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GENEIOUS! SIMPLIFIED GENOME SKIMMING METHODS FOR
PHYLOGENETIC SYSTEMATIC STUDIES: A CASE STUDY IN
OREOCARYA (BORAGINACEAE)'

Lee A. Ripma2#4, MicHAEL G. SiMPSONZ, AND KRISTEN HASENSTAB-LEHMAN?

“Department of Biology, San Diego State University, San Diego, California 92182-4614 USA; and *Rancho Santa Ana Botanic
Garden, 1500 N. College Avenue, Claremont, California 92117 USA

e Premise of the study: As systematists grapple with how to best harness the power of next-generation sequencing (NGS), a
deluge of review papers, methods, and analytical tools make choosing the right method difficult. Oreocarya (Boraginaceae),
a genus of 63 species, is a good example of a group lacking both species-level resolution and genomic resources. The use
of Geneious removes bioinformatic barriers and makes NGS genome skimming accessible to even the least tech-savvy
systematists.

e Methods: A combination of de novo and reference-guided assemblies was used to process 100-bp single-end Illumina HiSeq
2000 reads. A subset of 25 taxa was used to test the suitability of genome skimming for future systematic studies in recalcitrant
lineages like Oreocarya.

e Results: The nuclear ribosomal cistron, the plastome, and 12 mitochondrial genes were recovered from all 25 taxa. All data
processing and phylogenomic analyses were performed in Geneious. We report possible future multiplexing levels and pub-
lished low-copy nuclear genes represented within de novo contigs.

e Discussion: Genome skimming represents a much-improved primary data collection over PCR+Sanger sequencing when chlo-
roplast DNA (cpDNA), nuclear ribosomal DNA (nrDNA), and mitochondrial DNA (mtDNA) are the target sequences. This

study details methods that plant systematists can employ to study their own taxa of interest.

Key words: Amsinckiinae; Geneious; genome skimming; next-generation sequencing (NGS); Oreocarya; phylogenomics.

The power of next-generation sequencing (NGS) is trans-
forming the study of nonmodel plant taxa (Soltis et al., 2013).
Sweeping statements about the utility of NGS to answer previ-
ously intractable questions are commonplace in systematics
journals. The initial bioinformatic hurdle and the fact that NGS
technology can be used in different ways (see review by Godden
et al., 2012; Soltis et al., 2013) inhibit many systematists from
beginning studies. Briefly, many NGS library preparation meth-
ods rely on genome reduction, including targeting the tran-
scriptome (e.g., Wen et al., 2013), nuclear loci (e.g., Weitemier
etal., 2014), or the plastome (e.g., Stull et al., 2013). Reduction
techniques capturing large numbers of nuclear loci require
baseline genomic knowledge (see review by Cronn et al., 2012).
In contrast, systematists can use the NGS genome skimming
method (Straub et al., 2012) to assemble the high-copy frac-
tion of total genomic DNA (gDNA) into the nuclear ribosomal
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cistron (nrDNA), plastome (cpDNA), and individual mitochon-
drial genes (mtDNA) without genome reduction during library
preparation. With shallow sequencing of the nuclear DNA
(nDNA), deeper sequencing for the high-copy fraction of gDNA
is achieved (hence “skimming”). Additionally, these data gen-
erate baseline information from the nDNA to identify known
single-copy and low-copy nuclear genes (LCNG) that are po-
tentially fruitful for future targeted sequencing studies (Straub
et al., 2012). The genome skimming method has been used to
produce family-level phylogenies (Malé et al., 2014), species-
level phylogenies (Parks et al., 2009; Straub et al., 2012), and
infra-species phylogenies (Whittall et al., 2010; Kane et al.,
2012).

Reads from a genome skim can be assembled with many bio-
informatically complex methods, for example: the alignreads
pipeline (Straub et al., 2011), the command line Velvet assem-
bler (Zerbino and Birney, 2008), Python scripts from the OBI-
Tools package (Malé et al., 2014), Trinity (Grabherr et al.,
2011; e.g., Bock et al., 2014), or various custom scripts (e.g.,
Kane et al., 2012). Even basic programming skills required to
assemble sequences present a hurdle for many systematists
(Godden et al., 2012; Soltis et al., 2013; L. A. Ripma, personal
observation). Comparable methods can be implemented in Ge-
neious Pro (Geneious version 7.1.5; Biomatters Ltd., Auckland,
New Zealand [http://www.geneious.com/]), a program with a
user-friendly graphical user interface (GUI). The use of Ge-
neious for processing genome skim reads was first presented to
the authors at the Botany 2012 workshop entitled “Introduction
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to Next Generation Sequencing” (Liston, 2012; Straub, 2012).
Our study demonstrates that in the genus Oreocarya Greene
(Boraginaceae), reads from a genome skim can be assembled
into ntDNA, cpDNA, and mtDNA sequences at levels suitable
for phylogenetic inference, solely using GUI programs.

Oreocarya, a genus of slow-growing perennials distributed
in mostly xeric habitats (Bresowar and McGlaughlin, 2014), of
approximately 63 species and 72 taxa (Kelley and Ripma, in
preparation for Flora of North America, vol. 15), presents an
ideal system for demonstrating the utility of new NGS methods.
To date, species-level resolution in the genus has consistently
proven elusive due to a lack of parsimony informative charac-
ters (PICs) (Marushak, 2003; Bresowar and McGlaughlin,
2011; Hasenstab-Lehman and Simpson, 2012). Most studies
have supported the monophyly of Oreocarya (Hasenstab-Lehman
and Simpson, 2012; Nazaire and Hufford, 2012; Weigend et al.,
2013), placing it in a clade referred to as the subtribe Cryptan-
thinae (Hasenstab-Lehman and Simpson, 2012) or “Cryptan-
tha clade” (Weigend et al., 2013), referred to here as subtribe
Amsinckiinae (Brand, 1931). As other studies have shown,
variation in DNA sequences is often insufficient to resolve
lower-level taxonomic relationships using traditional markers
(Parks et al., 2009; Whittall et al., 2010; Godden et al., 2012);
therefore, further systematic studies of Oreocarya required a
new approach.

Several authors have reviewed the possibilities of NGS in
plant systematics (Straub et al., 2012; Godden et al., 2012;
Lemmon and Lemmon, 2013; Soltis et al., 2013). In our study,
the genome skimming method was selected due to a lack of base-
line genomic resources to design nuclear exon probes (Cronn
et al., 2012), the knowledge that specimens of many taxa in
future studies of the Amsinckiinae would be silica dried or from
herbarium sheets, and the relative low-cost of gDNA library
preparation. The goals of this study are to (1) develop and pres-
ent methods for processing genome skimming data in the
user-friendly program Geneious, and (2) test the feasibility of
genome skimming for systematic studies in Oreocarya and
Amsinckiinae and inform these future studies.

MATERIALS AND METHODS

Taxon sampling—DNA was extracted from silica-dried leaf samples (n = 17)
collected concurrently with vouchered specimens, or taken directly from re-
cently collected herbarium specimens (n = 8). Collections are housed at the San
Diego State University herbarium (SDSU) or Jepson Herbarium at University
of California, Berkeley (UC) (Appendix 1). Sampling included 19 Oreocarya
taxa and six outgroups from Amsinckiinae (Table 1). Because the genome
skimming method is evaluated as a method to continue systematic studies of
Oreocarya, samples represent the taxonomic breadth of Higgins’s (1971) groups
within the genus.

DNA isolation and sequencing—Genomic DNA was isolated using a mod-
ified cetyltrimethylammonium bromide (CTAB) protocol (Doyle and Doyle,
1987; Friar, 2005). DNA samples were prepared for sequencing by Global Bio-
logics (Columbia, Missouri, USA) using the following protocol: DNA samples
were quantitated using the Qubit dsDNA HS Assay Kit and Qubit 2.0 Fluorom-
eter (Life Technologies, Carlsbad, California, USA) and integrity was checked
using the Advanced Analytical Technologies Fragment Analyzer and Genomic
DNA kit (Ames, Iowa, USA); high-molecular-weight DNA (>15 kb) samples
showing no degradation were considered suitable for libraries. A 500—-1000-ng
sample of DNA was normalized to 40 uL in a low-bind 96-well microplate and
sheared to ~300 bp using the Q700 Sonicator (QSonica, Newtown, Connecticut,
USA). The fragmented DNA was blunt-end repaired, 3 adenylated, and ligated
with multiplex compatible adapters using the NEXTflex DNA Sequencing Kit
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for Illumina (catalog no. 514104; Bioo Scientific, Austin, Texas, USA) prior to
being size selected to retain ~200-400-bp fragments with Agencourt AMPure
XP SPRI beads (Beckman Coulter, Brea, California, USA). PCR enrichment
selectively amplified fragments containing DNA with adapters on both ends.
Library validation used the Fragment Analyzer followed by quantitation with
the Qubit dsDNA HS Assay Kit and the gPCR kit for Illumina (Kapa Biosystems,
Wilmington, Massachusetts, USA). Equimolar amounts of each library were
pooled at 10 nM for sequencing. High-throughput sequencing used the Illumina
HiSeq 2000 genetic analysis system (San Diego, California, USA) at the Uni-
versity of Delaware Sequencing and Genotyping Center for Run 1 (single-end
100-bp reads) and the University of California at Riverside Genomics Core for
Run 2 (single-end 101-bp reads).

DNA quality control filtering—Raw read quality control and filtering used
PRINSEQ (Schmieder and Edwards, 2011) with the following parameters: all
exact sequence duplicates, reads with a mean quality Phred score below 30, and
reads with more than one N were removed. Both the 3" and 5" end were trimmed
to a Phred quality score of 30 using a window size of 1 (Straub et al., 2013).
Any read less than 50 bp in length was removed. The barcode to multiplex a
sample was removed from the corresponding read pool. Post—quality control
reads were imported into Geneious in FASTQ format, and are hereafter referred
to as read pools.

De novo assembly—All assemblies in this study were performed on a Mac-
Book Pro (Apple Inc., Cupertino, California, USA) with a 2.7-GHz Intel Core
i7 and 16 GB of memory. A de novo assembly was performed for each read
pool using the Geneious de novo assembler with default settings. A consensus
sequence of each contig greater than 100 bp in length was saved with a 75%
threshold for sequence matching (80% is the threshold used by Whittall et al.,
2010; Parks et al., 2012; Straub et al., 2012). Positions with under 5x cover-
age were converted to sequence base calling ambiguity (Ns), and International
Union of Pure and Applied Chemistry (IUPAC) ambiguity codes were retained.
The de novo assembly contigs were used to recover nearly complete plastid
sequences for use in downstream reference-guided assemblies. Plastid contigs
were identified by MegaBLAST searching all contigs against the Solanum lyco-
persicum L. (AM087200) plastome using an E-value of le-10 (Wu et al., 2006),
a k-mer length of 24, a scoring match-mismatch of 1-2, and a linear open extend
gap cost. Note that recovered plastome sequences were only refined through
iterative assemblies; no primers were designed to PCR verify gene boundaries,
confirm sequences, or verify assembled gene order. Therefore, these de novo—
assembled partial plastomes are not suitable for studying molecular evolution;
rather, these sequences are assembled to a level where homologous plastid se-
quences can be recovered from all samples for use in downstream phylogenetic
analyses. It should be noted that a closely related (or not so closely related, see
Straub et al. [2012] for a discussion) published reference sequence could be
used instead of this de novo method. The de novo method is presented here as
an efficient way to generate a reference sequence for nonmodel organisms and
was employed in this study due to lack of close references.

A de novo assembly of each read pool was also performed using the Ge-
neious Velvet plugin (version 1.2.10; Zerbino and Birney, 2008) with a k-mer
length of 37 (the result of Velvet Optimizer), a minimum contig length of 74,
and default settings.

Identification of LCNG—To identify the presence of LCNG gene sets in
genome skimming data, which may have utility in future studies of Oreocarya
and Amsinckiinae, the following published gene sets were obtained: (1) con-
served orthologous set (COS) (Fulton et al., 2002), (2) single-copy conserved
orthologous genes (COSII) (Wu et al., 2006), and (3) shared single-copy genes
(SSC) (Duarte et al., 2010). The set of 1006 COS and 2592 COSII genes were
downloaded from the Sol Genomics Network (SGN; http://solgenomics.net/),
and the set of 959 SSC shared among Arabidopsis (DC.) Heynh., Populus L.,
Vitis L., and Oryza L. were downloaded from GenBank (Benson et al., 2013)
and made into a custom database in Geneious. The Velvet de novo—assembled
contigs were MegaBLAST searched against these LCNG sets using the set-
tings above.

Rib [ cistron bly—To make a reference sequence for the ribo-
somal cistron, a 483-bp sequence from Oreocarya humilis Greene (JQ513418)
with a complete 5.8S gene and a partial sequence of both internal transcribed
spacer regions (ITS1 and ITS2) was obtained from GenBank; this was the only
taxon with a sequence from the ribosomal cistron that was both in this study and
on GenBank. A reference-guided assembly of the O. humilis read pool was
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implemented in Geneious with medium-low sensitivity, default settings, and
100 iterations. A consensus contig was saved using a 75% masking threshold,
and a gap masked areas with coverage under 20x (although Straub et al. [2012]
used 25x for a single nucleotide polymorphism [SNP], 5x for a base shared
with the reference sequence, and masked with Ns). The resulting sequence was
annotated using the “find annotations” feature in Geneious, transferring annota-
tions with a 50% or greater similarity from relatives with annotated sequences
on GenBank: Amsinckia lycopsoides Lehm. (JQ388495) for 5.8S and the two
ITS regions, Vahlia capensis (L. f.) Thunb. (AF479182) for the 26S gene, and
Ehretia acuminata R. Br. (HQ384690) for the 18S gene. A Sanger sequence of
external transcribed spacer (ETS) from Oreocarya confertiflora Greene (Guilliams
and Baldwin, unpublished data) was used to annotate the approximate bound-
ary of ETS. The resulting annotated O. humilis cistron was trimmed to exclude
the nontranscribed spacer (NTS), a portion of the intergenic spacer (IGS). This
was used for the reference-guided assembly of the remaining read pools in
Geneious using 25 iterations, medium-low sensitivity, and default settings. A
consensus contig was generated for each sample using a 75% threshold. Ar-
eas with less than 20x sequence coverage were masked with gaps, and ITUPAC
ambiguity codes were retained. Sequences were aligned using the Geneious
MAFFT plugin (version 7.017; Katoh et al., 2002) with default settings. Align-
ments were examined for misaligned areas; these were aligned by eye or ex-
cluded. Sequence portions that were not represented among all samples, contained
gaps, and/or contained ambiguity codes were removed using the “strip align-
ments” feature in Geneious (Fig. 1).

Plastome assembly—The de novo assembly of Pectocarya penicillata
(Hook. & Arn.) A. DC. (UC1965571) generated a 124,868-bp partial plastome

Oreocarya humilis read pool

1 Reference-guided assembly default settings
medium-low sensitivity; 100 iterations.

Oreocarya humilis (JQ513418)

--2 Generate consensus sequence 75%, mask

anything under 20x with gap; annotate; trim.

Oreocarya humilis new

reference cistron

WA cistron

3 Reference-guided assembly default settings
< | medium-low sensitivity; 25 iterations.

All sample read pools

Fig. 1.
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sequence. This was annotated from the complete plastome of S. lycopersicum
using the “find annotations” feature in Geneious to transfer annotations at 50%
or greater similarity. Annotations were translated in Geneious and examined by
eye; problematic annotations were removed. The goal in this study is to gener-
ate homologous plastid sequences from each sample, not to generate fully an-
notated plastomes. Reference-guided assembly to the annotated P. penicillata
plastome was implemented in Geneious, with default settings and 25 iterations
of the read pool from each sample. The methods for generating a cpDNA con-
sensus sequence, sequencing editing, and alignment follow those employed for
the nrtDNA cistron (Fig. 2).

Mitochondrial gene assembly—Straub et al. (2012) used the longest mtDNA
contigs from the de novo assembly for reference-guided assembly of each read
pool and subsequent phylogenetic inference. However, plant mitochondria un-
dergo frequent structural rearrangements (Knoop, 2004; Woloszynska, 2010),
meaning that genes rather than partial or complete genomes are suitable for
phylogenetic inference (Godden et al., 2012; Malé et al., 2014). Preliminary
assemblies revealed the mitochondrial content from each sample did not appear
to be uniform; introns and intergenic regions were represented among some but
not all samples. However, coding regions were consistently recovered among
all samples. Plant mtDNA markers have been less used in plant phylogenetic
studies (Godden et al., 2012) and are usually assumed to have conservative
rates of evolution, although this is not true for all plant genera (Cho et al., 2004;
Knoop, 2004). This study presents a Geneious-based method, conceptually
similar to Malé et al. (2014) to recover mtDNA exons from genome skimming
data. The Nicotiana tabacum L. mitochondrion (BA000042) was obtained from
GenBank and was modified to include only one copy of each annotated repeat

Custom workflow view Geneious R7

e ® Edit Workflow

Workflow Name:  Ripma :: nrDNA cistron

<htmi>Ribasomal cistron sequence recavery: 1) GenBank ITS sequence of Oreocarya
Description: humilis. 2) Reference guided assembly of the Oreocarya humilis read pool to the ITS
sequences using Geneious assembler +100 iterative assemblies; 3) Resulting generated

Icon: : Choose Custom Icon.

a Share (read-only) with other Shared Database users

Add Step | = Delete Step | /7 View/Edit Options 7 Help

Generate Consensus Sequence
=I  Align/Assemble -> Map to Reference
Generate Consensus Sequence

@}  Combine With Earlier Document(s)

Generate Consensus Sequence

Ilustrated workflow for generating the nuclear ribosomal cistron using Geneious.

#-  Filter Documents
Annotate from Database
fuda
Cancel ok

4 Generate consensus 5

sequence 75%, mask AlOATaRt S

anything under 20x with » agr,'lalyses

gap; annotate from O.

humilis cistron.
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De novo assembly of each read

pool

1 | Geneious de novo default settings

Search longest contigs for
plastome

2 | MegaBLAST search contigs against the Solanum
lycopersicum (AM087200) plastome; E-
value=1e-10; k-mer length=24; match/mismatch
score=1-2; linear open extend gap cost.

Select reference plastome

3 Reference-guided assembly default settings;
medium-low sensitivity; 25 iterations.

All sample read pools

Fig. 2.

region (final length 396,065 bp). A reference-guided assembly to this modified
sequence was performed for each sample read pool. A consensus contig was
saved using the same methods presented for the ntDNA cistron. A single contig
from each sample was made into a custom database in Geneious, henceforth
referred to as the mtDNA contig bin. Each N. tabacum exon was separated using
the extract annotations feature in Geneious, and these exons were BLASTN
searched against S. lycopersicum using an E-value of le-10, a k-mer length
of 15, a scoring match-mismatch of 2-3, and a 5-2 open extend gap cost (this
BLASTN search is more likely to find matches than the MegaBLAST search
used elsewhere). Only N. tabacum exons with no match to chloroplast sequences
were retained. Each retained exon was MegaBLAST searched against the
mtDNA contig bin using a query centric alignment output and the settings for
LCNG gene searches. The result was an alignment of each N. tabacum exon
and the corresponding sequence(s) from each sampled taxon. Only alignments
with a single copy from each sample were retained, and several of these exons
were partial. Exons were aligned using the MAFFT plugin with default settings.
Sequences were edited with the same methods as those used for the ntDNA
cistron (Fig. 3).

Depth of coverage, genomic library content, and PICs—To calculate mean
depth of coverage for each genomic target, the number of nucleotides that
mapped to the reference sequence was divided by the total length of the refer-
ence sequence. Library genomic content was calculated by dividing the number
of reads that mapped to the reference ntDNA, cpDNA, and modified mtDNA
sequence by the total number of reads in each sample pool (Straub et al., 2012).
PICs were calculated by analyzing each final alignment in the Geneious GARLI
plugin (version 2.0; Zwickl, 2006); the “info tab” displays variable characters
and PICs.

Multiplexing level—Straub et al. (2012) presents the following formula
to calculate multiplexing level: ML = (LC*CF*PTG)/(CD*TaG), where
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Custom workflow view Geneious R7

L ] L ] Edit Workflow

Workflow Name: |Ripma :: cpDNA plastome
<html>Ribosomal cistron sequence recovery: 1) GenBank ITS sequence of Oreocarya
Description: humilis; 2) Reference guided assembly of the Oreacarya humilis read pool to the ITS
sequences using 100 iteratiative assemblies; 3) Resulting build of cistron sequence is
lcon: 3 Choose Custom Icon...
é Share (read-only) with other Shared Database users

Add Step Delete Step | # View/Edit Options 7 Help

¥§  Sort Documents
@~ sequence Search
== Align/Assemble -> Map to Reference
#  Combine With Earlier Document(s)
Generate Consensus Sequence
4 Filter Documents
Annotate from Database

A Alignment -> MUSCLE Alignment

Generate consensus 5

sequence 75%, mask

anything under 20x with a - Alignment &
gap; annotate from analyses

Solanum lycopersicum
(AM087200)

Illustrated workflow for generating chloroplast DNA using Geneious.

ML = multiplex level possible, LC = lane capacity of the sequencing instrument
in base pairs, CF = correction for reads lost to quality control and adapters,
PTG = proportion of reads mapping to the target genome (i.e., the library
content for the target genome), CD = coverage depth desired (e.g., 30x),
and TaG = length in base pairs of the target genome. This formula was
used to calculate multiplexing levels if future samples contained both the
mean and minimum cpDNA library content values as Run 1 and Run 2.
Values are based on the cpDNA as the genomic target, because a sufficient
sequencing depth for the cpDNA will recover both the nrDNA cistron and
many mtDNA exons. This calculation is of paramount importance in making
genome skimming affordable and is widely applicable to other study systems
due to the conserved length of plant plastomes; it can easily be adjusted to the
particulars of any NGS run.

Phylogenetic analyses—Sequences were analyzed using maximum
likelihood (ML) in the RAXML (Stamatakis, 2006) Geneious plugin with a
GTR+GAMMA model of nucleotide evolution. Each genome was analyzed
separately, with the nrDNA partitioned by gene (ETS, 18S, ITS1, 5.8S, ITS2,
and 26S), the mtDNA partitioned into 12 exons, and the cpDNA unparti-
tioned. A concatenated analysis was performed of all data with the partitions
above. All analyses were run with P. penicillata set as the outgroup based
on the results of Hasenstab-Lehman and Simpson (2012). To assess sup-
port, 10,000 rapid bootstrap (BS) replicates were done for every analysis,
with clades having a BS value of 70 or greater considered highly supported
(Stamatakis et al., 2008). The topology with the highest ML from each ge-
nome was analyzed using the species tree program STAR (Liu et al., 2009) on
the STRAW server (Shaw et al., 2013); STAR uses the topology of individual
gene trees to generate a species tree. The 10,000 BS trees from each genome
were used to assess support for the STAR species tree. Resulting trees were
viewed in Geneious and formatted in Adobe Illustrator CS (Adobe Systems,
San Jose, California, USA).
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mitochondrion
Nicotiana
tabacum
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with one copy
of each repeat
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Extract
annotations

Reference
mitochondrion
Nicotiana
tabacum

with one copy
of each repeat
region

Reference-
guided assembly;
default settings;
medium-low
sensitivity; 25
iterations.

4 Alignment and analyses
for each exon

Fig. 3.

RESULTS

DNA sequencing and quality control filtering—Run 1 on
the Illumina HiSeq 2000 lane resulted in 154,126,153 reads
from 38 samples (102,447,426 from the 21 samples in this
study). Run 2 resulted in 170,464,908 reads from 53 samples
(11,341,928 from the four samples in this study). Samples
returned between 1,760,164 and 9,697,938 reads, for a mean
read number of 4,441,574 (£SE 435,943). Reads retained per
sample following quality control were between 1,423,937 and
7,593,640 with a mean post—quality control read pool number of
3,602,547 (£SE 333,732). Reads retained ranged from 67.33%
to 89.68%, and detailed results are presented in Table 1.

De novo assembly and identification of LCNG—The Geneious
de novo assembly resulted in many partial plastome contigs. The
longest was a 124,868-bp sequence from P. penicillata; this was
used for reference-guided assembly of all the read pools. The Vel-
vet de novo contigs contained MegaBLLAST matches to a total of
552 LCNG (38 COS, 461 COSII, and 53 SCC). The LCNG names,
number of hits, and length of the longest hit are presented in Ap-
pendix S1. Note that the majority (91%) of hits to LCNG matched
only a single Velvet de novo contig. Therefore, LCNG align-
ments cannot be extracted from genome skimming data for use in
phylogenetic analysis (as they are for mtDNA exons); rather this
is a tool for identifying LCNG present in the sampled organisms.

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

Downloaded From: https://bioone.org/journals/Applications-in-Plant-Sciences on 09 May 2024
Terms of Use: https://bioone.org/terms-of-use

Separate

each exon

2b Generate
consensus
sequence for
each sample
sequence 75%;
mask anything
< 20x with gap

Ripma et al.—Oreocarya genome skimming

Retained
exons

BLASTN search against
Solanum lycopersicum
(AM087200); E-value=1e-10;
k-mer length=15; match/
mismatch score=2-3; open
extend gap cost=5-2.

MegaBLAST retained
genes against
consensus sequence;
E-value=1e-10; k-mer
length=24; match/
mismatch score=1-2;
linear open extend gap
cost.

Create custom
database with
contig from each
sample

3

4

. Retain only exons with one
match from each sample
(can be partial)

Illustrated workflow for generating mitochondrial DNA exons using Geneious.

Ribosomal cistron assembly, depth of coverage, and library
content—Total ntDNA cistron sequencing depths were between
233.6x and 1563.3%, with a mean depth of 556.6x (SE 60.6x).
The total amount of ntDNA present in the samples was between
0.68% and 1.69%, with a mean of 1.11% (£SE 0.05%) (Table
1). A cistron sequence from each sample was recovered, with a
total aligned length of 6418, reduced to 5866 without gaps and
ambiguities. The whole data set contained 2.56% PICs, while the
ingroup (Oreocarya only) contained 0.32% PICs (Table 2).

Plastome assembly, depth of coverage, and library content—
Total cpDNA sequencing depths were between 67.4x and 496.0x,
with a mean depth of 196.1x (£SE 19.6x). The total amount of
cpDNA present in the samples was between 3.05% and 13.02%,
with a mean of 7.51% (£SE 0.57%) (Table 1). A plastome se-
quence from each sample was recovered, with a total aligned
length of 130,148, reduced to 115,745 without gaps and am-
biguities. The whole data set contained 0.48% PICs while the
ingroup contained 0.09% PICs (Table 2).

Mitochondrial exon assembly, depth of coverage, and li-
brary content—Total mtDNA sequencing depths were between
10.8x and 102.8%, with a mean depth of 39.9x (£SE 4.3X). The
total amount of mtDNA present in the samples was between
1.90% and 8.04%, with a mean of 4.54% (£SE 0.32%) (Table 1).
A total of 12 mtDNA exons were recovered, with a total aligned
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TasLe 2. Final aligned sequence length excluding gaps and ambiguities, variable characters, and parsimony informative characters for the nuclear
ribosomal DNA, chloroplast DNA, and mitochondrial DNA.

All taxa: Oreocarya:
Aligned variable All taxa: All taxa: variable Oreocarya: Oreocarya:
Genome region sequence length characters PICs % PICs characters PICs % PICs
Nuclear ribosomal DNA 5866 320 150 2.56 68 19 0.32
Chloroplast DNA 115,745 4101 556 0.48 586 104 0.09
Mitochondrial exons 2661 1049 505 18.98 919 407 15.30
Total 124,272 5470 1211 0.97 1573 530 0.43

Note: PICs = Parsimony informative characters.

length of 4978, reduced to 2661 without gaps and ambiguities.
The mtDNA gene set contained 18.98% PICs while the ingroup
contained 15.3% PICs (Table 2).

Multiplexing level—The P. penicillata plastome from the
de novo assembly, with one copy of the inverted repeat region
(IRR), was used as the genomic target to calculate future multi-
plexing capacity with a target depth of 30x (Straub et al., 2012).
If future samples return the same mean as Run 1, 245 samples
could be multiplexed in a lane; if future samples return the same
minimum value, 94 could be multiplexed in a lane. For Run 2
the mean multiplexing level was 293 and the minimum was 124
(Table 3).

Phylogenetic analyses—Cladograms for each genome region,
the concatenated data set, and a coalescent-based analysis are
presented in Fig. 4A-E; phylograms (inset) were transformed
into cladograms so that relationships among taxa are visible, as
Oreocarya has very short branch lengths. In all cladograms the
monophyly of Oreocarya is strongly supported; relationships
within Oreocarya with no resolution using Sanger sequenc-
ing are resolved with strong support, discussed below. Multiple
samples of the same taxon (O. nubigena Greene and O. subretusa
(I. M. Johnst.) Abrams) were not monophyletic. The STAR
species tree (Fig. 4E) shows topological incongruence among
the three gene trees, and incongruence is also present between
the species tree and the concatenated tree.

DISCUSSION

This study achieves Goal 1, to develop and present user-
friendly methods for processing genome skimming data with-
out the use of complex bioinformatics programs. The study
demonstrates that reads from a genome skim can be assembled
into ntDNA, cpDNA, and mtDNA sequences to a level suitable

TABLE 3.
one copy of the inverted repeat region and a sequencing depth of 30x.

for phylogenetic inference solely using Geneious. It should
be noted that Geneious is a proprietary program that currently
(October 2014) costs US$395 for a student license and US$795
for a noncommercial license. Free programs can be used piece-
meal to achieve the same results Geneious offers in a complete
software package. We feel that Geneious greatly simplifies file
formatting, phylogenetic analyses, sequence queries, and Gen-
Bank submission (to name a few). The custom database feature
is a powerful and easy-to-use search tool, which was instrumen-
tal in this study.

Methods presented here are largely congruent with Straub
et al. (2011, 2012), Bock et al. (2014), and Malé et al. (2014),
albeit in a more user-friendly interface. A key difference is that
Straub et al. (2012) and Bock et al. (2014) used large fragments
of mtDNA for phylogenetic inference that included introns and
intergenic regions, while Malé et al. (2014) and this study in-
ferred relationships using only coding mtDNA sequences. The
mtDNA exons presented in this study contain higher levels of
PICs than the other genomes, but before concluding that there
are elevated levels of mitochondrial evolution in Oreocarya
(demonstrated for Plantago L. and Pelargonium L Hér. ex
Aiton in Cho et al. [2004]) primers should be designed to en-
sure that PCR sequences match the in silico results (e.g., Straub
etal., 2011).

Goal 2 in this study was to examine the feasibility of genome
skimming for future studies of Oreocarya and Amsinckiinae.
The phylogenetic relationships presented here show more reso-
lution in Oreocarya than in any study to date. The nearly com-
plete ntDNA and cpDNA sequences reveal very low levels of
PICs in Oreocarya (0.32% and 0.09%, respectively). These
results explain the polytomies in other studies using tradi-
tional methods (Marushak, 2003; Bresowar and McGlaughlin,
2011; Hasenstab-Lehman and Simpson, 2012). Although the
sequence variation is low, 7/17 within-ingroup nodes are resolved
with BS support >70 in the cpDNA, while only 3/17 nodes are
resolved in the ntDNA. The mtDNA sequences contain more

Multiplexing calculations for the mean and minimum CF and PTG values from Run 1 and Run 2 when the genomic target is the plastome with

Parameters Equation abbreviation Run 1 mean Run 1 minimum Run 2 mean Run 2 minimum
Read length (bp) 100 100 101 101

Total reads generated in a lane 156,000,000 156,000,000 170,464,908 170,464,908
Lane capacity (nucleotides) LC 15,600,000,000 15,600,000,000 17,046,490,800 17,046,490,800
Reads passing quality filters CF 0.7960 0.7470 0.8049 0.6733
Proportion mapping to genomic target PTG 0.0741 0.0305 0.0802 0.0405
Coverage depth desired CD 30 30 30 30
Target genome size TaG 124,868 124,868 124,868 124,868
Multiplexing possible ML 245.5 94.7 293.8 124.2
http://www.bioone.org/loi/apps 7 of 12
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Fig. 4. The results of maximum likelihood RAXML phylogenetic analyses for 19 Oreocarya and six outgroups obtained from the nuclear ribosomal DNA
(panel A), the chloroplast DNA (panel B), all mitochondrial genes (panel C), all data concatenated (panel D), and a STAR species tree (panel E). The support
values from 10,000 bootstrap replicates are displayed. Cladograms are shown so relationships are visible, with inset phylograms to show branch lengths.
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PICs but only 6/17 nodes are resolved. Both the concatenated
tree and the species tree have more resolved nodes than the in-
dividual analyses, 10/17 and 9/17 resolved nodes, respectively.
The genome skimming method recovers loci from three sepa-
rate genomes, two of these are uniparentally inherited, and one
that could obscure phylogenetic signal because it is known to
occur in arrays across nonhomologous chromosomes (Baldwin
et al., 1995). Issues with the ribosomal cistron (especially ITS)
are thoroughly reviewed elsewhere (Alvarez and Wendel,
2003); however, for many plant groups it remains an accessi-
ble phylogenetic tool. Genome skimming generates the entire
ribosomal cistron, which can aid phylogenetic inference in
closely related groups of plants due to the enhanced rate of
nucleotide substitution in the ITS1, ITS2, and ETS regions
(Baldwin et al., 1995; Baldwin and Markos, 1998) in a more
cost-effective manner than Sanger sequencing of these regions
separately. Our phylogenetic inferences recover conflicting
topologies among all gene trees and a STAR analysis is pre-
sented. Although STAR may not be an appropriate method to
combine only three gene trees, this analysis demonstrates that
a coalescent-based approach is possible with genome skimming
products.

Genome skimming cannot produce a large data set of orthol-
ogous nuclear genes, which are necessary as the trend in phylo-
genetics moves toward coalescent-based analyses. Attempts
were made to find previously unpublished orthologous nuclear
sequences within contigs generated from a genome skim, but
nuclear genes recovered in the fragment data were represented
among too few of the samples to be of use in phylogenetic recon-
struction, and paralogy could not be determined at such a low
sequencing depth of the nuclear genome. However, Hyb-Seq
probes can be designed using nuclear genes identified in the
fragments generated from a genome skim (Straub et al., 2011;
Godden et al., 2012; Cronn et al., 2012; Grover et al., 2012;
Lemmon and Lemmon, 2013).

One of the more valuable aspects of genome skimming is
that libraries can be prepared with dried samples, and although
no formal comparison was made between preservation types
(herbarium sheet vs. silica dried), samples with both preser-
vation types generated nearly complete ntDNA, cpDNA, and
12 mtDNA exons. This result demonstrates that herbarium
sheets are a viable way to extract gDNA for genome skimming
library preparation. This is important for the future study of
Amsinckiinae, as preservation of fresh material is difficult
when taxa are spread throughout remote areas of North and
South America. The sequence variability within the limited
samples of Amsinckiinae was much higher than that of Oreo-
carya alone (0.97% vs. 0.43%; Table 2). Genome skimming is
now being used to collect sequence data for a larger study of
the Amsinckiinae.

Our study revealed that even using the most conservative es-
timates, 94 samples can be multiplexed using single-end 100-bp
reads (Table 3). The Straub et al. (2012) formula can be changed
to reflect the particulars of an individual study and will reduce
costs in the Amsinckiinae study. At the commencement of this
study, barcoding kits were limited to 96 samples, but now bar-
codes for 384 samples (NuGEN Technologies, San Carlos,
California, USA) and even 480 samples (Fluidigm, South San
Francisco, California, USA) are available. Equipment startup
costs for the preparation of gDNA libraries “in-house” can be
expensive, and this study was made possible by outsourcing the
library preparation to Global Biologics, who charged US$100
per sample for gDNA library preparation (100-bp reads) at the
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time of this study (February 2013), but costs have been reduced
by nearly 30% over the past year. Outsourcing library preparation
has a low startup cost and is available to systematics laborato-
ries with limited resources. At the time of this study, an [llumina
HiSeq 2000 lane (single-end reads) cost US$1500-$2000, with
costs decreasing rapidly. Genome skimming generates the same
product as the study by Stull et al. (2013) using library enrich-
ment and massive multiplexing to generate high sequencing
depth for target chloroplasts. However, gDNA extraction and
library preparation for genome skimming are more straightfor-
ward and less expensive.

Few authors discuss standard methods to ensure genome-scale
sequence editing and alignments are not misleading phylogenetic
inference (although see Parks et al., 2012). Sequence editing in this
study was conservative; any location with an ambiguity code or
gap was excluded from analyses, simplified by the brilliant “strip
alignments” feature in Geneious. Strict sequence editing resulted
in the loss of PICs in sequences already plagued by low variability.
Although concerted evolution is believed to homogenize nrDNA
copies, multiple copies are evident when reads are mapped to
the cistron (see Straub et al. [2012] for polymorphism levels),
and our conservative methods excluded “polymorphic” sites in
the nrDNA altogether.

As higher-level relationships among angiosperms are resolved,
plant systematists will increasingly work at lower taxonomic
levels (Soltis et al., 2011; Godden et al., 2012). Methods for
elucidating finer relationships present challenges that are well
illustrated in the genus Oreocarya. In addition to low PICs,
multiple samples from the same taxon were recovered as non-
monophyletic, a result consistent with the findings of Straub
et al. (2012) in multiple samples of Asclepias L. Coalescent
theory predicts that the gene trees will fail to be reciprocally
monophyletic in a rapid species radiation (Maddison, 1997;
Kubatko and Degnan, 2007; Edwards, 2009), which could be
the case in Oreocarya. The methods presented in this study will
aid in the future systematic study of both Oreocarya and the
Amsinckiinae and demonstrate the value of genome skimming
in a group with few genomic resources. In addition to achieving
the goals of our study and providing a valuable application of
genome skimming, we conclude that if the objective is to infer
a phylogeny using plastome and cistron data, then genome
skimming is a less expensive and more efficient option than
PCR+Sanger sequencing of several gene regions.
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