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The past decade has seen a major breakthrough in our ability to easitgx@ehsively
sequence genonseale data from diverse lineages. The development ofthighghput sequencing and
long-read technolagshas ushered in the era of phylogenomics, where hundreds to thousands of nuclear
genes and'whole organellar genomes are routinely used to reconstruct evoluélatianyships. As a
result, understanding which options are best suited for a particular set of questionslitigculie
especially fothose just starting in the field. Here, we review the most rechrances in plant
phylogenomianethods and make recommendations for prajependent best practices and
considerations. We focus on the costs and benefits of different approaches ina¢gaidformation
they provide researchers aite questions they can address. We also highlight unique challenges and
opportunities in_plant systems, such as polyplgidiiculate evolution, and the use of herbarium
materials, identifying optimal metlologies for each. Finally, we draw attention to lingering challenges
in the field-of:plant phylogenomics, such as reusability of sieti®, and look at some-apdcoming

technologies that may help propel the field even further.

KEY WORDS genome skimmingmicrofluidics;phylogenomicsRAD-seq;sequence capture;

transcriptones:

Phylogenomicsor using genomscale sequenaata for phylogenetianalyseshas seemajor
advancement recentyears Because ofherapidimprovement ohigh-throughputsequencingHTS)
platforms, reduced representation strategies, and analyticglabtdining hundreds to thousands of loci
hasbecome routine fomany botanicatesearchersAs of early2018, lllumina HiSeq and MiSeghort
read technologie@llumina Inc., San Diego, California, USA) are the workhorsgshylogenomics
Emerging.longreadtechnologiesuch as Pacific Biosciences (Menlo Par8liférnia, USA; PacBio
hereafterandOxford Nanopore Technologies (Oxfordnited Kingdom;Nanoporehereafter) are
facilitatingacquisition oflong locias well as improved assemldfwhole genomg Anumber of
analytical approaches have been developed to detect polyploidy and dissect heterogaireity
phylogenetic dataets(Li et al., 2015; Smith et al., 201B6icKain., 201®; Gompert and Mock, 2017
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Gregget al, 2017, making iteasierto address polyploidy and reticulate evolution using gersrate
data.Additionally, the community is pushing for full open access to both data@mgutercode,making
it timely to discuss the tradeoffs each strategy has in terms of resolving complicdtdiescy history
and reusability of datdVith rapidly evolving new tooland the caveatthat they bringchoosing a
optimalstratey that takes into consideration caasvtailableplant tissue, and shernd longterm
research goals can be a daunting task, especially for people who are new to the fidiohehphyics.

In this review article, we focus on the costs and benefits of different apprassiemn
phylogenomics includingnicrofluidic PCR, restriction enzymbéased methods, genome skimming,
target enrichmengndtranscriptomics. We highlight unique challenges and opportunities in plant
systems—such as polyploidywhich requires distinguishg homeologougene copiegeticulate
evolution whichrequires biparent inherited locj and the use of herbarium materiaish short and
partially degraded DNA-making practical suggestions for each. Finally, we draw attention to challenges
such as reusability afatasets andliscusssome ugandcoming technologies that may help propel the

field even furtherTable 1 provides a siday-side comparison of the mettis explored in this manuscript.

<h1>SANGER<SEQUENCING

Primer design from available data DNA extraction, PCRamplification,and sequencing®

read consolidatior> phylogenetic inference

<h2>In many cases d&ew loci are sufficient

Low-throughputsequencingasel approaches, typically by PCR amplification of nuclear ribosomal ITS
(Baldwin et al., 1995; Baldwin, 1998@nd/or a handful of chloroplast regidi@haw et al., 2005, 2007,
2014)followed by Sanger sequencirage stillcommonplacén plant systematics. These methods have
the advantageoefbeinglow cost (despite relatively high cost per base compared &), requiring only
standard melecular ladxuipment, and having straightforwatata analysisThesemethods are often

used as thefirst:step in molecular systematainingfor students and amgsefulin many cases for
phylogenetic'reconstruction. In addition, Sarbgased methods can be used for barcoding vegetative or
fragmentedssamples, or as a quick first pass for selecting samples for collectimpgeale data.

Duesto frequent polyploidy and reticulate evolution in plants, amplified nuclear regtens of
containco-amplified paralogs andivergent alleles that must be isolated by laborious procedures like
cloning. Forthis reason, PCR amplification of lewopy genes-a common practice in animal
phylogenetics—is not particularly efficient. To avoid cloningigh-throughputingle molecule

sequencing approaches, like PacBio, have been effective in sequencing and isolatinggsointeol
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amplified PCR products for a small number of liocpolyploid taxa(Rothfels et al., 2017). Fonany
phylogenetic analyses, however, a latlphylogenetisignaland potentially high conflict found among
few nuclear and chloroplast regiomscessitatesequencing a larger number of ldad., a phylogenomics
approachMediumthroughput approaches can be employegdryormingPCR amplification of multiple
loci per taxon antbarcoding thenfior pooling and sequencing on platforms like the Illumina MiSeq,(e.g.
Cruaud et al., 2017). However, as overall preparation time and costs forigieterbughput methods

continueto decrease, HTS becomes a more-effsictive choice

<h1>MICROFLUIDIC PCR
Primer design from available data DNA extraction, PCR amplification, and sequencihg

read/locus/alignmen® phylogenetic inference

Among the multiple phylogenomic approacleesnmonly usedoday, microfluidic PCR is one
that has a familiar feel to it. As the name implies, it is based on PCR amplificatiogetéthregions but
hasthe advantage of producing much larger amounts of data more efficiently araffectvelythan
standard PCRMicrofluidic PCR is based on the same princiestandard PCR: a DNA template, a set
of forward and reverse primers used to target and amplify the region of intergshagin and chemical
reagentgirewyTagpolymerase and dNTPSs), and a series ofihgand cooling steps. The main
differences between the two are tfigttwo pairs of primers (two forward and two reverse) are used in
each microfluidicireaction instead of just off),the volumes of DNA template and othieagents are
extremely reduat (3) all primer pairs have the same annealing temperaturddaacplifiedregions
should be ofisimilar lengths. Microfluidic technology has become populaomedical fields like cancer
research (e.g., Gaedcke et al., 2012; Walter et al., 2012)tygérg of singlenucleotide polymorphisms
(SNP) (e.g.,.Bhat et al., 2012; Byers et al., 2012; Lu et al., 20d@he expression (e,dpominguez et
al., 2013; Moignard et al., 2013; Shalek et al., 20a8) targeted resequencing (eLghr et al.,2012;
Moonsamy, et al., 2013Recently, this technology hhsenused for generating phylogenetic dagds in
microbial systemgHermannBank et al., 2013), haplotypingentification ofindividual genomeopies)
of commercially important plan{€urk etal., 2014) and elucidating recent radiations in plai@sstel et
al., 2015; UribeConvers et al., 2016)

<h2>Capacity ofimicrofluidic PCR

In phylogenomis, the most commonly used equipment for microfluidics is the Fluidigm Ackegay
System (FluidigmCorporation, San Franciscoalfornia, USA). This machine functions as a standard

thermocycler excephat it amplifies 48 target regions acrossa¢Bessions/tax@304 amplicons) per
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microfluidic array whereaotherversions of this equipmentay havehigher througput (e.g., 96x 96).
Each reaction is performed with four primers simultaneously: a pair of pritreramplify the region of
interest and a second pair of primers that anneal to the first pair adding barcoseguemting adapters
to theamplicon. Because the final product contains barcodes, sequencing adapters, anditloé regio
interest, this fouprimer PCR approach circumvents the nigdtherlibrary construction methods

After PCR @amplificationall amplicors from each samplarecombined in a single pool, and all 48 pools
of amplicons(one for each sample) are quantified and sequenced ldh@ platform.The current yield

of HTS platforms (e.g., lllumina MiSeq) allows fop tofour to six microfluidic plates to be sequenced
on ae laneand still get the necessary sequencing depth for phylogeadmstly, amplification
reactions on the/Fluidigm Access Array System can be multiplexed. Fluidigrhdwas that one could
combine up'tof10 primer pairs per welbbringing up the number of amplicons to 23,040 per microfluidic
plate—if the“primerswithin awell haveno interaction (e.g., primer dimers)d if the target regions are

located far enough in the genome so @R amplifications do not interfere with each other

One of the maimdvantages of microfluidic PCR is that minimal quantities of DN& BCR
reagents are used. The 2304 wells available in the Fluidigm Access Arra4B48late are only 36 nin
total volume(Cronn et al., 2012), and require justurbts of Tagpolymerase to amplify the entire plate.
Similarly, only 1uL of DNA template is necessary to generate all amplicons for each sample. Although
Fluidigm recommends that higjuality (50ng/juL) DNA be used in the reactions, there has been success
with muehrlaver concentrations (~1@giuL), and importantly, with DNA extracted from herbarium

specimengUribe-Convers et al., 2016; Latvis et al., 2017)
<h2>Microfluidic PCR produces consistent datasets across lineages

Data producethy microfluidic PCRareideal for phylogenomics. Amplified and sequenced regions have
been through a rigorous selection procefigentargeting singleor low-copy loci that are highly
informative, resultingn data thatreuseful to resolve relationships in both young andctddes.

Moreover, only targeted regions are amplified and sequemmdasingooth the sequencing depth for
each amplicon and the number of loci that are shared among samples. This lastgaotitiilarly
important as it reduces the amount of misslata in alignment matricessomething that has been

shown ta:be heneficial for phylogenetic infereficemmon et al., 2009although not always a necessity

for topology reconstruction (Rubin et al., 2012; Mastr¥tiaes et al., 2015)

Another key advantage of microfluidic PCR is that it can be used with polyploid sp&gies.
mentioned above, the highly targeted nature of this approach yields consistently deepisgqlepth
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among all samples, which facilitates recovery and identificaif allelesand homeologwithin a locus.
Sequence data from microfluidic PCR can be demultiplexed twice: first using thensaw barcodes
and then using the PCR primer sites. This double demultiplexing approach results ino§roups
sequencing reads that belong to a specific sample and locus, reducing complexityriblyaskthe

HTS is done with relatively long (3&p reads on MiSeq) pairazhd reads, no read assembly is negded
except for potentially collapsing read®y simply aligning the readback to a referencmany of the
computational burdens that an assembly entails are greatly minimized. Variamtocadgtion for a

locus withim a sample can be used to identify different alleles. This approackemaddmonstrated using
the young gemsNeobartsialribe-Convers & TanKOrobanchaceae) with great success, and setipts
availableto'process microfluidic dai@ribe-Convers et al., 2016Additionally, microfluidic PCR has
been used o study the evolutionary historie€@hmiphoralacq.(Burseraceagesostel et al., 2015pand
squashesGueurbital ., CucurbitaceaeKates et al., 2017). Finally, once a set of primers are available,
they can be reised within the same group and, in some cases, among allied genera within a family
(Latvis etal., 2017)and even an ordé€Collins et al., 2016)

<h2>Upfrontinvestment in primer design

The main disadvantage of microfluidic PCR compared to other HTS methods is theviisted in

primer design. Compared to standard PCR primers, all microfluiieep pairs must have an annealing
temperature of6C (+1°C). Higher annealing temperatures usually require designing longer primer
sequences (~27 bp) in conserved genomic regions, which can be difficult to find axaogot
compound.the challenges miimer design, the regions that are targeted for amplification should all be
close in length (uUsually ~66000 bp). The latter point is importamcausesequencing depth could be
biased toward shorter regions (~350 bp), or if the regions are too long (>1000 bp), thepteoidki

with each other during bridge amplification on an Illlumina platform. Some paoesee data (e.g.,
plastomes, shotgun libraries, transcriptomes) from three tsieeies within a focal clade are required
for designing primes in order to maximize amplification success across a clade. It is recommended to
validate primeramplification by simulating the microfluidic PCR conditions tardsrd thermocycler.

A good primer.pair should not create primer dimers nor interferebaittode and sequencing adapter
primers. A geod primer pair should also only amplify the region of interesin@eouble bands on an
agarose gel), Finally, microfluidic amplification is done in a specialized pfesguipment (e.g.,

Fluidigm Access Aray System) that might not be available in standard molecular laboraiogesomic
cores. However, microfluidic instruments are used in other amplificaised studie@@.g., genotyping

or variant calling, and they are becoming more popular and eeenmonplace in large genomic cores.

Although a researcher new to microfluidics might at first feel discouraged bitations,this method
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provides data matrices with very little missing data, allows complete control oaetaghget
sequenced, andak no assembling steps and minimal data processinthergultingdata caroutweigh

the initial difficulties of primer design.

<h1>RESTRICTION ENZYME -BASED METHODS

Regtriction enzyme selectienDNA extraction> DNA digestion-> library preparatiorand
sequencing2>=readsmapping/SNP identificatiotr phylogenetic inference

High-throughput restrictiorsite-associated DNA sequencing describes a suite of related methods,
here referred to collectively as RA&2q, that utilize restriction enzymes to fragment genomic DNA prior
to sequencingMiller et al., 2007; Baird et al., 2008; Davey et al., 2011; Andrews et al., 2006)ina
adapters are ligated to digested fragments during library preparation suchdbguiaticed reads begin at
restriction cut siteés and extend away for the length of a single sequenced read (typi&8lBbp). The
resulting sequencaeéads thereforaccumulatet each RAD locus to form higtoverage stacks that can
be used toreonfidently call alleles and SNRsconvenient outcome relative to many other genomic
methodghatrequire tiling partially overlapping sequences, often at lae@ths, to construct contigs.
Due to their relatively short lengths, however, RAD loci are often not highly infawerfar constructing
gene trees, and instead are typically best suited forl&id€d inference methods (discussed further
below). Nevertheless, because RABg methods are affordable and easy to implerttent have been
widely adopted,in population genetics, phylogeography, and phylogenetics (Hoherdbh2@t0; Eaton
and Ree;2013; Nadeau et al., 2013; Wagner et al., 2013; Hipp2&dl; Herrera et al., 2015; Leaché et
al., 2015; McCluskey and Postlethwait, 2015; DaCosta and Sorenson, 2016)

<h2>High flexibility and low cost

One of the/greatest strengths of RAEY is its flexibility. If you wish to sample more genetic markers
you can’simply'select a more frequently cutting restriction enzyme or a wideowvafdligested
fragment sizes to include in the sequenced library. If instead you want fewer markersceelcfo higher
depth, you can choose a less common cutter. In this way, for most large plant genigrpessible to
targetapproximatelyas many RAD loci for inclusion in your dagat as you see fit. This has made RAD
seq particularly promising for the study of recent radiat{blzsleau et al., 2013; Wagner et aQ13),
species delimitation (Leaché et al., 2Q1#)d introgression/admixtu(Basmahapatrat al., 2012; Eaton
and Ree, 2013), where a broad sampling of sites from thousands of regions across theaebemsed
to characterize heterogeneity in the distribution of gene tree patterns arakstaistical power for tests
of reticulate evolutiorfDurand et a.2011; Reddy et gl2017).
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The flexibility of RAD-seq can sometimes also lead to confua®there are now a variety of
related methods witsimilar names but distinct differences. These protocols typically vary in thHeenum
and type of enzymes that are used, as well as in the equipment that is required foephedtipn, all of
which can lead to significant differences in their cost as wefl #ee quality and quantity of data
generateqElshire et al., 2011; Peterson et al., 2012; Toonen et al., 2013; Andrews et al., 20h&tGle
al., 2017;see Andrews et aJ2014 for a review). For example, the original RAD protocol uses only a
single restriction enzyme to produce a range of DNA fragment ta¢are subsequently subjected to
sonicationin order to shear DNA fragments to the appropriate length foirrshdrsequencing. In
contrast, duatligest methods use two restriction enzgrtedigest the genome into variably sized
fragments The resulting fragments are selected based on whether their size falls within an appropriate
window forgshorread sequencing. The former method can provide more data with less bias caused by
mutationsto restriction sites, while the latterethodcan be more flexible in tailoring the number of
selected fragments and is cheaper because it retpseespecialized equipment and adapters.

The relatively low cost of RAEBeq is one of the primary reasons it has attracted significant use
in recent years. The initial cost of materials is.|@absequent library preparations and sequencing
typically range framJS$15-75 per sampleandthe cost continues to decregémdrews et al., 2016)
Recent advances tndexed primers (Glenn et al., 20E6)d library preparation®.g, 3RAD; Glenn et
al., 201 7)have-further decreased costs to beldB$l/sample for large multiplexathtasets(Hoffberg et
al., 2016b)A potentially promising approach for largeale projets, in which many hundreds or even
thousands-efiindividuals are to be sequenced, isat@ tnybrid approach like RADcap, whicbmbines
restriction digestion with targeted bait capture (Hoffberg et al., 20T6&) combined approach to select
and sequencesfewer RAD loci provides more even sequencing coverage and allows more samples to be
multiplexed:Depending on the number of samples in a study and the number of loci to be targeted,

selecting an“appropriate protocol can be hugely beneficial and cost saving.

<h2>Analysis of RAD-seq data

A major strength of RABseq is the enormous quantity of data that can be collected. Because the method
does not rely on targeting relatively invariant regions of the genome or coding genesire often high

rates of variationgacross RAD loci that make it easy to sample thousands or even milBbtsof

Typical assembly methis for RADseq provide both SNBased sequence formatsdfull sequence data

for traditional phylogeetic analyses (Catchen et &013; Eaton2014), wth the addition that reference
mapped data providbe genomic location of markers. In this way, the distribution of sampled RAD loci
and SNPs across chromosomes can also be used to study phylogktieticshéps or patterns of

admixture as they vary across sliding windows of the genome Dagmahapatra et al., 2012). Large
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SNP data sets may prove particularly useful as-Baded phylogenetic inference methods continue to
develop (see review by Leatlnd Oaks, 2017). Such methods that do not require inferring fully resolved
gene trees for each locus can expand the utility of methods likedRgvhile also reducing errors in
phylogenetic analyses that arise from assuming gene trees are accurate and that reqoml@haéot

within longer sequences of DNA (Bryant et al., 2012; Chifman and Kubaikd) 2Still, for relatively
deeperscale phylogenetic analyses, RABq loci are often sufficiently variable to be usedenetree

based methods thatploy the multispecies coalescent (e.g., Ogilvie et al., 2016; Eaton, @04l7;

Vargas et a.2017).

<h2>Missing data require careful filtering
A particularly relevant concerior RAD-seq is nissing dataalthough the implications of missing data
applysimilarly to"any phylogenomic analysis. Becats®D-seq relies on the conservation of restriction
recognition sitesiacross samples in order to target homologous markers, disruptese cites by
mutations (mutatiomlisruption) leads to missing @aThe generation of new restriction recognition sites
by mutations can aldead toRAD loci beingshared by some samples and not others, but simulations
suggesthatdisruption of ancestrally shared restriction sites is of much greater significaatoe € al.
2017) More divergent taxa are thus expected to share fewer conserved restriction sites on avkerage, an
thus lesgpairwisesphylogenetic information. This has led to considerable debate as to ViRésiiheeq
can be accurately applied to deeper phylogenetic scales (Rubin et al., 2012; Carj@d&BpAlthough
it is now'clearsfrom empirical applications that RABq can provide significant phylogenetic information
over even tens of millions of years divergence (Eaton and Ree, 2013; Esclwader20di4; Eaton et al.,
2015, 2017;:MeVay et al., 2017; Tripp et al., 2017; Vargas et al., 2017), theetewant concern is the
scale at which missing data matkes method no longer economical compared to alternatives.
Althoughthe problem of missindatais inherento RAD-seq dataets, in most cases many
thousands/of loa@an be recovereacross all or nearly all sampliesa study. Bioinformatic methods are
employed to filter loci from a datetto selecthose with some minimum proportion of missing data
(Eaton, 2014). Depending on how many restriction enzyme cut sites are targetedlitthefgha
library, the sequencing coverage, and the number of samples and their phylogenetisingiat this
may constitute adarge proportion of the total loci or a very small proportion (soggetven none).
However, because loci with missing information for some taxa can still providegamgdtic information
for many other taxa, most datats allow for 3890% missing data in combined multcus data sets
(Eaton et al.2017) In general, missing data tetalhave little impact on phylogenetic tree topology
(Rubin et al., 2012; Mastrettéanes et al., 2015) but can significantly affect other aspects of pmgtige

inference such as branch lengths (Ogilvie et al., 2016).
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Although theprimary source of missing data in RAEeq studies ig/pically assumed to be
mutationdisruption,manyother aspects of library preparation or sequencarghavean equal or grear
effect Consider that one of ttdrawbacksf RAD-seq is that loci contaivery little variation—only one
or a few SNPger locus This presents a contradiction to the expectation that mutdisomption causes
most missing data: if few mutations océn a100-bp locus, themven fewer mutationshould occur in
the small restriction recognition site adjacent to the Iothss, mutation disruption would be unlikely to
causeb0% of sequences to be missing from a datdrsgitadthe amounbf missing datan RAD-seq
will often depend on many other factors.

In a_comparison of 10 phylogenetcale RADseq data sets, Eaton et al. (2017) showed that
selecting an appropriate library preparation method and sequencinggdefpgjneat significance for the
amount of phylogenetic information that will be obtainEdr examplein a relatively deeyscale
phylogenetic'analysis of the gerikburnumL., theyshowed that a*2increase in sequencing coverage
led to >1& increaséan the number of phylogeetically informative sites recovered. However, the same
return on sequencing coverage was not observed for all data sets, with the prifeegatifdepending
on whether the library was single or dual digest. Sidigest libraries tend to generate mdirmgments
that are often undesequenced, whereas dulidest libraries usually select many fewer fragments that are
more easily. sequenced to sufficient deptithough the number of reads thatistbe sequenced to attain
a sufficientlevel.of coverag@er sample can be estimated based on the expeatabter of locin a
genome, such estimates are often difficult to make, and it is typically easier to bamsplgstimates on
studies alreadysconducted in related organisms.. A discussion of differences aiidisgdRprotocols is
clearlyrelevantfor designing a project, as well as when comparing R&B to other methods. Although
RAD-seq metheds are easy to implement, careful attention and troubleshootirgrgfpreparations,
including the quality of DNAextractions, restriction digestions, and size selection windows, camhave

enormous effeabn the results (Graham et al., 2015).

<h2>Working with d uplications and paralogy

Due to the frequency of gene and genome duplications in plants, anonyhnytagenetic markers have
historically received relatively little use, and for many researchers, this ret@eploes similarly to
RAD-seq. However, anonymity is not necessarily a property of Rédpper seyut rather a possible
outcome depending on hahe data are assembled. If a good reference genome is available, RAD loci
can be assembled like many other genomic markers by mapping reads to a referench,¢asehi
paralogy is assessed based on whether reads map to multiple locatiengeénomeDue to their short
length, however, paralogous loci are typically removed from RBAQ data sets rather than being further

analyzed to try to tease apart paralogous gene tree histories. It is ardgdan which taxa lack a good
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reference genome that RAD loci are assembled de novo, wherein reads are clustered by sequence
similarity to identify homology. Paralogy is more difficult to assessigidhAse and is usually based on
distributions of site frequencies and excesses of heterozygosity or alkzles,(E014).

Empirically, the effect of paralogs on phylogenetic inference is difficult to assebgraate
many possible ' ways in which paralogs can be distributetieinrecent phylogenet&tudyof the plant
cladeViburnum Eaton et al. (2017) agpareda RAD-seqphylogenyto a tree inferred from Sanger
sequence data composed of a nuclear locus and chloroplast sedlieheasine cpDNA regions) and
found nearly complete concordandespite the fact thatiburnumhas several instances of derived
polyploidy. Erom this, they suggestdthtany paralogs retained in the RAD data set after filtefikgly
had relatively little effect othe genomeavide phylogenetic signal. The ratio of phylogenetic signal to
noise generated by ancient genome duplications versus more recent species divergeypesivill t
determine the extent to which paralogy is likely to obscure phylogenetic irdedenemains for more
detailed studies to investigate the impact of paralogy on various phylogenomnsetsadaalyzed under
different methods. Most applications of RARq for polyploids to date have focused on the detection of
ploidy based on readept information (Gompert and Mock, 201 Kpwever, there remains a lack of

phylogenetic methods for further analysis of polyploids using primarily SNP data.

<h1>GENOMESKIMMING

DNA extraction, library preparation, and sequencth@rganelle genome assembdy
annotatiom>phylogenetic inference

Genome skimming (also callggtnome survey sequencing or loaverage genome shotgun
sequencing)iistthe method of sequencing total genomic DNA without any enriqi8tranb et al.,
2012) In plants, the resulting data are a representation of the nuclear, chloroplasitcadmdrial
genomes of the target individualthough contaminants from pathogens, the microbiome, and symbionts
(e.g, Nakamura et al., 2013)ay also be present. Often, genome skim data contain less<ticanerage
of the nuclear genome, making them inadequate for identification of nuclear geneseomhen
sequenced at a higher depth3R), Berger et al(2017)have demonstratetiat itis possible to extract
low-copy nuclear genesligher coverage is needed not otdyensurecomplete representation of lew
copy loci butalseto overcome issues of sequencing error. Other fractions of the data, such as the
chloroplast.genom@McKain et al, 2016 Qu et al., 2017)mitochondrial genomgsuo et al., 2016;
Petersen et al., 2017), nuclear ribosomal géBeeele et al., 2012and repetitive elements (e.9.
transposable elements), are in much higher copy numbers, are generally represdgited ialative
coverage compared tow-copy loci (>30¢), and often allow for assembly of organellar genomes and

ribosomal genes or characterization of transposon diversity and qu&tdityn and Burke, 2015b)
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Genome skimming is a relatively easy first step into phylogendoeicauserojects require commonly
used molecular techniques such as DNA isolation and sequencing library prodadtida not require

data generation prior to initiating a project

<h2>Multiple typ es of specimens are viable

A benefit of genome skimming is that any source of viable destbdended DNA can be used. Projects
using living (Male et al., 2014; Zhang et al., 204B)l herbariuniBakker et al., 2016; Teisher et al.,
2017)specimens have all successfully genergetbme skindata(Staats et al., 2013enome
skimming is.able to use DNA that is otherwise too degraded forlBSBd sequencing approaches
(Staats et al., 2011 recent years, the use of herbaria in gendame projects has explodeaith
molecular workflows modified for isolation and shotgun sequencing of herbarium(Bétkinen et al.,
2012; Bakker etal., 2016; Saeidi et 2D18 producing whole chloroplast genomes from samples
than100 years olgBakker et al., 2016endangered speci@&/elch et al., 2016)and extinct species
known only from herbarium collectiorfZedane et al., 2016Becausehese workflows producéable

libraries forHTS, they are also amenable to sequence capture, as discussed below.

<h2>Chloroplast,genomes are readily andnexpensively obtained

Organellargenemes make up a large component of total genomicvitiicpDNA ranging from
<0.3% inPicea abiegL.) H. Karst.needles to 37% iAsclepias syriaca. leavegTwyford and Ness,
2016)and mitechondrial DNA abundancel®% that oftcpDNA (Bock et al., 2014)Although genome
size in flowering plants varies from &Mbp in Genlisea aured. St-Hil. (Leushkin et al., 2013p
almost 52.23Gbpin Paris japonica(Franch. & Sav.) Francl{Pellicer et al., 201Q}there does not
appear to be a direct negative correlation between genome size and percent total organgllar DNA
suggesting that‘genome skimming is a viable option for obtaining organellar genomssraurgsxa
(Bakker etfal., 2016; Twyford and Ness, 20BHcause ofheir relative abundance, (usual) structural
simplicity, and historical significance in systematics, chloroplast genomes éeveé a primary target
of genome skimming projects.

When designing projects for chloroplast genome sequerteindactors should be considered to
maximize data over cost. First and foremost, it must be decided if full chlorgplastnes are necessary
orif proteincoding gene space will be adequate. Adggifull chloroplast genomes for each sample can
add extra time to data generation and analysis; however, multiple assembly pipelin@ECRE
[Wysocki et al., 2014 IOGA [Bakker et al., 201]6 NOVOPlasty [Dierckxsens et al., 20],7FastPlast
[https://github.com/mrmckain/FaBlas}, and &k-merbased approadiizan et al., 201]J have been

developedhatare capable aissemblinggompletechloroplast genomes from shogad dataComplete
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chloroplast genomes can potentially provide more phylogenetic signal from interggioiasfor
reconstructing relationshiggnongclosely related specié€arboneliCaballero et al., 2015When
sequencing ofomplete chloroplast genomissiotfeasible or necessary, read mapplraged approaches
canprovide adequate assemblies ¢btoroplasigene space for populatidevel studiegVallejo-Marin et
al., 2016) De novoassemblies of complete chloroplast genomes often require higher coverage than
mappingbased approaches, so this mustaken into accounh project design. The second factor to
consider is the relative percageof total genomic DNAhat ischloroplasfor the taxa being sequenced
An underestimate can result in chloroplast genomes not sequenced deeplyfenadghuate data
acquisition and,an overestimate can result in wagteténtialtaxon samplingln practice, whole
chloroplast.genomes can be assembled from an estimat&@®BOaverage coveragathough coverage
is not always consistent across thoroplast genomeRegions rich in either AT or GC repeats often see
decreases in‘coverage (Benjamini and Speed, 2012) meaning someslmapgeed a higher average
coverage for complete chloroplast genome assembly. Estimating the percentagleDddfocan be done
by mapping existing reads from the taxon group tepsesentativehloroplast genomée.g, Twyford

and Ness, 2016)f suchdata arenot availablequantitativePCR PCR)can be used to estimate the
relative percergeof chloroplast DNA in a samplgutz et al., 2011)Through gPCR¢pDNA
percentage for each taxon can be estimaiéalving for optimal multiplexing of samples telatively
equal chleroplast read representation across tkeately, the number of taxa in a sequencing run is
related to the seguencing potential of the (ium, total reads and read length), the average size of the
chloroplast:.genome for the group, the desired average coverage of the chloroplast gemhdmee, a
relative perceraigeof total genomic DNA that comes from the chloropl@st.lllumina run of 100

million 150-bpspairedend reads is capable of sequen&fg60 sample$or complete chloroplast
genomegTeisheret al., 2017although this will varyamongtaxa and DNA source (fresh vs. herbarium)
<h2>More thanfjust chloroplast genomes

In addition(to chloroplast genomes, genome skimming provifiest Jook at genome compaosition.
Genome skimming provides data for both development of target enrichment probes kBehatic

2016) and the isolation loveopy nuclear genes given sufficient coverage (Berger et al., 2017).
Transposable element diversity and compositionatswmbe discerned through genome skiata.
Although multiple studies have focused on the use of longer read technology suclpw®déguencing
(e.g, Harkess et al.,@16), the development of RepeatExplorer (Novéak et al., 28@8)Transposome
(Staton and Burke, 2015bhableshort readto be used for transposon identificati@ng, Staton and
Burke, 2015a)Using these approaches, genome skim diaable toprovide novel insights into the
evolution of nuclear genomes, not just organellar genomes. When ugegunctionwith chloroplast

based phylogeniegerived from the same data, understanding of transposon and genome evolution is
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greatly extended. These typesaofilyses are specifically suited to genome skimnvifgch provides
unbiased genomsampling compared to enrichmedrdsed approachesenome skimming also allows for
the assembly afther highly repetitive nucleaegions such as nuclear ribosomal DNKim et al.,

2015) potentially providing phylogenetically informative nuclear loci.

<h2>Limitations caused bynon-biparental inheritance in reconstructed phylogenies

As in most sequencirgased projects, some tasan badifficult to work with and not alkamples will
result in useful datdue to DNA quality Genome skimming can provide complete chloroplast genome
sequences, butthese can be limiting in the resolution they offaytogenomicsprojectsif hybridization
and polypleidy are abundar@hloroplasigenomes are usually uniparentally inherited, wibebomes
problematigfin‘the identification dfybridizationand polyploideventsPhylogenetic signal from whole
chloroplast'genomes can, at times, suggest incomplete lineage soititrggression(i.e., chloroplast
capture) especially at the inteand intraspecific level@éVambugu et al., 2015; Zhou et al., 2017tan

be difficult to tease apaimicomplete lineage sortirend hybridizatiorbecausehey display similar
phylogenetic patterns, especially if only chloroplast genomes are consitecadesn which

bidirectional hybridization occurs and both parental species donate chloggtastes, it may be
possible to detect a hybridization event using chlorofilased phylogenies. However, a combined
approach-of:nuclear and chloroplgenomewill be much more powerful than either alone. As such,
both the biology:of the species (j.ybridizationfrequency recent radiatiog) and the research questions
must befamenable to organeltmased phylogenies for genome skimming to be succelisghbuld be
noted, however, that chloroplast phylogenies often recover comparable plafitogeationships to

those seen-insnuclediasedstudies (e.g Gitzendanner et al., 201&uggesting that these limitations are
situationspecific:;Alhough the use of genome skimming for transposon diversity studies is promising,
the methodology has primaribeentested in lineages with wellocumened transposons (e,g.
Asteraceae and Poaceae) and may be less accurate in understudieddineagéswer or no reference

genomes being available

<h1>TARGET ENRICHMENT

Probe design from available dataDNA extraction, library preparation, hybridization, and
sequencing> locusassembly> homology and orthology inferene2 phylogenetic inference

Although genomeskimming methods are useful for extracting phylogenetic data from organellar
and other higkcopy regions in plant§Stull et al., 2013)they arenot typically feasible forecovering
nuclear genes. Several methods have emerged for enrichment of shotgllinrtiiea) sequencing

libraries fa genes of interest, includindttaconserveddementg(Faircloth et al., 2012}knchored
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phylogenomicgLemmon et al., 2012kxon capturéMandel et al., 2014)and HybSeq(Weitemier et

al., 2014) Each of these methods, which we will collectivedfer to as “target enrichménMamanova

et al., 2010)work via the use of short (6220 bp) RNA probes that hybridize to sequence library
fragments. The hybridized fragments are typically bound to magnetic beads whigeninder of the
library is discardedCommonly used target enrichment methods differ intypesof DNA that are

targeted. Ultreonserved elements (UCEs) amthoredphylogenomics target slowvolving genomic
regions (that may or may not be associated with prai@iting genes) using universal probes that can be
used acrosa wide phylogenetidiversity of organisms. These methods rely on sequence variation in
regions flanking,the conserved genomic elements. In contrast, pcotdiimg genes are used to design
probes for exon.capture and H$leq approaches. Depending on the phylogenetic breadth of the study,
the exon datagmay be used directly. Alternatively, flanking intron regionssareatured and can be
useful for inferming more recent relationships. In the Bdy approaclexon capturés combinedvith
analysis of offtarget organellareadgo retrieve both nuclear and organellar data in the same sequencing
run.

<h2>Consistenly recovering largeregions from multiple DNA sources

As with PCRbased methods, target enrichment requires some prior genomic knowledge abogethe tar
organismsAlthough several genomes spanning the breadth of target organisms are required for probe
design forthesCE and anchored phylogenomiethodsthey are not required for HyBeq

Furthemore it has proven difficult to identifyltraconserved elements in plants, likely due to the high
amounts ofsgeneme duplication. For target enrichment in plants, many groupsgteadchosen to

focus on lowcopy proteircoding genes, using exon capture or 84y designélohnson et al., 2016;
Crowl et al;;201:7; Landis et al., 2QMillaverde et al., unpublished manuscjigtarget enrichment has
also been used to capture chloroplast exons dir@dtgina etal., 2018 Heyduket al., 2016, 20165.

The availability of public trargiptome data, including over 1400 green plants as part of the One
Thousand Plastpoject (OneKP Matasci et al., 2014has simplified the process of probe design for
many plangroups.Transcriptome sequence dat@now available fomostangiosperm plant families
and can be used for Hy®eq probe desigRredicted protein sequences from several species can be
sorted into lowcopy orthogroups based on sequence similarity usiolg such as Ortlknder(Emms
and Kelly, 2015)©One disadvantage of the transcripteomy approach to probe design is that probes
spanning:introan boundaries will not be effective during sequence capture. ldeotifighititrorexon
boundaries is possible using MarkerMiif€hamala et al., 2015)vhich aligns transcriptome data to
reference genome sequences and returns intesked multiplesequence alignments. If no reference
genome is available, a leeoverage genome sequence-{lEx coverag) can also be used to design

probes around intron boumikes (Gardner et al., 2016Finally, the pipeline Sondova¢ (Schmickl et al.,
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2016)uses a combination of transcriptome and genomenrskigdata to identify possible nuclear exons,
and their introns, to be captured. There are many filtering steps imptidmpito assure that the target loci
areorthologots and putatively single copy.

It is generally advisable to design target enrichrpeolbbes using orthologous sequences from
multiple species. In addition to ensuring the loci are truly singf®y in thetarget taxa, probes designed
from orthologous sequences will extend the breadth of phylogenetic utility of the pt¢behseson et
al., 2016 Villaverde et al., unpublished manuscyigturther discussion of bait design considerations can
be found athttps://github.com/mossmatters/KewHybSegWorksiRopumber of broadcale target
enrichment projects are under development in plants, including Biaheand Fungal Tree of Life
(PAFTOL; Royal/Botanical Gardensew, Richmond, SurreyUnited Kingdon), Geneology of flagellate
plants GoHag;University of Florida, Gainesv#, Florida, USA), and Anchored Phylogenomics
(Léveillé-Bourretet al., 208) groups. The possibility of a universal set of genes that can be used for any
plant species is an excitingtéwe direction for targeted sequencing.

Being able to uskerbarium specimens in phylogenomics aredys one of the major advantages
of the target enrichment approach. DNA from herbarium specimens is often degradeshirgmall
fragments, meaning PGCBased approaches are unsuccessful at amplifying loci. In cotdrgst,
enrichmentas proven successful for antique DNA collections in many organisms, includiryga®0
old herbariumsspecimen¥i(laverde et al., unpublished manuscjiftarget enrichrantalso has an
advantage overphylotranscriptomic methods in graupgichlive tissue is difficult to collect but
herbarium:cellections exist.
<h2>Workflow easily accomplished in a modern molecular lab

A typieal:molecular lab workflow would involve six steps: DNA extraction, genomic DNA
fragmentation via sonicatioMTS library preparation, sequence capture, PCR, and sequencing. The
sonication steprmay be omitted for many herbarium specimens, which liypaad highly fragmented
DNA. Depending on the methods of DNA extraction and library preparationne®@late of samples
may be prepared for sequencing in as little as two or three weeks. One difference between genom
skimming and target enrichmenttigat it may not be economical to send DNA extracts to a-garty for
library preparation. The libraries would need to be returned to researchers for nyishichentand then
sent back for sequencing. Additional costting measures may beed including the preparation of
streptavidin beads$-or an example of one possible loastworkflow, see:
https://github.com/mossmatters/KewHybSeqWorkshop

If probe design is conducted using existing transcriptome and genomic resources fittlere is
up-front cost for target enrichment studies. The typical cost for probe sequences and taigeiesnr

reagents i&)S$200per reactiorwith myBaits kits(Arbor BiosciencesAnn Arbor, Michigan, USA), and
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a single reaction can be used to enrich up to 96 Illumina libraries for hundreds ohkcb$k of library
preparation is similar to other methods and can utilize typical DNA library @iqakits such as
TruSeq Nandlllumina Inc.) or more economical kits suchtlagse provided biXAPA (Roche
Sequencing, Pleasanton, California, USAINEBNext (New England BioLabs, Ipswich,
Massachusetts, USA). Studies may employ different strategies for sequencex@rfglejf capture of
flanking intron regions is important, MiSegkZ00 PE reads would be idealhereasf many herbarium
specimensire useda shorter read length may be a more appropriate choice.
<h2>Data analysis is amendable to type of enrichment

After,sequencing, data analysis involves reconstructing the loci from sequesenisgoefore
proceedingto.sequence alignment and phylogerestanstructionSeveral pipelines have been
developedto assist: for example, HybPifamhnson et al., 2016)as designed fadyb-Seq and exon
based approaches, aieasPhyluce(Faircloth, 2015was designed for the UCE approach. Users should
pay special attention to the detection of paralogous sequences recovered by sequesmitgcases,
paralogous sequences may not affect further analysis (if they are recent enough nogieyhatic for
each sample). In other cases, paralogs may prove useful to identify further loleyfogeneticswhen
the relative age of a genome duplication is known, reads from the two paralogs candarsbrt
assembled into separate, orthologous alignmeigs ¢eeJohnson et al., 20).6

Sequence alignments generated by target capture can be concatenated into a supermatrix or used
for genetreebased methods of phylogenetic reconstruction, including ASTRAMirarab et al., 2014,
Zhang et aly2017ASTRID (Vachaspati and Warnow, 2018nhd BJCKy (Larget et al., 2010). This is
especially useful with exon capture and Fgfq approaches, because loci are likely to be long enough to
contain manys=variable sites and produce gene trees with high conf(iticet al., 2015; Johnson et al.,
2014 Villaverde et al., unpublished manuscyigiltering potential target genes to ensure the presence of
long coding regions ( >1000 bp) amehen intron position is known, long exon region&06 bp) will
increase the probability that gene trees may be resolved. Recovery of organellar Dbi/pasiactof
nuclear target enrichment can depend on many factors, including how much of délsé@xtontains
organellar DNA and the efficiency of target enrichm@nrte method for increasing the -aéirget
organellar coverags to add a dilution of the unenriched library to the godiridization library(K.
Weitemier, perssecomm.).
<h2>Large segmentenrichment

Recent advances in sequence capture have introduced the capacity ttoendtlnly exons
but also intergenic regions. One such method, knowagsn specific extraction(Dapprich et al., 2016)
utilizes primers, designed in similar fashion as target enrichment probes, and asteuigynthesis

using biotinylated nucleotides that facilitates the enrichment of long pieces of BiNg\aistandard
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magnet approach. This method allows for sampling of long and phylogenetically infarmeagions

outside of exonic regions and has the potdmdi allow for easy assembly and identification of paralogs,
acquisition of conserved regulatory regions, and identification of structural @aribtit would otherwise
not be obtainable in taxa without fully sequenced genomes. Another approach esaheagure probes
on geneseized DNA fragments, followed by sequencing with toead technology such as Nanopore and
PacBio (Giolai et a).2016, 2017). This approach has the benefit of being very similar to general target
enrichmentmaking adoption amasier transition. Another strengihthese approachésthe possibility

of targetedssequencing of large genomic regions inmodel species, a powerful tool footh
phylogenomicsandevolutionary genomics.

<h1>TRANSCRIPTOMES

Live tissue—> RNA extradion, library preparatiorand sequencingp transcriptome assembty
homology and orthology inferene2 phylogenetic inference

Usingstranscriptome sequencing to generate protein coding sequences for phylogemomics
“phylotranseriptomics has theversatility to inform relationships frowloselyrelated species (Pease et
al., 2016)tosancient relationships with relatively slevolving coding sequencéd/ickett et al., 2014)
Transcriptomseontains rich information obothgene sequens@andgene &pression. No prior
knowledge.of sequences is required, and the transcriptome data generated for onarengastble for
a different preject. Although phylotranscriptomicsbaen gaining popularity during the past several
years, its uses still restricted to a relatively small number of research groups due to theelyltigh
cost per sampldJS$260-350 plus labor) and logistics in obtaining and handling tissue due to unstable
RNA molecules. In addition, data analysis of transcriptome data requires comneatulinand
overcoming computational challenges such as handling isoforms, incomplete/missrgpgeences,
and misassembly. However, most of these hurdles have been ldweesbnly developedequipment,
commercially availabl&its, and analytical tools.
<h2>Proper planning for collection of living tissue

Livingseollections, seed banks, and reputable commercial seed and live plant gravedtgre
primary sourcesor tissue used for phylotranscriptomics. To supplememe@sgdtections, there are
two approaches that can be usedollect tissue samples suitable for transcriptome analysis from wild
populationsaRNAater (Thermo Fisher Scientific, Waltham, Massachusetts, USA) stabilizes both DNA
and RNA and allows for collecty samples in ambient temperature. The key step for usingaRiAs
to slice thick tissue thin so that the solution penetitigsue quickly. An alternative strategy, using liquid
nitrogen, is logistically more challenging but enables a wider range of analysestionaiddDNA and
RNA, such as protein and secondary metaba|@eslioet al, 2018).Having collaborators based in a
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local institution near the field sitdlows for support in shipping and storing equipment and samples,
especially ifcollecting internationally. Perngifor collecting tissue for RNA isolation mde more
difficult to obtaincompared tdhose needed failica-preserved samples. Advanced planning and
communicaibn are essential for planning these trips. Once tissue sarap obtained, lorigrm storage
of either RNAater-preserved or flasfrozen materials can be expensive as thayupyfreezer space and
do not tolerate thawing. S&@nget al.(2017)for an example ofield collection and tissue storage
workflow.
<h2>Standardization of tissuemay not be critical

Due.to the dynamic nature of gene expression, one of the most frequently asked questions in
phylotranseriptomic project design is what tissue to Tissditionally, mosttranscrptomestudies have
focusedon differentially expressegenesFor phylotranscriptomic purposes, typically aim © recover
as many genesfas possible, especially housekeeping pradly. amixture of plant tissueshould be
used. However, logistic constraints of field collectadtenlimit collectionto vegetative tissues that vary
in growth stage Conditions such as temperature, day lengtkltime of day for collecting can be
difficult to standardizéutare less important whehe goal is taecove housekeeping genes. A useful
rule of thumb igoscollectyoung leaves, flower budand meristers) which have aelativelyhigh RNA
concentration'andrelow in secondary metabolites compared to mature leavaking theneasier to
work with«(dehnsen etlg 2012)
<h2>Avoiding contaminationin RNA extraction

A numberof phylotranscriptomi@rotocols have been developed in various gdlaetges
(Johnson et al., 2012; Yockteng et al., 2013; Joifiweden et al., 2015; Yang et al., 2Q01SVitable
extraction pretecalcan be lineage specific, and we recommend starting from existing protocols that have
proven effectivetin closely related plagroups. Despite having to keep tissue froaamtil extraction the
RNA extraction‘procedure gpuitesimilarto DNA extraction RNA extraction is best done in small
batches of(12 or ledmecausdt is necessary tmove relatively quickly to avoid RNA degradation.

Extreme care should be taken to avoid contaminaéispecially from closely relatglants. This
is because sequencing coveragéegdny several orders of magnitudenong genes in any given
transcriptome. Unlike DNA analysig which contamination can be filtered out by low sequence
coverage, highly-expressed genes from contaméan be difficult to remove analytically, especially if
they arefrom aclosely related speciegnfortunately publicly available transcriptome data retrieved
from the National Center for Biotechnology InformatidhdBI) Short Read Archive (SRA) often coain
contaminated reads, or even hybrid or mixachgles As rbcL andmatK genes can often be recovered

from transcriptomg they can be used to compare against sequences in GenRkt&dibpotential
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contaminationThe recently developed tool CroCo (Simiet al., 2018) can be used to detect potential
crosscontamination from transcriptome data sets generated by the same research group.
<h2>Data analysis requires powerful computers and command line tools

Due to memory requiremenforde novotranscriptome assemblgthigh-end desktop computer
with at least 645b of memory or higkperformance computing clustease needed for data processing
Although pointandclick software platforms such as Galg@fgan et al., 2016)CLC Genomics
Workbent (QIAGEN, Valencia, California, USARndDNA Subway (https://dnasubway.cyverse.org/
are availabldor de novoassembly, downstream analysis steps such as data filtering, homology and
orthologyinference, matrix construction, and gene tree analyses are still active areas of egs®arch
developmentNo.existing poirtandeclick tools can properly handle the entire phylotranscriptomic
workflow, and €ommand line skills are requiredproperly analgetranscriptome dataVe highly
recommend-familiaring yourself witha scripting language (such Rgthor) andUnix command line
toolsthoughbioinformatics coursesvorkshopsand online classes (suchairsera.org Recently,
Carey and Papin (2018) published a guide for biologists learning to program, which prqwidetscal
resource far those just getting start€de “simple fool’s guide’ (De Wit et al., 2012and the Eel Pond
MRNAse Protocel(http://khmerprotocols.readthedocs.io/en/v0.8.4/mrnaseq/index)f@ralgood

examples to startith for data analysisalthough updated protocols should be considered when available
<h2>| sofermssincomplete sequences, and gene and genome duplication

With proper orthology inference and filtering, phybnscriptomic dataetsusing housekeeping
genesahn achieve matrix occupansinilar toSangerbased methoddang and Smith, 2014; Yang et
al., 2015 2018). Methods developed withoekplicit consideration fogene and genonauplication
events suchrassHaMStiREbersberger et al., 2008hdOrthoMCL (Li et al., 2003) arepotentially
problematidn plants especially when nesingle-copy gene families are of intereRecently developed
tools such as=OrthoFinder (Emms and Kelly, 2015), in our experience, pédtentharOrthoMCL in
retaining gene family structure instead of breaking gene families aparbagbas such aonstructing
phylomes ({the collection of gene phylogenies for a taxdnertaCepas et al., 2011pllowed by tree
based orthology pruningy¥anget al., 208) or all-by-all BLAST followed by Markov clustering and tree
based orthology pruningyang and Smith, 2014)re more appropriate for the challenges of plant
orthology inferenceespeciallywith complex gene and genome duplication scena@psmal homology
and orthelogy inference in plants is still an active researchithanovel tools being developdy
multiple research groups inclng the Joint Genome Institutbt{ps:/phytozome.jgi.doe.ggvMultiple
challengesemain in orthology inferencall-by-all homology searclks computationally intensivéess of
a concern with DIAMONDBuchfink et al., 201} inflation values have an unknown impatiMarkov

clustering(van Dongen, 2000pnd E-valuesaturation effectsom BLAST are unknown. On the other
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hand, baited methods, suchbaslding phyloma orsorting transcriptomes usingcare seof orthogroups
(e.g, McKain et al., 2016), rely onahigh-quality core gene set or focal proteoraserrors and
incompleteness in these sets pappagate into subsequent analyses.
<h2>Detecting gene and genome duplication events

Due to the complexity of de nowmnscriptome assembly, it is difficult to distinguish isoforms
and alleledrom recently duplicated paralogs. Our experience is that detecting polyfdoiasd during
the past few million years is often difficult using transcriptoohés to paralog divergence, taxon
sampling, and incomplete lineage sortifiganscriptome dataresuitable for detecting more ancient
polyploidy eventgyivenproper homology inferendgi et al., 2015; McKairet al., 2016; Yanget al.,
2018). Large datasets, such as OK®, have demonstrated the utility of such an approach through the
identification of hundreds of whole genome duplicativergs (M. Barker, pers. commn). Moving
forward,some exciting aspects of phylotranscriptomic analysis includes gene loss/silenaing rel
expression leveland substitution rates between paralogous pairs.

In summary, while sample handling is delicate, with transcriptome liataekeeping genes can
be used for species tree reconstruction, while gene duplication and loss/silenciegised for
functional inferenceThe learning curve forata analysiss steepbutthe return allows for novel

biological insights in noimodel systems

<h1>DISCUSSON

With so many phylogenomic methods available for plants, many limitations ghabpsly
plagued systematics projects can be alleviated through a multifaceted ap@ediplanning with
insight into the biology of one’s system as well as intgoibtentiallimitations of the methods usezhn
improve the likahood of succes$Vhen planning @hylogenomigroject, oneshouldfirst consider data
already available from public databases such as NCBI (GenBank,g8Bthe Transcriptome Shotgun
AssemblySequence DatabaskJA]) and Phytozomenftps:/phytozome.jgi.doe.gov)t is increasingly
common tosstardy summarizing and/or ranalyang existing data when designing phylogenomic
projects.Existing/data can give a researcher a head start, circumventing the need to generatanyreli
data when they amecessary for certain approaches (e.g., microfluidic PCR and target enrichment).
Although thesphylogenomic community has been moving toweméased transparency and data/code
sharing, more often than not it is frustrating taise published datets.As such, researchers should be
sure to contribute responsibly to the community by making data and analyses opdabteagadvell-
annotatd with metadata. Additionally, vouchers should be made for samples to link a pipyaical
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specimen to generated data (Funk et al., 204&%e we make recommendations on metadata and data
sharingto optimize reusability of data and transparency of st (Table 2).

Given your shortand longterm research goals, consider khegevity ofthedata generated and
ask the question: would ndatabecome obsolete in five yeargidsue collectiorshouldtake into
consideratiortheimprovement of pilogenomic approaches, as well as other future approdebes
example, is collecting seeds and frozen or RiX&-preserved tissui@ addition to silicgpreserved
samples feasible for at least some species? These will provide resources for futurptoaresand
whole geneme sequencing, even if it is not the current goal of a project. With the advahoéeof w
genome sequencingwell-curated living collection will become increasingly importaat only to you
but to the community

Multiple approachesiay be combined for developing phylogenomic projects. Transcriptomes
and genomes can be used to deslgh-Seq and PCR primergVhole ggnome can be used for
referencebased mapping of transcriptoni®AD-seq and target enrichmedata and help inform lirrges
with recent divergencer phase homologous sequences. Combinations of approaches can provide novel
insight irto'relationships by usinthe strengths of thesepproaches to inform each othEor example,
identification of ashybridization eveis possible through most of the approaches depicted here. The
uniparental.inheritance of organellar genomes recovered from genome skicamielgcidatethe
parentalhistory-of a hybrjddentifying the maternal genome donor atedermining whether the event is
unidirectionalor bidirectional.

Finallysitsis becomingncreasingly attractive to develop “model clades” vattombination of
whole genomg transcriptomegilyb-Sedgenome skimming at species level, &&D-seq at population
level. With asuiteof tools we can not only reconstruct the evolutionary histifrthese cladelsut also
start asking'questions about genetic mechanisms underlying trait evolution and@ddgitgtogenomic
methods provide much motiean just evolutionary historytiey providensight intodifferent aspects of a

plant’'s genomeswvhich can leado novel discoveries in previously intractable lineages
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TABLE 1.Comparison of cosind utility of phylogenomic methods for plafits.

Aspect of Sanger Microfluidic Restriction Genome Target Transcriptome
method based PCR enzyme- skimming enrichment
methods based
methods
Upfront Desgn and | Some Optional: test | None Transcriptome | Freezers and
investment | optimizing genomic data | alternative and/or genomes| liquid nitrogen
PCR (e.g., shotgun| restriction from closely containers;
primers. libraries. digestions for related logistics for
Timeframe: | Timeframe: optimal range organisms. tissue collecting
weeks cost: | weeksto of fragment Timeframe: Timeframe:
$50-100 months; cost: | sizes. months cost: weeks to months
$100-1000 Timeframe: $100-1000 cost:$1000-
weeks cost: 10,000
$100-1000
Tissuefor All four All four types | All four types, | All four types All four types Flashfrozen or
sampling types but but reduced | but reduced but potential but reduced living tissue
herbarium, reduced successrbm | successrbm reduced succes$ successrbm preserved in
silica successrbm | low-yield low-yield from low-yield | low-yield RNAlater
preserved, low-yield herbarium herbarium herbarium tissug herbarium tissue
flashfrozen, | herbarium tissue tissue extractions. See| extractions
living tissue extractions extractions Saeidi et al.,
extractions 2018.
Sequence Coding Coding Anonymous or| Organellar, Coding region Coding region
information glsregion, short| region, reference some nuclear | and flanking
type introns, and | introns, and | mapped shorft intron
short short length loci
intergenic intergenic
spacers spacers
Cost per $1=5 for $1-5 for $1-5 for $1-5 for For 96 samples:| $5-15 forRNA
extraction+,. | standard standard DNA| standard DNA | standard DNA | $200 for probes,| extraction + $58
library prep | DNA extraction + | extraction + extraction + $1-5 for 150 + $200
+ sequencing| extraction + | $0 + $0.40 $5-50+ $25-1% + $50 | standard DNA | (assume 25
(varies $0 + $3 for a| per $1200-1800 | (assume 15 | extraction +$16 | million reads per
depending or single read | microfluidic (HiSeq Gb of datgper (library in 1/3 transcriptome)
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platform) of 800-1000 | reaction sequencing sampl¢ volumey +
bp (~$800 per 48| 48-384 $1800 for
x 48 plate) samples) sequencing
(MiSeq 2x 300)
Assembly Easy Easy Relatively Moderately Moderately Computationally
and cleaning easy computationally | computationally | intensive
data intensive intensive
Ability to Yes Yes, mtential | Yes, Soméimes Yes, can extract| Yes
resolve to recover significant potentially alleles if long
reticulation/h single alleles | power to test | identify reads are used
ybridization/i from nuclear | for genome hybridization
ntrogression loci wide or but only if it is
localize biparentally
admixture inherited
Ability to Yes but Yes, ptential | Sometimes, No Sometimes,an | Sometimesif
infer needs time | to recover can detect detect polyploidy event
polyploidy consuming | single alleles | polyploidy abundance of is old enough thal
cloning from nuclear | from read paralogous homeologs can
loci depths, but sequences be separated
low potential during
to separate transcripbme
paralogs assembly
Best use Firstipass; Closely Shallow Deep or shallow] Deep or shallow| When detecting
when related phylogenetic | phylogenetic phylogenetic genome
maximizing | species; scale with aim | scale detecting | scalefor up to a | duplication and
the.number | studies that | to sample parental few samples per| gene family
of samples id need specific | many heritage; species evolution are of
the priority | loci and individuals potential interest beyond
complete data genome reconstructing
matrices diversity species
relationship
Reusability. | Yes if using | Yes, ully Sometimes, Yes, ully Sometimes, Yes, ully
of data the'same reusable reusable for reusable partially reusable
loci within focus | studies within reusable across
group using | same study studiesf same
same logi system, not loci are targeted

This article is protected by copyright. All rights reserved



limitations reusable
with increase | between
in distantclades
phylogenetic

distance

4Costs aremgiven:in:U.S. dollafigS$) as of 2018.
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TABLE 2. Recommendations for data sharing and archiving.

Archive format/platform

Best practice

Information to i nclude

Special onsiderations

Vouchers

Specimen with appropriate
characteristics to identify to
species level

Deposit inherbarium

GPS pointjocality data,

collector, collection number

Permits often required
Special permission for living
collections (e.g., botanical

gardens, arboreta)

NCBI Short Read Archive

Submit all raw read data

Taxon (as specific as
possible)

Voucher information
Tissue type

Methods for collection,
extraction, and library
preparation

Read type (paired or single
end)

Submit biological replicates
separately if sampling for
RNA-Seq experiment

Link populations and
accessions together in a

BioProject

Dryad

Provide details to reproduce
results including commands,
scripts, program versions, ar
log files

Major steps in data analysis
should be included

Provide final dataets from
which major conclusions are

drawn

Cleaned and assembled reaf

Intermediate andral
danalysis files

Parameters for analyses

Scripts as used in associateq

analyses

Details not presented in

manuscript but necessary to

replicate results

|

Links to Github, Bitbucket, o
other online repositories for
updated versions of scripts
Simply stating ‘tustom
scripts”is not acceptable
Documentation of code used
and parameters, such as a
Jupyter Notebook
(http://jupyter.org) to

promote repeatability
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