Conversely, the long-branch exclusion strategies applied have little to no

effect on the topology and support for these clades when applied to the full plastome
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alignment, suggesting that variable site removal is more effective in mitigating the impact of
phylogenetic noise in our data set.

The specific changes in position and topological support shown in our analyses are also
noteworthy because they highlight the disparate resolutions previously supported by different
analyses or different types of data. For example, the position of subsection Contortae is
strongly supported (up to 100% bootstrap support) as sister to subsections Ponderosae and
Trifoliae (Figure 5.1) based on previous reports using chloroplast sequence data or chloroplast
restriction fragment analyses (Krupkin et al. 1996, Geada Lopez et al. 2002, Gernandt et al.
2005, Eckert and Hall 2006, Gernandt et al. 2008, Parks et al. 2009). Alternatively, other lines
of evidence suggest this highly supported topology may be incorrect. For example,
hybridization is possible between some members of subsections Contortae and Australes, but
not between members of subsections Contortae and Ponderosae (Critchfield 1963, Saylor and
Koenig 1967). Similarly, the relatively shallow fossil record of subsection Contortae (Miller
Jr. 1992, McKown et al. 2002) suggests a more recent derivation within its section. In turn,
two reports based on nrITS and four low-copy nuclear loci place the Contortae either nested
within subsection Australes with moderately high support (77-82% bootstrap support in Liston
et al. (2003)) or forming a polytomy with monophyletic subsections Ponderosae and Australes
(Syring et al. 2005), respectively, while restriction fragment analysis including chloroplast,
mitochondrial and nuclear DNA suggest a more derived position of subsection Contortae
within section Trifoliae and some affinity to members of subsection Australes (Strauss and
Doerksen 1990). The unique morphological characteristics of Pinus krempfii (most notably its
flat, paired needles) have led to a wide range of phylogenetic resolution, including placement
outside the genus Pinus (Chevalier 1944), in its own subgenus within Pinus (De Ferre 1953,
Gaussen 1960, Little and Critchfield 1969), and within subgenus Strobus, section Parrya (Van
der Berg 1973, Farjon 1984, Ickert-Bond 2001). At least two morphological treatments have
recognized an affinity of P. krempfii to P. gerardiana and P. bungeana of subsection
Gerardianae (Pilger 1926, Ickert-Bond 2001). Molecular evidence to date strongly support a
position within or sister to section Quinquefoliae of subgenus Strobus, although a consistent
and clear relationship of P. krempfii to subsections Strobus and Gerardianae of section
Quinquefoliae has proven elusive (Figure 5.1). Some analyses based on chloroplast sequence
data suggest an affinity to subsection Gerardianae (Wang et al. 1999, Wang et al. 2000), but

support for this relationship is typically moderate to weak. Other reports based on chloroplast
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or nuclear sequence data show poor resolution (Gernandt et al. 2005, Gernandt et al. 2008),
place the species sister to section Quinguefoliae (Parks et al. 2009), or suggest inclusion
within subsection Strobus (Liston et al. 1999, Liston et al. 2003). Pinus merkusii and P. latteri
have demonstrated similarly ambiguous phylogenetic resolution relative to subsections Pinus
and Pinaster of section Pinus (Figure 5.1), and again there is incongruence between molecular
and morphological data. For example, Frankis (1993) placed P. merkusii within subsection
Pinaster based on cone morphology, while most molecular analyses place P. merkusii as sister
to subsection Pinus (Liston et al. 1999, Wang et al. 1999, Liston et al. 2003, Gernandt et al.
2005), albeit typically with low to moderate support. On the other hand, Wang et al. (1999,
2000) and Szmidt et al. (1996) demonstrated a clear genetic separation of P. merkusii from
sampled Asian members of subsection Pinus, and suggest a divergence between these groups
possibly in the early Tertiary, although this timeframe is not in accordance with the age of
section Pinus based on molecular clock calibrations (Willyard et al. 2007, Gernandt et al.
2009).

While our results cannot be considered conclusive by themselves, they certainly add important
perspectives to Pinus evolutionary history as well as the use of plastome-scale sequences in
plant phylogenomic analyses. For the genus Pinus as a whole, our dataset apparently
represents the maximal resolution to be gained from the plastome, although various
permutations of chloroplast loci may still prove useful at different levels of phylogenetic
inquiry (for example see Gernandt et al. 2009). From this point, the next target of phylogenetic
interrogation will likely be larger unique portions of the nuclear genome, particularly as
increases in sequence output continue to outpace increases in read length for next-generation
sequencers (Alkan et al. 2011) and progress is made on the sequencing and assembly of a
representative pine nuclear genome (Neale and Kremer 2011). For the three specific clades
investigated in this study, the similarities in response to removal of noise from the full
plastome alignment were intriguing and clear insight was gained into their evolutionary
histories and relationships. In each case, decreasing the impact of phylogenetic noise by
removing highly variable sites resulted in phylogenetic resolution more reflective of results
based on nuclear and/or morphological data. At the same time, the impact of long-branch
exclusion was less pronounced, suggesting that long-branch attraction artefacts are not
prevalent at this level of the Pinus phylogeny. The congruent results between model-based and

parsimony methods for these clades also lend support to this conclusion, as methodological
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incongruence is another indication of possible long branch attraction artefacts (Bergsten
2005). This result is somewhat counter-intuitive, as all three lineages investigated have
relatively long branches in chloroplast-based phylogenetic reconstruction (Supplementary
Figure 5.1B) (Parks et al. 2009). It is possible that these long branches are not all reflective of
the same biological processes. For subsection Contortae, chloroplast-based support for an
early divergence in section Trifoliae is clearly inflated by the phylogenetic noise of highly
variable sites. In this case, the pronounced effect of variable site removal combined with the
relatively long branch leading to subsection Contortae may instead be indicative of elevated
rates of evolution in this lineage, and a position sister to or within subsection Australes could
be the final resolution of this challenging group. The long branches of P. krempfii and the P.
merkusii/P. latteri clade, on the other hand, likely are due to relatively long periods of
divergence from their sister lineages. In these cases, however, it appears that removal of
accumulated noise unmasks the limited underlying signal more definitively supporting their
resolution - P. krempfii as sister to subsection Gerardianae of section Quinquefoliae, and P.

merkusii/P. latteri as sister to subsection Pinaster of section Pinus.

As demonstrated in the current study, the promise of phylogenomics is still very much
palpable and (to paraphrase Mark Twain) reports of its ‘demise’ (Delsuc et al. 2005, Jeffroy et
al. 2006) are greatly exaggerated. Still, it is equally premature in many cases to confirm
phylogenetic results based on genome-scale datasets without investigating first for the
presence of misleading signal (Delsuc et al. 2005, Philippe et al. 2005, Jeffroy et al. 2006,
Philippe et al. 2011). This is particularly important when trying to reconcile poorly supported
topologies or conflicting phylogenetic results based on different sources or types of data
(Philippe et al. 2011). The present analysis and similar efforts (for example Goremykin et al.
2010) also demonstrate not only the power of large (but well-managed) datasets to increase
phylogenetic resolution, but the risk of relying on single sources of data, as inconsistencies
between organellar- and nuclear-based analyses can remain even with greatly increased
sampling. Fortunately, sequencing capacity and read length of next-generation platforms
continue to increase (Mardis 2008, Shendure and Ji 2008, Metzker 2010, Mardis 2011,
Schweiger et al. 2011), and combined with increasingly effective methods of genome
interrogation (Mamanova et al. 2010, Etter et al. 2011, Seeb et al. 2011, Cronn et al.
Manuscript in preparation) will make it easier to capture useful sequence data from what are

currently less tractable genomes (such as plant nuclear and mitochondrial genomes). However,
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the development of analytical strategies to deal with noise present in large datasets will remain
essential, as phylogenetic signal clearly is not always sufficient to overcome noise, even at

genomic scales.
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Figure 5.1. Phylogenetic hypothesis for Pinus showing alternate placements (indicated by
dashed lines) of subsections Contortae and Krempfianae, as well as the clade consisting of
Pinus merkusii and P. latteri. The most common plastid resolution of these groups is indicated
in bold. Tree topology and relative branch lengths reflective of present data, Gernandt et al.
(2005) and Parks et al. (2009).
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Figure 5.2. Distribution of OV for variable plastome alignment positions. Outer circle
represents plastome alignment as follows: green — noncoding regions; blue — protein-coding
exons; yellow — rRNA; orange — tRNA. ycfl and ycf2 are highlighted in light blue. Inner circle
represents relative OV values for sites in alignment with OV>0 as follows: red — most variable
4.6 kbp; yellow — most variable sites from 4.3 to 8.6 kbp; green — remaining sites with OV>0.




Figure 5.3. Trends in bootstrap support values for likelihood analyses of FA partitions. A) Average (triangles) and median (circles)

bootstrap values for all nodes; B) Distributions of bootstrap support values for all nodes.
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Figure 5.5. Distribution of bootstrap support values for three clades in genus Pinus. A)
Subsection Contortae, B) subsection Krempfianae and C) Pinus merkusii / P. latteri. Circles
represent bootstrap support values for monophyly of clade while triangles represent support
for phylogenetic position of monophyletic clade. Filled data points correspond to FA partition
sizes falling between final decrease of BSM values and start of decrease in overall bootstrap

support values.
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Table 5.1. Average per site OV values for protein-coding exons, introns, rRNA and tRNA
genes, and noncoding regions for full plastome alignment of 113 Pinus and Pinaceae species.
Standard deviations are given in parentheses.

Noncoding Protein- Introns tRNA rRNA
regions coding exons

average OV 0.04546 0.03153 0.02110 0.00443 0.00462
(0.12833) (0.11227) (0.08880) (0.03725) (0.04255)

average OV 0.01907

without ycfl (0.08184)

without ycfl 0.01478

or ycf2 (0.06997)
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CONCLUDING REMARKS

As we move into a new era of genomic-level analyses across the biological sciences, there is
ample reason for both excitement and caution. Rapid increases in sequence throughput due to
the technological advances of next-generation or massively parallel sequencing, and perhaps
‘3" generation’ sequencers, are allowing genomic exploration at an unprecedented level (Rusk
2009, Mardis 2011). Simultaneously, persistent challenges, ranging from accurately
assembling sequence reads into genomic level contigs to simply storing and manipulating the
massive amounts of data inherent to these technologies, will continue to require perspicacious
and clever solutions (GBET 2011, Mardis 2011). As a matter of perspective, the recent
sequencing of the giant panda genome, completed exclusively with lllumina sequencing,
resulted in over 176 giga-base pairs (Gbp) of useful sequence information, enough to
theoretically cover the ca. 2.4 Gbp genome 73 times (Li et al. 2010). The short read length
(average of 52 bp, using paired-end sequencing), however, limited the assembly such that the
N50 contig length was just under 40,000 bp (the N50 length represents the point at which 50%
of all contig bases reside in contigs this length or greater). By comparison, the recent
sequencing of the woodland strawberry genome, which utilized three next-generation
sequencing platforms (Illumina, Roche/454 and SOLID), averaged 39x coverage of the ca.
240 mega-base pair (Mbp) genome (Shulaev et al. 2011). In this case, the longer average read
length due to Roche/454 sequence reads (ca. 365 bp) and longer Illumina reads (76 bp, using
paired-end sequencing) helped produce a higher N50 of 1.3 Mbp. Nonetheless, although
overall genomic coverage was sufficient for the assembly of the great majority of the nuclear
genomes in both of these cases, the resulting assemblies were still fragmented into thousands

of discrete contigs.

The thesis work presented herein, as well as related work (Cronn et al. 2008, Whittall et al.
2010), is similarly reflective of the benefits and challenges of new sequencing technologies, as
manifested in the exploration of Pinus chloroplast genomes and their utility in phylogenetic
analysis. In addition, it is important to recognize the implications of our work in Pinus for
similar efforts in plant systematics in general. Our initial efforts, coinciding with the first years
of commercially available massively parallel sequencers, demonstrated that large amounts of
phylogenetically useful data could be generated rapidly and affordably, and resulted in

substantially increased phylogenetic resolution for a subset of Pinus species (Cronn et al.
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2008, Parks et al. 2010). In contrast, our meta-analysis of contemporary chloroplast-based
infrageneric phylogenetic studies revealed that researchers using traditional Sanger sequence
technology sample around 32 ingroup species and utilize less than 2600 bp of aligned
chloroplast sequence (Parks et al. 2009), while resolving less than 23% of ingroup nodes with
high support. Further, a significant and positive correlation between the amount of sequence
applied and the proportion of nodes resolving with high (>95%) bootstrap support suggest that
the application of full plastome sequences to phylogenetic analyses in most plant genera
should allow gains in resolution similar to what we demonstrated in Pinus. Simultaneously,
limitations in short-read sequencing technologies were also demonstrated. For example,
increasing genetic divergence resulted in less effective plastome assemblies in subgenus Pinus
and Pinaceae outgroups (Parks et al. 2010), and repetitive regions in the chloroplast genome
proved difficult or impossible to confidently resolve with short sequence reads (Cronn et al.
2008). We also relied on Sanger sequencing to accurately assemble the highly divergent locus
ycfl for our subsectional references, further demonstrating the difficulties of short-read
assembly in repetitive and highly divergent regions. Finally, the analysis of phylogenetic noise
in our final data matrix suggests that several thousand sites spuriously detract from the support
of valid phylogenetic positioning in two taxa, while strongly supporting a putatively incorrect
topology in a third taxon. It is reasonable to assume similar instances will occur in plastome-
scale analyses in other taxa, and clearly the impact of noise removal should be explored. This
is particularly the case when results based on chloroplast sequence conflict with those based

on other types of data, such as nuclear sequence or morphological data.

Beyond strictly answering phylogenetic questions, our work has also benefitted from and
contributed to the development of laboratory techniques and bioinformatic strategies that
allow more efficient production and manipulation of large sequence datasets. For example,
Richard Cronn developed a strategy based on the work of Gnirke et al. (2009) to effectively
enrich genomic library preparations for chloroplast DNA using Pinus plastome sequences as
hybridization probes. This technique was essential to the sequencing of the majority of our
plastome accessions, allowing for the preparation and sequencing of over 80 nearly complete
(ca. 120,000 bp) Pinus and Pinaceae plastomes in the span of less than two months. The
development of a more effective short-read assembler (Ratan 2009) and assembly pipeline
(Straub et al. 2011) also allowed for the rapid, automated assembly of longer and thus more

accurate contigs. Both of these advancements are currently being utilized by collaborators on
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the Gymnosperm Tree of Life and other projects, and should be broadly applicable (at least)
for projects focusing on small genome sequencing and assembly.

Taken together, the above aspects of our work highlight both the gains and the challenges
associated with applying massively parallel sequencing to phylogenetic questions in general,
and clearly demonstrate that high-throughput machines are a powerful but not yet singular
solution for phylogenetic pursuits. In turn, our results have several important implications
specifically for Pinus systematics. The overall resolution seen in our final full-plastome,
genus-wide phylogenetic analysis represents the most highly supported and well resolved
topology to date for the worlds pine species. The application of the entire plastome results in
strong support for the major divisions of the genus (subgenera, sections, subsections)
documented by Gernandt et al. (2005), while high levels of overall support (ingroup nodes
resolved with nearly 90% average bootstrap support) almost completely resolve the
polytomies that previously dominated species-rich subsections. The removal of putative
phylogenetic noise also results in important topological changes in three historically
problematic clades. Pinus krempfii (subsection Krempfianae) is confidently placed as sister to
subsection Gerardianae of section Quinquefoliae for the first time, and more closely allies
chloroplast sequence-based results with morphological analyses (Pilger 1926, Ickert-Bond
2001). Similarly, Pinus merkusii and Pinus latteri are strongly resolved as sister to subsection
Pinaster of section Pinus, also reflective of morphological analysis (Frankis 1993) and counter
to previous molecular analyses (Gernandt et al. 2005, Parks et al. 2009). Resolution of
subsection Contortae, on the other hand, was greatly diminished with removal of phylogenetic
noise, and suggested some affinity to subsection Australes of section Trifoliae. Although
strong support was not reached with noise removal in this case, the resulting trend still more
closely reflects that seen in other sources of data, including crossability studies (Critchfield
1963, Saylor and Koenig 1967), the known fossil record (Miller Jr. 1992, McKown et al.
2002) and other molecular studies (Strauss and Doerksen 1990, Liston et al. 2003, Syring et
al. 2005). Finally, the identification of the putative protein-coding locus ycfl (and to a lesser
extent ycf2) as highly variable is of consequence for future Pinaceae studies. As such, ycfl has
already been applied to a detailed phylogenetic analysis of subsection Ponderosae (Gernandt
et al. 2009), and is currently being utilized as a species-identifier for studies of closely related
Asian white pines (Handy et al. 2011).
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To conclude, it is clear that in spite of any current limitations, advances in DNA sequencing
are having a striking effect on phylogenetic and broader biological research, and will continue
to do so. As read lengths and sequencing output continue to increase, it is also reasonable to
expect that the assemblies of even complex genomes will become increasingly tractable and at
the same time more accurate, although issues of data storage will likely present continuing
challenges. Concurrently, as the field of phylogenetics transitions into the world of
phylogenomics, astute approaches toward data management, screening and analysis will bring
unprecedented clarity to the historical and in some cases dynamic relationships of our planet’s

biota.
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Appendix B

Chapter 111 Supplementary Figure
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Appendix Figure 3.1. Amplicon coverage densities. A) Subgenus Strobus. B) Subgenus
Pinus. C) Outgroups. Horizontal bars in charts indicate median coverage level for an
amplicon.
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Appendix D

Chapter V Supplementary Figure and Table
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Appendix Figure 5.1. Phylogenetic relationships within genus Pinus as determined from full
plastome alignment. A) Cladogram showing support values below branches as ML bootstrap
support / Bayesian posterior probability / parsimony bootstrap support. Support values are
shown only for nodes with less than 100% bootstrap support and/or posterior probabilities less
than 1.0; single values indicate either ML bootstrap support or Bayesian posterior probability.
* indicates branch not supported in analysis. B) Phylogram with branch lengths determined
from maximum likelihood analysis. Scale corresponds to probability of change per position.
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Appendix Table 5.1. Taxonomic and assembly information for novel accessions used in
present study.
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