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RADseq as a valuable tool for plants with large genomes—A
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and cost ineffective under most research budgets. Cycads (Cycadales) represent one
of the oldest lineages of the extant seed plants and, partly due to their age, have
incredibly large genomes up to ~60 Gbp. Restriction site‐associated DNA sequencing (RADseq) offers an approach to find genome‐wide informative markers and has
proven to be effective with both model and nonmodel organisms. We tested the
application of RADseq using ezRAD across all 10 genera of the Cycadales including
an example data set of Cycas calcicola representing 72 samples from natural populations. Using previously available plastid and mitochondrial genomes as references,
reads were mapped recovering plastid and mitochondrial genome regions and nuclear markers for all of the genera. De novo assembly generated up to 138,407 high‐
depth clusters and up to 1,705 phylogenetically informative loci for the genera, and
4,421 loci for the example assembly of C. calcicola. The number of loci recovered
by de novo assembly was lower than previous RADseq studies, yet still sufficient
for downstream analysis. However, the number of markers could be increased by
relaxing our assembly parameters, especially for the C. calcicola data set. Our results
demonstrate the successful application of RADseq across the Cycadales to generate
a large number of markers for all genomic compartments, despite the large number
of plastids present in a typical plant cell. Our modified protocol was adapted to be
applied to cycads and other organisms with large genomes to yield many informative
genome‐wide markers.
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1 | I NTRO D U C TI O N

a combination of these factors (Guan et al., 2016). Plant genome
sizes are highly plastid (Pellicer, Hidalgo, Dodsworth, & Leitch,

The size of an organism's genome greatly affects the cost of se-

2018), ranging from 13.2 Megabase pairs (Mbp) in the genome of

quencing its genome, which in turn affects the number of organisms

Ostreococcus lucimarinus to over 149 Gigabase pairs (Gbp) in the

for which genomic data is available (Andrews, Good, Miller, Luikart,

octoploid Paris japonica (Pellicer, Fay, & Leitch, 2010). As a result

& Hohenlohe, 2016). Large genomes are caused by numerous fac-

of whole genome duplication, gymnosperm genomes are generally

tors such as tandem repeats, pseudogenes, paralogs, polyploidy or

larger than those found in many angiosperms, ranging from ~8 Gbp
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in Microstrobus to ~72 Gbp in Pinus and Ceratozamia (Roodt et al.,

RADseq has offered new avenues for phylogenetics and popu-

2017; Scott, Stenz, Ingvarsson, & Baum, 2016; Zonneveld, 2012a,

lation genomics (Table 1) because it does not require the use of a

2012b; Zonneveld & Lindstrom, 2016). Typically, as a result of poly-

reference genome (Andrews & Luikart, 2014) and has proven to be

ploidy, the on‐average large genome size is caused by an ineffi-

very effective for population genotyping by identifying thousands

ciency of gymnosperms at eliminating repeat amplifications in the

of polymorphisms (Mastretta‐Yanes et al., 2015). These polymorphisms include both neutral and non‐neutral markers that poten-

genome (Pellicer et al., 2018).
Next generation sequencing (NGS) permits sequencing large

tially reflect a large portion of a taxon's genome, which are involved

stretches of a genome to produce DNA sequence data in the Gbp

in natural selection and mutation (Narum, Buerkle, Davey, Miller, &

range at relatively low cost. Full genome sequencing may be the best

Hohenlohe, 2013). RADseq has been applied in population genet-

approach for finding informative markers that assist investigating the

ics across a range of model plants, such as Oryza and Carex, as well

evolutionary history of a species (Andrews et al., 2016). However,

as nonmodel plants including Senecio, Betula, Sisymbrium, Mimulus,

large and complex genomes present problems of cost for existing

Passiflora, Psychotria and Mangifera (Guo et al., 2014; Massatti,

NGS approaches (Alexeyenko et al., 2014). Further issues include

Reznicek, & Knowles, 2016; Nazareno, Dick, & Lohmann, 2018; Roda

generating enough repeat reads to account for over‐representation

et al., 2013; Twyford & Friedman, 2015; Vandepitte et al., 2013;

of highly repeated elements in the genome (Catchen et al., 2017).

Wang et al., 2013; Warschefsky & von Wettberg, 2019). It has also

Additionally, de novo assembly of larger genomes becomes problem-

been used, to a lesser extent, in plant phylogenetics for Pedicularis,

atic because of repeated elements, making effective repeatability of

Diospyros, Quercus, Viburnum and Diuris (Ahrens et al., 2017; Eaton,

an assembly difficult (Meyers, Scalabrin, & Morgante, 2004).

Hipp, González‐Rodríguez, & Cavender‐Bares, 2015; Eaton & Ree,

Restriction site‐associated DNA sequencing (RADseq), uses

2013; Eaton, Spriggs, Park, & Donoghue, 2016; Paun et al., 2015).

restriction enzymes to reduce the proportion of the genome se-

Currently published fully‐sequenced plastome and mitochondrial

quenced by cutting DNA into smaller fragments, and a subset of

genomes for the cycads are few, yet this number already appears to

these fragments (typically between 200 and 600 bp) are then se-

provide sufficient evidence to invest in alternative sequencing meth-

lected for sequencing (Davey & Blaxter, 2010). Thus, RADseq allows

ods of genomic DNA, such as that of RADseq. Of the ten genera of

the sequencing of a reduced representation of the genome yet still

cycads, eight—Ceratozamia, Cycas, Dioon, Encephalartos, Macrozamia,

at a deep level of sequence coverage, especially near specific re-

Lepidozamia, Stangeria and Zamia—have documented plastomes

striction sites; therefore, only a portion of the genome is sequenced

(Wu & Chaw, 2015; Wu, Wang, Liu, & Chaw, 2007). Yet, a com-

(Andrews et al., 2016). Compared to many NGS methods such as

parison of high GC‐biased substitutions, gene conversion and low

shotgun and whole genome sequencing, RADseq is considered quick

sequence variability between both their and other published gym-

and economical under most research budgets (Peterson, Weber,

nosperm plastomes (e.g. Pinus thunbergii, Abies koreana and Araucaria

Kay, Fisher, & Hoekstra, 2012; Toonen et al., 2013).

spp.) indicates that the plastid is not an optimal source of variable

TA B L E 1 Estimated genome sizes of
taxa examined in earlier RADseq studies

Taxon

Est genome
size (Gbp)

Type of study

References

Carex spp.

0.30–2.36

Phylogenetics

Massatti et al. (2016)

Cedrus sp.

16

Phylogenetics

Karam et al. (2015)

Sisymbrium austriacum

0.72

Population genetics

Vandepitte et al. (2013)

Mimulus spp.

0.74

Population genetics

Twyford and Friedman
(2015)

Mangifera indica

0.45

Population genetics

Warschefsky and
Wettberg (2019)

Betula nana

0.92

Population genetics

Wang et al. (2014)

Quercus spp.

1–2

Phylogenetics

Eaton et al. (2013)

Oryza sativa

2

Population genetics

Guo et al. (2016)

Diospyros spp.

2.40–5.76

Phylogenetics

Paun et al. (2015)

Viburnum ssp.

3.8–4

Phylogenetics

Eaton et al. (2016)

Senecio lautus

4.90

Population genetics

Roda et al. (2013)

Passiflora spinosa

0.92–2.68

Population genetics

Nazareno et al. (2018)

Pedicularis spp.

5.68

Phylogenetics

Eaton & Ree, )

Psychotria lupulina

1.03

Population genetics

Nazareno et al. (2018)

Note: Gbp = number of billion base pairs and estimation of plant genome size obtained from Plant
DNA C‐values. Database (http://data.kew.org/cvalues/).
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markers that are useful for population genetics or phylogenetic stud-

The aim of the larger project is to understand the evolution and

ies (Jansen, Saski, Lee, Hansen, & Daniell, 2011; Ruhsam et al., 2015;

genetic diversity of wild Cycas populations. As a proof of concept,

Tsudzuki et al., 1992; Wu et al., 2007; Yang et al., 2016; Yi et al.,

we tested our RADseq approach across all cycad genera. This study

2015; Zhou, Zhao, Chen, Meng, & Zhao, 2016). As of yet, the only

aimed to (a) demonstrate that RADseq can be successfully applied

full mitochondrial genome that has been sequenced is that of Cycas

to organisms with large, repetitive genomes, such as cycads, (b)

(Wu et al., 2007). Compared to published mitochondrial genomes of

generate a sufficient number of loci using de novo assembly for

the closest allies of Cycads (Ginkgo biloba and Welwitschia mirabilis),

phylogenetic and population genetic analyses and (c) develop an ef-

only a few number unique and polymorphic sites were found (Guo et

fective method that can be used for genome skimming. Ultimately,

al., 2016), which supports that this genomic compartment is equally

our goal was to demonstrate the effectiveness of RADseq across

uninformative as the plastome.

large and complex genomes to allow others to follow this protocol.

In order to test the effectiveness of RADseq for taxa with large
genomes, we used a RADseq technique across a cohort of samples
representing ten known cycad genera (Cycadales). We chose cycads
because they have particularly large genomes, ranging from ~25 to 30
Gbp in Cycas L. to ~72 Gbp in Ceratozamia (Zonneveld, 2012a), which

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Sampling strategy

appears to be the result of many tandem repeats, pseudogenes, pa-

Freshly collected silica‐dried leaf material was sampled for all of the

ralogs and possibly whole genome duplication (Roodt et al., 2017).

10 genera representing 13 species in the Cycadales, from both fami-

In addition to having on‐average larger genomes, we also chose cy-

lies—Cycadaceae and Zamiaceae (Table 2). Cycadaceae leaf samples

cads because there is need for better methods to find more data‐rich

were taken from Cycas taitungensis at the living collection of the Royal

sequences for the purposes of systematic and population genomic

Botanic Garden and Domain Trust, NSW Australia (RBGS), and sam-

studies. Therefore, forming part of our larger conservation genom-

ples of Cycas armstrongii, Cycas maconochiei and Cycas calcicola were

ics study targeting cycads, we developed a RADseq protocol that

collected from wild plants in the Northern Territory, Australia. For

is based on a modification of the ezRAD protocol (Toonen et al.,

Zamiaceae, Bowenia spectablis, Ceratozamia kuesteriana, Dioon mejiae,

2013). ezRAD differs from other RADseq approaches as it uses a

Encephalartos lebomboensis, Lepidozamia peroffskyana, Macrozamia

commercially available library preparation kit and does not require

johnsonii, Microcycas calocoma, Stangeria eriopus and Zamia integrifolia

specific restriction enzymes to ligate adapters to cut sites (Andrews

samples were collected from the living collection of the RBGS (Table 2).

et al., 2016). Another advantage of ezRAD when compared to other

Additionally, to test the utility of RADseq at population level,

RADseq protocols is that it requires lower initial setup preparation

samples were collected from 60 individuals of C. calcicola from nat-

and costs (Andrews et al., 2014).

ural populations in the Northern Territory, Australia (Appendix S1).

Collection no.

Species

RBGS acc no.

Wild/Cul.

NCBI acc.

Bspe‐15‐39

Bowenia spectabilis

862154

Cul.

SAMN11096242

Ckue‐15‐40

Ceratozamia kuesteriana

816,444

Cul.

SAMN11096245

Carm15‐24‐9

Cycas armstrongii

N/A

Wild–NT

SAMN11096243

Ccal‐16‐18‐8

Cycas calcicola

N/A

Wid–NT

SAMN11096244

Cmac‐15‐3‐5

Cycas maconochiei

N/A

Wid–NT

SAMN11096246

Ctai‐15‐75

Cycas taitungensis

816340

Cul.

SAMN11096247

Dmej‐15‐41

Dioon mejiae

816446

Cul.

SAMN11096248

Eleb‐15‐42

Encephalartos
lebomboensis

816449

Cul.

SAMN11096249

Lper‐15‐43

Lepidozamia
peroffskyana

816455

Cul.

SAMN11096250

Mcal‐15‐45

Microcycas calocoma

816474

Cul.

SAMN11096251

Mjoh‐15‐44

Macrozamia johnsonii

816460

Cul.

SAMN11096252

Seri‐15‐46

Stangeria eriopus

816474

Cul.

SAMN11096253

Zint‐15‐4

Zamia integrifolia

816496

Cul.

SAMN11096254

Note: Samples obtained from the Royal Botanic Gardens and Domain Trust, Sydney and wild
populations in the Northern Territory Australia. Collection no. = individual date assigned number
per sample, RBGS acc no. = Royal Botanic Gardens and Domain Trust living collection database accession number, Wild/Cul. = of the origin of the samples and if they were collection from the wild
or from the RBGS collections and NCBI acc. = NCBI Sequence Read Achieve, BioSample accession
number (BioProject accession: PRJNA526348).

TA B L E 2 Samples of cycad genera
obtained for RADseq
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The samples included three populations from the Litchfield National

aim was to use the PCR‐Free kit to help reduce the probability of

Park and three populations in the Katherine region—each popula-

PCR amplification bias. However, after multiple attempts the PCR‐

tion consisted of 10 individuals of varying ages. In addition, a fur-

Free kit resulted in poor final yields when quantified using qPCR,

ther 13 samples were sourced from cultivated ex‐situ collections of

and after multiple troubleshooting steps, it was deemed unfit for our

George Brown Darwin Botanic Garden (Darwin, NT, Australia) and

target group (cycads). However, the Illumina TruSeq nano kit proved

Montgomery Botanical Centre (Miami, FL, USA).

to be effective when the input of genomic DNA was increased by 5×
the recommended input, i.e. from 100 to 500 ng, due to the amount

2.2 | DNA extraction and quantification
Approximately, 0.05 g of silica‐dried leaf samples were ground to

of DNA, which is lost during clean‐up and size selection. We followed the ezRAD protocol v3 using half of the recommended volumes of an Illumina TruSeq kit to save costs (Toonen et al., 2013).

a fine powder using a TissueLyser (Qiagen Inc.). When present in

Several quality control checks were carried out during library

large amounts, trichomes were removed to improve extraction

preparation on a select number of samples (16–24 samples) using

quality (specifically in C. calcicola). High molecular weight genomic

a high performance LabChip and a Qubit fluorometer; more specif-

DNA was extracted using a DNeasy Plant DNA Extraction Mini Kit

ically, DNA size and quantity (µg/ml) were checked after digestion

(3.0 BR DNA assay; Qiagen). Genomic DNA was inspected using a

and after size selection. During the final step of library preparation,

2% agarose gel to check for the presence of DNA and impurities. A

we modified the ezRAD protocol in the final bead clean, using a 0.8:1

Qubit fluorometer (3.0 BR DNA assay; Invitrogen, Life Technologies)

ratio of AMPure XP beads to sample for the removal of excess adapt-

was then used to determine the quantity (µg/ml) of the extracted

ers observed using a LabChip. Final Illumina libraries were validated

DNA for each sample. The target concentration for samples was (≥)

using a LabChip, cleaned using a 0.9:1 ratio of AMPure XP beads to

17 µg/ml; samples that yielded less than this amount was either re‐

sample, and quantified using a Qubit high sensitivity kit (3.0 HS DNA

extracted or concentrated using a 1:1 ratio of Agencourt AMPure

assay; Invitrogen, Life Technologies). Final libraries were normalized

XP magnetic purification beads to sample volume (Beckman Coulter,

to 10 nM and pooled for sequencing. For more detailed laboratory

Inc) by combining multiple extractions (For more detailed laboratory

methods (Appendix S1).

methods, please see supplementary data Appendix S2).

2.3 | DNA normalization and double digest reaction

2.5 | Sequencing
We aimed to capture around 1 gigabyte (Gb) of sequence data per

First, genomic DNA was normalized to a concentration of 500 ng

sample (in a run of 95 libraries) to account for over‐representation of

in 42 µl total volume (0.01 µg/ml) using a QIAgility liquid handling

the plastid genome and to capture as much of the nuclear genome

robot (Qiagen Inc.). Second, using the QIAgility, 5 µl of NEB 10x

as possible. Genomic sequencing was carried out using an Illumina

CutSmart buffer and 1 µl of bovine serum albumin (to help stabilize

NextSeq 500 with 150 bp paired‐end HT on a single flow cell. The

the enzyme digestion) were added to each well and mixed briefly for

NextSeq 500 HT run can capture up to 120 Gb of sequencing data,

5 s using a plate mixer (although these steps were performed using a

thereby allowing for our sequencing target of one Gb per sample.

liquid handling robot, they can be performed manually). This mix was

The sequencing run was also spiked with 20% PhiX sequencing con-

stored at 4°C for a minimum of 5 hr—our tests showed that this helps

trol V3 (Illumina) to account for low sequence diversity caused by

to reduce the effect of DNA methylation, improving the cutting ac-

the identical enzymatic digestion cut sites in the ezRAD protocol.

tion of the restriction enzymes. Next, double digest reactions were
set up using 1 µl of each EcoR1‐HF and Mse1 restriction enzymes,
mixed by pipetting manually. Reactions were run in a thermocycler
for 3 hr at 37°C with a final 20 min deactivation step at 65°C. Using
2% agarose gel, samples were checked for a smear to indicate the
quality of digestion. Lastly, double digest reactions were cleaned

2.6 | Bioinformatics
2.6.1 | Quality control and filtering of
sequence reads

using 1.8:1.0 ratio of AMPure XP beads to sample (90 µl of AMPure

The NextSeq 500 generated four fastq files for forward and reverse

XP beads to 50 µl of digested DNA) and quantified using a Qubit

reads (eight files per sample). The four forward fastq files were concat-

high sensitivity kit (3.0 HS DNA assay; Invitrogen, Life Technologies).

enated into a single forward fastq file and similarly a single reverse file
was created, as required for the downstream RADseq assembly. The

2.4 | Library preparation

concatenated forward and reverse fastq files were screened for quality using PRINSEQ v0.20.4 (Schmieder & Edwards, 2011). PRINSEQ

RADseq libraries were prepared following the ezRAD protocol

allowed the detection of falloff in read quality for a range of samples

(Toonen et al., 2013) in which we tested two different Illumina

from each population. The reads were trimmed using Trimmomatic

(Illumina Inc.) library preparation kits: firstly, an Illumina TruSeq PCR‐

0.36 (Bolger, Lohse, & Usadel, 2014) using the following settings: (a)

Free high throughput (HT) dual index kit, and secondly, an Illumina

the Illumina clip function was used to remove adapters, (b) the first six

TruSeq nano HT dual index kit (PCR‐based, FC‐121‐4003). Our initial

bases were cropped from the start of all paired‐end reads, (c) all reads

221,486
114,251
53,004

3,799,154

2,050,790

2,600,746

Lepidozamia
peroffskyana

Stangeria eriopus

Zamia integrifolia

2.03

5.57

5.82

0.89

0.80

1.8

7.12

4.36

2.68

8.01

1.07

5.46

35.2

77.01

40.59

67.59

10.74

26.02

94.43

77.67

42.93

131.32

42.25

81.65

Average read
depth

323

771

638

1,460

134

342

802

552

365

908

846

813

Max. read
depth

149,292

158,135

152,953

158,563

148,986

148,002

147,868

153,610

157,215

159,061

149,659

158,285

Length of
consensus

91

97

95

95

90

92

90

94

96

97

89

96

Reference
covered (%)

Zamia
furfuracea

Stangeria
eriopus

Lepidozamia
peroffskyana

Macrozamia
mountperriensis

Encephalartos
lehmannii

D. spinulosum

C. taitungensis

C. taitungensis

C. taitungensis

Cycas
taitungensis

C. hildae

B. serrulata

Species

LC040885

LC049067

LC049207

LC049069

LC049336

LC049070

AP009339

AP009339

AP009339

AP009339

LC049068

NC_026036

GenBank acc.
no.

Reference plastomes

164,953

163,671

165,939

166,341

165,822

161,815

163,403

163,403

163,403

163,403

165,733

165,695

Length (bp)

Note: RADseq reads from seven cycad genera and four Cycas species were mapped against the plastome of the most closely related, available species. PE = paired end; Gbp = number billion base pairs;
Reference GenBank acc. no. = the reference number of a user submitted to the NCBI GenkBank online database https://www.ncbi.nlm.nih.gov/genbank/. % of reads mapped to reference = indicates the
percentage of reads mapped against the total number of reads; Average read depth = the average number of reads forming a cluster on the mapped reference, Max. read depth = the maximum depth
of reads assembled into clusters, Length of consensus = the length of consensus formed from the mapped reads and Reference covered = percentage of the reference plastome covered from the reads
mapped.

59,899

6,729,621

Macrozamia johnsonii

1,972,585

Cycas maconochiei

Cycas taitungensis
37,437

112,189
140,535

2,571,329

Cycas calcicola

16,292

63,651

2,373,959

Cycas armstrongii

2,061,518

189,829

2,367,871

Ceratozamia
kuesteriana

2,026,350

64,052

5,941,118

Bowenia spectabilis

Encephalartos
lebomboensis

122,695

2,245,179

Species

Dioon mejiae

No. reads
mapped to
reference

Number of
PE reads

% reads
mapped to
reference

Results of mapping RADseq reads against reference plastomes

RADseq reads

TA B L E 3
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Note: PE = paired end; Gbp = number billion base pairs; Reference GenBank acc. Cycas taitungensis reference sequence (AP009381) was the downloaded from the NCBI GenkBank online database https
://www.ncbi.nlm.nih.gov/genbank/. % of reads mapped to reference = indicates the percentage of reads mapped against the total number of reads; Average read depth = the average number of reads
forming a cluster on the mapped reference; Max. read depth = the maximum depth of reads assembled into clusters; Length of consensus = the length of consensus formed from the mapped reads and
Reference covered = percentage of the reference mitochondrial genome covered from the reads mapped.

62
255,598
608
6.73
1.34
26,616
414,903
~25 to 28
Cycas taitungensis

1,972,585

62

69
285,579

255,979
223

446
6.77

3.76
0.61

1
25,837

14,672
414,903

414,903
2,571,329
~25 to 28

2,373,959
~25 to 28

Cycas maconochiei

~25 to 28
Cycas armstrongii

Cycas calcicola

68
282,883

Genome size (Gbp)
Species

2,367,871

414,903

26,402

1.11

6.99

724

Reference
covered (%)
% reads mapped to
reference
No. reads mapped to
reference
Length of
reference Mt
genome
Number of
PE reads
RADseq reads

TA B L E 4

RADseq data for Cycas spp., mapped to a reference mitochondrial genome of Cycas taitungensis

Average read
depth

Max. read depth

Length of
consensus

CLUGSTON et al.
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were cropped to 120 bp in length due to lower quality ends (observed
using PRINSEQ), and a sliding window was also used to delete bases
with a PhredQ score less than 20 with a sliding window of four and (d)
all reads less than 50 bp were discarded, and only paired reads were
retained to improve merging of reads during clustering.

2.7 | Assembly of RADseq data for cycad genera
De novo assembly of the paired‐end reads was performed using
ipyrad 0.5.13 (https
://github.com/deren
eaton/
ipyrad; Eaton &
Overcast, 2014) on a high‐performance cluster based at the Royal
Botanic Garden Edinburgh using seven nodes, each with 12 cores
and 128 Gb of RAM, totalling 84 cores and 896 Gb of RAM, running
for 21 days. In ipyrad, all parameters were set to default, except for
the following: data type was set to ‘pairgbs’ (most closely matches
ezRAD), bases with a PhredQ score less than 30 were converted to
'N’ and reads with 15 or more uncalled bases were discarded. Reads
were further filtered for adapter sequences and trimmed, and reads
were discarded if they were less than 40 bp in length. The maximum number of uncalled bases in consensus sequences was set to
ten for forward and reserve reads. The maximum heterozygotes in
consensus sequences were set at eight for both forward and reverse
sequences, and the minimum number of samples per locus for output files was set to 4.
Data assembly followed the general ipyrad workflow. Reads
were more stringently filtered for presence of adapters (after initial trimming and filtering earlier in Trimmomatic). Next, clusters
were identified within samples and consensus base calls were made.
Finally, loci were aligned across all of the samples (four species of
Cycas, and one species each of the nine other cycad genera) and output files were generated, after applying filters as specified in our parameter settings. These settings also included the minimum samples
per locus; for example, a generated site is discarded unless it meets
the requirement that it is present in a minimum number of samples.

2.8 | Assembly from population data of C. calcicola
To further demonstrate the utility of our protocol, we carried out de
novo assembly for 72 individuals of C. calcicola (one sample failed
during sequencing). The minimum number of samples per locus was
set to 43 (as opposed to 4 for the genus level assembly, above), so
that each site would be present across a minimum of ~60% of samples, to reduce missing data.

2.9 | Mapping of reads to published references
Large cycad genomes (25–60 Gbp) present potential problems with
over‐representation of repetitive regions, and for this reason it is important to test the genomic sources and distribution of RADseq reads.
To test for over‐representation, reads were mapped against the published reference plastomes and the single mitochondrial genome (Wu
& Chaw, 2015; Wu et al., 2007) (Tables 3 and 4). The reference plastid
and mitochondrial genomes were downloaded from NCBI GenBank,

8,558,022
3.210,918
3,123,683
3,601,176
2,905,407
2,795,366
3,075,899
9,895,138
3,622,719
5,519,262
3,058,563
3,653,987

~63

~25 to 28

~25 to 28

~25 to 28

~25 to 28

~48 to 50

~54 to 58

~54

~41

~55

~38

~38

Cycas armstrongii

Cycas calcicola

Cycas maconochiei

Cycas taitungensis

Dioon mejiae

Encephalartos lebomboensis

Macrozamia johnsonii

Microcycas calocoma

Lepidozamia peroffskyana

Stangeria eriopus

Zamia integrifolia

71.18

67.05

68.83

71.84

68

65.88

73.78

67.89

71.40

75.99

74.74

69.42

2,600,746

2,050,790

3,799,154

2,602,759

6,729,621

2,026,350

2,062,518

1,972,585

2,571,329

2,373,959

2,367,871

5,941,118

1,518,302

1,252,119

1,888,907

1,741,344

3,090,462

1,127,824

1,118,716

1,098,674

1,391,947

1,323,284

1,319,958

3,365,724

1,303,450

No. clusters

41,031

32,114

75,403

36,641

138,407

39,332

39,785

32,816

47,562

43,834

41,765

125,895

37,523

No. clusters
hi‐depth

192

200

337

125

362

215

201

1,705

1,694

1,641

1,697

233

316

No. of loci

Note: QC = quality control of reads; Gbp = number billion base pairs; Total paired reads merged = number of paired‐end reads merged to form a consensus read; No. clusters = number of matching reads
greater than one forming a cluster; No. clusters hi‐depth = number of clusters with 6 or more reads used for majority rule base calling, No. of loci = the total number of loci removed per sample. Genome
sizes estimations obtained from Zonneveld (2012b).

2,600,746

2,050,790

3,799,154

2,602,759

6,729,621

2,026,350

2,062,518

1,972,585

2,571,329

2,373,959

2,367,871

5,941,118

2,245,179

Ceratozamia kuesteriana

69.77

3,217,808

~42

Bowenia spectablis

2,245,179

Total paired reads
merged

% Reads passed QC

Number of PE
reads

Genome size (Gbp)

Species

Reads passed QC

Outputs from ipyrad

Filtering of reads

Outputs from de novo assembly of RADseq data

Species and genome size

TA B L E 5
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TA B L E 6 Filtering of loci during de
novo assembly of Cycas calcicola natural
populations

Filtering steps

No. of filtered loci

No. of retained loci

Removing duplicates

33,688

139,521

Max indels per locus

8,537

130,984

Max SNPs per locus

52,101

115,909

Max shared heterozygotes per locus

279

115,851

Min samples per locus

111,430

4421

1617

Note: RADseq reads representing six natural populations (60 samples) and 12 samples representing
ex‐situ conservation collections. The final step of de novo assembly the loci which are generated
using are passed though numerus filters; Removing duplicates = removed duplicate loci of which
are identical, Max indels per locus = remove loci in clusters that reach the threshold for the maximum number of indels per locus to help reduce missing data; Max SNPs per locus = filter based on
the maximum number of SNPs per locus to remove clusters with an excess number of loci which
could indicate errors in data; Max shared heterozygotes per locus = by the maximum number of
hetrozygotes per locus to filter out an excess heterozygous loci and Min samples per locus = The
minimum number of samples per locus was set at 43 indicating that each locus was shard across a
minimum of ~60% of the samples.

and the filtered paired‐end reads were mapped to these references

million) and was lowest in C. taitungensis and greatest in C. macono-

using CLC Genomics Workbench 11.0 (CLC Genomics, 2019; Qiagen

chiei. The PhredQ Score distribution of the sequencing run meas-

Inc.) using default parameters: for read alignment mismatch costs = 2,

ured 75.2% at Q30 or greater, which passed the Illumina sequencing

intersection and deletion cost = 3, length fraction = 0.5, similarity frac-

filter. Quality control of reads (measured as PhredQ score in FastQC

tion = 0.8 and auto detection of paired distances was allowed.

0.11.5) indicated that forward reads were of a higher quality with a
drop‐off after 135 bp, whereas reverse reads were lower quality due

2.10 | Phylogenetic analysis of C. calcicola
populations

to drop‐off after 120 bp. Due to this quality drop‐off, forward and
reserve reads were filtered and trimmed to 120 bp. Data accessibility: the data that supported the finding of this study are archived to

The resulting RADseq sequence data provide the first opportunity

allow reproducibility of the assembly, and filtered sequence reads

to investigate the infraspecific relationships between natural popula-

are accessible from NCBI Sequence Read Achieve, BioSample acces-

tions of C. calcicola. Furthermore, this approach can be used to help

sion number: PRJNA526348 (Table 2).

demonstrate the effectiveness of RADseq in differentiating natural
populations. Phylogenetic reconstruction of C. calcicola populations
was completed using SVDquartet plug‐in for PAUP* version 4.0a158

3.2 | Mapping of reads to published references

(Swofford, 2003) because of its robust approach in analysing short

RADseq reads were mapped against published reference mitochon-

gene sequences from RADseq data (Liu, Yu, Edwards, 2010; Mirarab et

drial and chloroplast (plastid) genomes. Plastomes ranged in size

al., 2014). Phylogenetic trees were estimated from the concatenated

from 161,815 to 166,431 bp (Table 3). The number of reads mapped

gene sequence alignments using SVDquartets analysis. Settings in-

to the plastomes varied from 16,292 reads (0.80% of total reads) for

cluded exhaustive quartet sampling, 100,000 bootstrap replicates and

E. lebomboensis to Encephalartos lehmannii and 221,486 reads (5.82%

the multispecies coalescent tree model. We examined results of all

total number of reads) for M. johnsonii to M. mountperriensis (Table 6).

analyses using at least three independent runs for multispecies coales-

The average read depth (Table 3) also varied between the samples

cent analysis by allocating samples to their respective populations. The

and ranged from 10.74 in E. lebomboensis to 131.32 in C. armstrongii

three separate populations are at Litchfield National Park (including

and demonstrates that no clusters were over‐represented. Although

Tolmer Falls sites), Daly River, Katherine CDU and Spirit Hills.

the percentage of RADseq reads mapped varied, in all species 89%
or greater of the reference was covered and was lowest in C. kueste-

3 | R E S U LT S
3.1 | Number and quality of reads

riana (89%) and greatest in S. eriopus and C. armstrongii (97%).
Reads for Cycas spp. were mapped to the mitochondrial genome of C. taitungensis, which was 414,903 bp (Table 4). The number of reads mapped ranged from 14,672 (0.61% total number of

Sequencing on the Illumina NextSeq 500 platform generated ap-

reads) in C. calcicola to 26,616 (8.9% total number of reads) in C.

proximately 1.9–6.7 million 150 bp paired‐end reads per sample

taitungensis. The number of reads covering the reference mito-

(Tables 3‒5). The number of reads generated varied—with the few-

chondrial genome only varied somewhat between species and was

est for S. eriopus and the greatest for M. johnsonii. For Cycas (target

lowest in C. calcicola and C. taitungensis (62%) and highest in C.

genus), the number of reads generated showed less variation (1.9–2.5

armstrongii (68%).
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demonstrate that RADseq can successfully be applied across all 10
genera of the Cycadales, with sufficient data generated to use this

Initial filtering and trimming of the raw Illumina reads were carried out

approach for conservation genomics, phylogenetics and other po-

using TRIMMOMATIC. Approximately, 65%–75% of paired reads were

tential applications.

retained (singletons were removed), each with a minimum PhredQ
score of 20 (Table 5). The sample which yielded the lowest number
of reads after filtering was C. taitungensis. During filtering, approxi-

4.1 | Assembly of RADseq data

mately 1 million reads were discarded for each sample and 3 million

Data were mapped against the reference plastomes and a mitochon-

reads were removed for M. Johnsonii; however, M. johnsonii remained

drial genome and showed that less than 8.01% of the total number

the taxon with the greatest number of reads overall (Table 5). The

of reads were mapped. This indicates that neither the plastome nor

number of clusters obtained from de novo assembly ranged from 1.0

the mitochondrial genome was over‐represented in our data, which

to 3.3 million per sample. The number of high‐depth clusters (contain-

is further confirmed by the average and maximum read depth (Tables

ing six or more reads) ranged from 32,000 in S. eriopus to 38,000 in

3 and 4). Additionally, large portions of the reference genomes cov-

M. johnsonii (Table 5). This lower number of high‐depth clusters versus

ered up to 97% of the plastome and 69% of the reference mitochon-

initial clusters indicates that there were a high number of clusters with

drial genome. These results are expected with RADseq data as reads

less than six reads, which were discarded due to a higher likelihood of

will rarely cover the entire reference because of the use of restric-

a base being miscalled. The number of recovered loci varied greatly

tion enzymes (Liu & Hansen, 2017). These results indicate that our

among genera (Table 5), ranging from 1,641 in C. calcicola to 1,705 in

RADseq protocol is also effective at recovering large portions of the

C. taitungensis within Cycas. A lower number of loci were recovered

plastome and mitochondrial genome, without reducing the effec-

for Zamiaceae when compared to Cycadaceae with 125 loci being ob-

tiveness and reliability of RADseq for population genetics or phylo-

tained for M. calocoma and 362 for M. johnsonii (Table 5).

genetic inference (Fitz‐Gibbon, Hipp, Pham, Manos, & Sork, 2017).
De novo assembly in ipyrad recovered between 125

3.4 | Example assembly of C. calcicola

(Macrozamia) and 1,705 (Cycas) informative loci, which is the result
of several factors: the number of high‐depth clusters generated,

The assembly of 72 samples from natural populations of C. calcicola

the number of genetically similar samples included in the assem-

(Table 6) generated 1.7–4.7 million reads during sequencing, and

bly and the degree of genetic similarity between species and gen-

most reads passed the ipyrad filter (after trimming). The total num-

era (Table 5). A greater number of Cycas species were included

ber of clusters generated during clustering ranged from 1.3 to 3 mil-

in the assembly, which are closer genetically (Nagalingum et al.,

lion, and the number of high‐depth clusters ranged from 22,000 to

2011), and is the reason why a greater number of loci were re-

78,000 thousand. Overall the assembly generated over 3 million in-

tained for Cycas, as with the C. calcicola example data set (Table 6).

formative SNPs across the 72 samples, and after final filtering, 4,421

Conversely, fewer loci were recovered for Zamiaceae because of

loci were recovered for a minimum of 43 samples per locus (each

greater genetic distances between genera, and only a single rep-

locus was present for ~60% of samples).

resentative species of each genus was included in the assembly. If
more samples were included from each genus in Zamiaceae, the

3.5 | Phylogenetic analysis of C. calcicola

resulting number of loci could be greater. Despite the genetic distance among the genera, there were a sufficient number of shared

The unrooted tree (Figure 1) recovered seven well‐supported popu-

loci recovered between the Zamiaceae and Cycadaceae genera.

lations/groups. Spirit Hills, Daly River, Litchfield National Park (NP)

These results mirror what was found in Myricaceae (Liu et al.,

and Litchfield Tolmer populations received 100% bootstrap support

2015) and Diapensiaceae (Hou et al., 2015), as they also found a

(BS). Katherine Charles Darwin University site (Katherine CDU) was

significant drop in loci recovered in more distantly related taxa,

provided with 99.3% BS and Katherine population and cultivated

indicating that genetic differences between families would be

samples from Katherine TT (Katherine TT CUL); each were provided

considerable, as we found between Zamiaceae and Cycadaceae.

90.6% BS. Populations from Katherine and Litchfield National Park

The example assembly of C. calcicola showed a similar result in

(NP) were recovered as two separate clades (99.5% and 100%, re-

clustering to that found in the genera data set by having far fewer

spectively). Total weight of incompatible quartets was 16.5780

high‐depth clusters than clusters overall. The assembly generated

(47.409%), and total weight of compatible quartets was 18.3897

4,421 markers across 72 samples using a strict minimum number

(52.591%).

of samples per locus (to reduce missing data), which required that
each locus was present in at least 43 samples (~60%). If the minimum

4 | D I S CU S S I O N

samples per locus were reduced to the default of four, this would
further increase the number of loci generated, but also the amount
of missing data. This demonstrates that with a good number of sam-

Here we have presented an optimised RADseq protocol used

ples and a high level of generic similarity, an assembly can generate a

to gain insights into the genetic diversity of cycads. Our results

good number of loci even with very large genomes. This also appears

|
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a sufficient number of repeat reads in the sequence data to gener-
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ate enough high‐depth clusters (except for repetitive regions; Karam,
Lefèvre, Dagher‐Kharrat, Pinosio, & Vendramin, 2015). In our study,
we found between 1 to 3.3 million clusters in the first clustering step
and 32,000 to 138,000 clusters after selecting only high‐depth clus-
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ters, indicating that there were many clusters with fewer than six
reads. This number of high‐depth clusters, while relatively small compared to the initial number, is nonetheless sufficient for downstream
phylogenetic and population genetic purposes, especially given that
previous work has used significantly fewer markers (Cibrián‐Jaramillo,

10

0

Daly, Brenner, Desalle, & Marler, 2010; Griffith et al., 2015; Meerow

100

et al., 2012; Nagalingum et al., 2011; Salas‐Leiva et al., 2014).
Thus far, RADseq has been utilized in phylogenetics and pop-
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F I G U R E 1 Unrooted tree network tree of Cycas calcicola's wild
populations in Northern Territory, Australia. The unrooted tree
shows seven well‐supported populations. Spirit Hills, Daly River,
Litchfield National Park (NP) and Litchfield Tolmer populations
received 100% bootstrap support (BS). Katherine Charles Darwin
University site (Katherine CDU) with 99.3% BS and both Katherine
Katherine TT Katherine TT CUL (cultivated) provided 90.6% BS.
Populations from Katherine and Litchfield National Park (NP) were
recovered as two separate clades (99.5% and 100%)

those with the largest genomes include Diospyros species (2.40–
5.76 Gbp), Senecio lautus (4.90 Gbp) and Pedicularis species
(5.68 Gbp). In our study, RADseq was applied to genomes that are
25 to 63 Gbp—i.e. approximately 4–11 times larger than all previous studies. Therefore, we have demonstrated that RADseq can
successfully be applied to groups of plants with larger genomes and
holds a promise for future applications of RADseq to other plant
groups, especially nonflowering plants with large genomes such as
ferns and gymnosperms.

5 | CO N C LU S I O N S
We have demonstrated that RADseq can be applied to organisms
with large genomes, such as cycads. This protocol uses HT sequenc-

to have provided sufficient data for coalescent‐based analysis since

ing to recover informative genome‐wide markers. RADseq also

our results were provided with high support (>90% BS) for closely

offers the ability to multiplex and sequence many individuals simul-

related populations of C. calcicola.

taneously, at relatively low cost. These markers have the potential to
be used for population level and for phylogenetic studies, ultimately

4.2 | Sequencing depth and large genomes

helping to resolve the relationships among cycads, obtain a better
insight into the genetic diversity among the Cycadales species and

Sequencing resulted in 2.7–9.8 million paired‐end‐reads per sample.

to assist in developing informed conservation management plans for

Although reads needed to be filtered and trimmed, the sequencing

cycads and other groups in the future.

quality was generally high. We aimed to obtain 1 Gb per sample to
account for the large genome size (25–63 Gbp; Zonneveld, 2012b)
and over‐representation of the plastome (Wu & Chaw, 2015). The
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