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ABSTRACT

One of the most basic questions about oaks has long vexed botanists, systematists, and oak
enthusiasts of all stripes: what is the shape and timing of the oak tree of life? In this paper,
we present new data from a genomic study of 19 oak individuals representing a broad swath
of the oaks of the Americas. The paper explains how we are using next-generation sequencing
methods to analyze millions of base pairs of DNA data for all individuals studied, and what
we have learned to date from this work about the oak tree of life.

Keywords: phylogenetics, Quercus, restriction-site associated DNA (RAD) tags,
systematics
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Introduction

What do we need phylogenies for? Why is it important to understand the relationships
among living creatures? From a classification standpoint, we study phylogeny to make
meaningful classifications and to identify species boundaries. As Charles Darwin noted,
our taxonomic system is hierarchical not just because humans think hierarchically, but
because our taxonomic hierarchies reflect the branching structure of the tree of life.
Characteristics of the groups that we have named evolve along the tree of life, and the
branching structure of that tree of life forms nested groups of organisms. Many of these
hierarchical levels have formally named ranks (e.g., domains, kingdoms, phyla, classes,
orders, families, and genera). There are nonhierarchical components to the tree of life:
we know, for example, that Eukaryotes enclose mitochondria that are descendants of
proteobacteria, and plants enclose plastids whose ancestors are cyanobacteria. But a large
component of the history of life has a hierarchical structure that we convey as the tree
of life.

Beyond making meaningful classifications, why else should we study phylogeny?
The relationships among populations within species provide us with information about
what species there are in the world, a question of paramount importance to ecologists,
restorationists, horticulturalists, naturalists, lawmakers and judges, and anyone else
interested or at least concerned with cataloguing biodiversity. Phylogenies are also
important for predicting ecological interactions and making management decisions. Just
as the botanists in Darwin’s day were using the ratio of species to genera to characterize
endemism and biodiversity, today’s botanists use phylogenetic diversity to prioritize areas
for conservation!-*'and to track the biogeographic history and genetic connections among
sensitive geographic areas or endemic taxa (! Phylogenies are used to study the formation
and ongoing evolution of biotic communities.’'? and to study species interactions
integrated over time periods that are difficult to study experimentally. Phylogenies are
used to study colonization history by invasive exotic species,'* ¥l providing important
perspectives on the biological determinants of invasiveness. Phylogenies aren’t just for
systematists.

Yet for organisms in which ecological and morphological differences persist even in the
face of interspecific gene flow,!* phylogeny estimation can be problematic. [*8 This is a
pronounced problem in many forest trees, in which interfertility, high rates of outcrossing,
large effective population sizes, and long generation times!®?"' make estimating phylogeny
and patterns of trait evolution challenging. Oaks (Quercus L. : Fagaceae Dumort. ) are
notable for the difficulties they pose to systematists. Renowned as a “worst case scenario
for the biological species concept”??! due to apparent local interspecific gene flow, !> 23321
widespread oak species nonetheless exhibit genetic coherence across broad geographic
ranges.®-%! We know relatively little about the phylogeny of this important genus.
Traditional molecular approaches relying on chloroplast DNA® 3! or a small number
of nuclear genes®-* often provide reliable information about broad-scale phylogenetic
patterns (“what are the subgenera of oaks?”), but they typically fail to give answers for
fine-scale phylogenetics (“what is the closest relative of Quercus alba L.?”).

In this paper, we present preliminary results on the phylogeny of oaks using a new
method of phylogenetic reconstruction, sequenced restriction associated DNA (RAD-
Seq)™. This method provides a much-needed tool for surveying the genome of organisms
like oaks, in which we need to sample broadly across the genome without having a
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sequenced reference genome as a roadmap. It also provides us with sequence data that we
can use to relate our phylogeny to ongoing genomic work in oaks, potentially, in the near
future, allowing us to figure out what genes move among oak species and lineages. 4142
This level of detailed genomic inquiry was previously unavailable to us. Our study
opens new doors to understanding how oaks have diversified and what constitutes an
oak species or lineage. This paper focuses on explaining the methods we are using and
their interpretation. Technical details of analysis will be left for a paper currently being
submitted to a separate journal for publication.

Methods

Sampling

The target of this study is a clade of predominantly American oaks, comprising
Quercus sections Quercus, Lobatae Loudon, and Protobalanus (Trelease) A. Camus®!,
These sections are the white oaks, red or black oaks, and intermediate or golden oaks
respectively. We selected 19 species from this clade and one member of section Cerris
Dumort. to serve as an outgroup, the species we used to identify the root of the New World
oak clade. The root is the oldest point on the phylogenetic tree, the putative ancestor of
all species on the tree, and is typically identified using a more distantly related species,
or outgroup. Samples were all drawn from previously collected material, many obtained
from the seed exchange and field trip of the 2006 IOS Conference in Dallas, and reared
in the greenhouse at the University of Minnesota.

DNA extraction

DNA was extracted from fresh material using the standard DNeasy plant extraction
protocol (DNeasy, Qiagen, Valencia, CA), with modifications that we have used for
previous studies in oaks.!** 43I In this method, fresh or frozen leaf tissue is ground
thoroughly by hand in liquid nitrogen to a fine powder, using a mortar and pestle. The
resulting leaf tissue powder is then incubated at 65°C in a solution of sodium dodecyl
sulfate, a component of many detergents. The detergent digests cell walls and membranes
without damaging the DNA inside the cells. RNase was included in this step to digest
RNA, as our sequences of interest are all in the genomic DNA. Unwanted cell structures
(proteins) and secondary compounds are all precipitated out of solution at near-freezing
temperatures for 10 minutes, then centrifuged to separate these from the buffer that
contains the DNA. This buffer is then sucked out using a pipette and applied to a filter
that is centrifuged at high speed to separate the DNA (which passes through the filter)
from cell debris. The cell debris remains on the filter, which is thrown away, and the DNA
is precipitated in a salt and ethanol solution. The DNA precipitate is washed several times
on a second filter before being suspended in a standard DNA buffer. This DNA extraction
can then be frozen and used for years or decades of molecular study.

RAD sequencing

Restriction associated DNA sequencing (RAD-Seq) was conducted at Floragenex
following the methods of Baird, Etter'®. RAD sequencing allows us to sample DNA
sequence data from across the entire genome of an organism at fairly low cost, by
subsampling just those regions of the genome that lie adjacent to a restriction cut site.
Restriction cut sites are defined sequences, typically 4 to 8 base pairs long—i.e., 4-8
nucleotides in length, measuring just one strand of the double-stranded DNA molecule—
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that a suite of bacterial/archaebacterial restriction enzymes will cut. More than 3,000
restriction enzymes are known™¥, each of which cuts at a particular sequence, the
restriction site. These enzymes act as a defensive mechanism for the bacteria against
viruses, but they also serve well in the laboratory.

1. Restriction digestion

The first step in RAD sequencing is cutting the DNA using a restriction enzyme. In
our oak work, we use Pstl, a restriction enzyme derived from the bacterium Providencia
stuartii Ewing that cuts only at the 6-base-pair sequence

5’... CTGCA|IG ...3’
3’... GJACGTC ...5’

Like many other restriction enzymes, Pstl leaves a ragged end when it cuts, meaning
that the cuts in each strand of the double-stranded DNA molecule (cuts indicated above by
the ‘|’ symbol) do not exactly line up with each other. This is essential to the next step of
the process, adapter ligation, for the ragged end serves as a sort of “sticky end” to which
the adapter will fit like a puzzle piece. Assuming a GC content of 40%, a genome size of
500 million bases (both of which are typical of oaks), and a completely random draw of
the four nucleotides that make up DNA (Adenine, Cytosine, Guanine, and Thymine), we
expect about 72,000 PstI cut sites in the oak genome.

2. Adapter ligation and shearing

The ragged ends left by Pstl serve as a platform to which we ligate a manufactured
double-stranded DNA called an adapter. This first adapter (‘P1’) includes a nucleotide
sequence needed for DNA amplification, a sequence required for DNA sequencing on
the Illumina sequencer (see 3, Illumina sequencing, below) and a “barcode,” a unique
combination of 5 nucleotides that identify the individual sequenced. Sequences are then
randomly sheared to get fragments of varying lengths. After shearing, a second adapter
(‘P2%) is ligated to the fragments, with a PCR amplification site embedded in it. We now
have a pool of DNA fragments with a ‘P1’ site at one end and a ‘P2’ site at the other.
Because the shearing process leaves some fragments without a restriction site, we also
have a pool of fragments with a P2 at each end, which we don’t want to sequence. The P2
adapters are therefore built in such a way that only fragments with a restriction site at one
end (and thus a P1 at one end and P2 at the other) will be duplicated in a subsequent round
of DNA amplification. In this final stage of DNA preparation for sequencing, fragments
with a restriction site are enriched by a factor of roughly 130,000. Thus, while a few
sequences may show up that are not associated with a DNA restriction site, they should
be very few indeed. At this point, our DNA is referred as a RAD library.

3. Illumina sequencing

There are several methods of massively parallel or “next-generation” sequencing. The
method we are using generates, as of spring 2012, sequence reads of approximately 85
nucleotides in length on an Illumina/Solexa Genome Analyzer IIx. The data we present in
this paper also includes sequencing runs from spring 2010 that returned 60 nucleotides of
data per sequence from 19 individuals, of which we replicated seven individuals in 2012.
In brief (see more complete introduction to next-generation sequencing technologies
inIl) the RAD library is applied to a glass plate called a flow cell, in which individual
DNA strands from the RAD library bind to separate sequencing sites on the plate. Each
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DNA strand is then duplicated (amplified) on the flow cell surface to form a colony of
thousands of identical DNA strands. In the final step, each DNA strand in each of these
colonies is amplified in a stepwise process, during which a mix of fluorescently labeled is
washed over the place, the next nucleotide in the sequence is added, a photo is snapped,
then the plate is readied for addition of the next nucleotide. Because each nucleotide is
labeled with a different color, the sequence of colors photographed for each colony spells
out the DNA sequence for that colony. These sequences are stored by a computer hooked
up to the sequencer, error-checked, and returned to us as a batch of sequences.

4. Preliminary data analysis

Processed data were returned from sequencing in the Illumina 1.3+ variant of the
FASTQ format, s with Phred quality scores for all bases.[’”? Quality, read lengths, and
base composition of FASTQ data were assessed in R v. 2.15.2481 using the ShortRead
package.[*!

Creating a DNA data matrix

Data were analyzed following a custom pipeline that approximately follows the method
of Catchen, Amores®. In this method, sequences are clustered first by individual, and
highly similar sequences are clustered into “stacks,” from which heterozygote base pair
positions (i.e., positions of the genome in which the mother oak and father oak contributed
different bases) are distinguished from sequencing errors. Each stack is referred to here
as a locus, a term commonly used to reference a region of the genome not assumed to be a
gene. For each individual, each sequence stack is summarized into a consensus sequence,
and these consensus sequences are then clustered among individuals to generate a data
matrix for each locus. Not every individual has a sequence in every locus. Nonetheless,
loci are concatenated to make a data matrix with missing data (a hole-ly data matrix).

Several parameters must be specified in creating this data matrix, including the quality
of sequencing reads, percent similarity required to cluster sequences, the depth of
sequence stacks needed to make a locus, the minimum number of individuals per locus,
and various properties of data variability. A range of parameter values was investigated
for this study, and the basic topology recovered varied only in (1) the amount of statistical
support of the placements recovered, and (2) the precise placement of Quercus robur L.
Details of these analyses will be investigated in a future study. The analysis pipeline we
utilize is coded in Python and utilizes UCLUST " and MUSCLE®P? ¥ for clustering
and multiple alignment respectively. Details of the pipeline and methods of assessing
rates of error and heterozygosity are being published elsewhere (by DE). For this paper,
we present analysis of clustering results in which a minimum of four individuals were
required for each locus, and report on phylogenetic analyses conducted both with and
without Q. robur L.

Phylogenetic analysis

To assess phylogenetic relationships, we used maximum likelihood as implemented in
RAXML v7.2.6,54 which is optimized for large phylogenomic datasets. The maximum
likelihood method as applied to phylogenetic inference is described in a thorough
treatment by Felsenstein!®, In short, every phylogenetic tree is a hypothesis that confers
a probability on our data matrix. In general, a dataset in which species A and B share
lots of mutations that no other species share will tend to be most probable if species A
and B are truly sister to each other. The maximum likelihood method in phylogenetics
searches the space of phylogenetic hypotheses for trees that maximize the probability of
the observed data under a quantitative model of nucleotide evolution. This is the standard
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method of phylogenetic inference for DNA sequence data. Analyses were conducted
using the ‘GTRGAMMA'’ general time reversible model of nucleotide evolution. Under
this model, all possible transitions among nucleotides (A, G, C, T) are allowed to differ
in rate, but those rates are assumed to be symmetrical (e.g., the probability of an A to C
mutation is assumed to be the same as the probability of a C to A mutation). These rates
of mutation are not assumed to be constant along the entire length of the sequences we
analyze, but to vary among site to site according to a gamma (I") distribution. Branch
support was assessed using 200 nonparametric bootstrap replicates, which are simply
reanalyses of the dataset, resampling nucleotides at random.

Results

RAD sequences
For the year 2010 (initial) run, individuals yielded 177,168 to 725,871 sequences

(mean = 558,006, sd = 136,157) of 60 base pairs each (Figure 1, in red). For the 2012
(replicate) run, each individual yielded between 743,556 and 4,539,385 sequences (mean
= 3,056,861, sd = 1,369,094) of 95 base pairs each (Figure 1, in black). This is a 5.5-fold
increase in number of sequences yielded between 2010 and 2012. After removing the 5
base pairs left over from the PstI cut and the 5-base-pair barcode from each sequence,
and ignoring decreases in quality toward the ends of the reads, this is a 9.3-fold increase
in total sequence data per individual between 2010 and 2012.

Q. robur - 2010 [
Q. lobata - 2010 [N
Q. palustris - 2010 [NENEGEGEGEG
Q. nigra - 2010 [N
Q. lyrata - 2010 [

Q. austrina - 2010 [N Figure 1/ Number of sequences per individual, 2010 and
Q. hemisphaerica - 2010 [N 2012. Each sequencing run yielded between 1.77E5 and
Q. durata - 2010 [N 4.54E6 sequences per individual. Sequences replicated in

Q. polymorpha - 2010 [N 2012 are shown in the lower panel, in black.

Q. macrocarpa - 2010 [N
Q. chrysolepis - 2010 [N
Q. arizonica - 2010 [N
Q. engelmannii - 2010 [N
Q. douglasii - 2010 [NEGE
Q. mohriana - 2010 [N
Q. alba - 2010 [N
Q. hypoleucoides - 2010 [N
Q. acutissima - 2010 [N
Q. virginiana - 2010 [N
Q. michauxii - 2010 [l
Q. chrysolepis - 2012 I
Q. nigra - 2012 |
Q. arizonica - 2012 | .
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Q. hemisphaerica - 2012 [
Q. virginiana - 2012 |
Q. douglasii - 2012 | I
Q. engelmannii - 2012 | EGz<zcNEG

T T T T 1
0e+00 1e+06 2e+06 3e+06 4e+06

Total number of raw sequences
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DNA data matrix

Within individuals, the average number of sequences used to estimate the consensus
sequence for each locus was 12.8 + 0.8 (standard deviation) for 2010 data, 38.1 + 13.2 for
2012 data. A total of 61,054 loci were inferred with a minimum of 4 individuals per locus,
24,778 with a minimum of 10 individuals per loci. By comparison, the longest previous
DNA-based dataset utilized in oak phylogenetic inference** utilized 2,932 AFLP bands,
each of which reflects the evolution of 16 to 18 base pairs constituting the recognition
sites flanking that band, a total of ca. 47,000 base pairs of data. All pairs of technical
replicates share fewer than 52% of the loci found in the union set of loci for the pair.
Locus coverage in the 2012 sequencing runs was 19% to 127% greater than the 2010
sequencing runs for the same individuals.

Phylogeny

Analysis of the aligned data matrix recovers section Lobatae as sister to sections
Quercus and Protobalanus, and all three of these as monophyletic insofar as we have
sampled them (Figure 2). It also places the live oaks of the Virentes group sister to
the remainder of section Quercus. All of these relationships are recovered with 100%
bootstrap support. This topology has also been recovered in previous phylogenetic studies
on oaks based on DNA sequences™! and AFLP data,'*! but with lower statistical support.

Phylogenetic analysis of the sequence data, treating missing loci as missing characters,
places all 2012 technical replicates sister to their 2010 counterparts, with terminal branch
lengths substantially shorter than the subtending internode (Figure 3; p. 68). This suggests
that missing data have negligible effect on species placement on the tree, and that data are
readily combined across sequencing runs. This is a substantial improvement over AFLP

Cerris 0. acutissima Cerris
Q. palustris
Lobatae | Q. hyp | Lob
Q. hemisphaerica o
Q. nigra
Pm!obalanusl Q. chrysolepis ] Protobalanus
.......... Q. robur
--------------- Q. alba

sect. Quercus .
Q. albg-e--- sect. Quercus

Q. MICASLN <= = v nen

" O;szcumm Figure 2/ Phylogenetic trees of Quercus
":,_ prata based on maximum likelihood analysis

of sequenced RAD data. Branch lengths
are scaled in number of substitutions
per nucleotide. Individuals from the
2010 and 2012 sequencing runs fall next
to each other in all cases. Two analyses
are presented: one in which all taxa are
included (left panel), and one in which
Quercus robur is excluded (right panel).

Q. mohriana

Q. polymorpha

Q. engelmannii

Q. arizonica
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2010 2012 Figure 3/ Quality and base-pair composition
= of two representative sequencing runs.
The same individual Quercus alba L.
AT AT was sequenced in both 2010 (left panels)

.
i ot e At st i

s 60 — and 2012 (right panels), using the same
50 —| If;‘-J".\}.A‘I'IJ\:“:’"‘MUAAJ;h" """ . extraction and RAD library preparation.
C/G gi | DNA quality is reported using Phred
quality scores, which have been in use for

45 —| reporting DNA sequencing quality since
1998. Quality decreases toward the end
of each read, and 2012 sequences exhibit
o lower quality commensurate with their
30 30 longer sequencing reads. Percent C plus
percent G also appears to decrease very
slightly toward the ends of the reads in 2010
0 - 10 4 and 2012. Read quality and percent CG
1 include the first 10 bases of each sequencing
— T 1T ——7 read, which comprise the individual-
L L PR R specific DNA barcode and five bases of the
Sequencing cycle PstI restriction cut site. These 10 bases are

stripped off prior to all other analyses.

55 —

log10({Count)

20 — 20

Quality score

data, in which combining data across separate analyses is time-consuming, requiring
rescoring of the entire data matrix, and often presents technical challenges.

Discussion

Despite our very sparse sampling (18 out of more than 250 in the New World oak
clade), two phylogenetic results stand out in this study within section Quercus (the white
oaks). First, this study supports previous findings®” 3% 43 that the Eurasian white oaks
of section Quercus are embedded within the otherwise New World clade sampled here.
The position we find, however, is novel: whereas we find Quercus robur to be embedded
within or sister to one of the Eastern North American clades, previous study using AFLP
data has suggested that the Eurasian white oaks of are sister to the non-Virentes members
of section Quercus from North America*, and a study utilizing nuclear ribosomal DNA
sequences suggested a relationship between the Western North American Q. sadleriana
R.Br.ter. and Q. pontica K. Koch of the Western Caucasus Mountains®. Our placement
of Q. robur is far from conclusive, however, as suggested by the fact that analysis with
Q. robur appears to drag the Eastern North American Q. alba and Q. michauxii Nutt.
to a position sister to the remainder of the white oaks, but with low statistical support
for that placement (62%, nonparametric bootstrap). Moreover, the placement of Q.
robur is highly sensitive to clustering parameters (alternative analyses not shown here),
suggestive that different partitions of the RAD sequence dataset may encode different
placements of Q. robur, due either to hybridization or to rapid diversification at the base
of the section.** Resolving the position of the Old World white oaks will certainly
require additional sampling of both Eurasian and American species of section Quercus
and thorough analysis of a large number of nuclear loci.

Second, our data separate the New World white oaks into small geographic clades,
with the Eastern North American taxa non-monophyletic. Prior morphological studies
of the genus (e.g.,[®> %) have suggested some morphological groupings within subgenus
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Quercus as a step toward an infrasectional classification of the genus. The results here,
in which, for example, the Californian white oaks (Q. lobata Née, Q. douglasii Hook.
& Arn., Q. durata Jeps.) form a clade distinct from the predominantly southwestern
North American/Mexican oaks sampled (Q. mohriana Buckley ex Rydb., Q. polymorpha
Schldtl. & Cham., Q. engelmannii Greene, Q. arizonica Sargent), suggest that such
a classification may be within reach, and that that classification may rest strongly on
biogeography.

Finally, our study demonstrates the utility of RAD data for reconstructing phylogenetic
relationships in a problematic group, spanning roughly 40 million years of evolutionary
history. As part of our currently funded work, we are sampling roughly 150 species of
the New World oak clade (sections Lobatae, Protobalanus, and Quercus), using the same
methods described in this paper. Our expectation is that within the coming few years, we
will have a handle on the shape and timing of a large portion of the oak tree of life, which
has for so long proved elusive.

1/ Qrcus alba.
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