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Abstract

White cypress pine (Callitris glaucophylla) and related species are drought-tolerant evergreen
conifers that occur in a wide range of bioclimatic regions in Australia.. To broaden our understanding of its
speciation process we applied ecological genomics to identify markers associated with environmental
adaptation. . We adopted a single tree linkage mapping approach combined with high-throughput RAD
(restriction site associated DNA) sequencing and EST-SSR genotyping to set up a baseline genetic map for
C. glaucophylla. The generated linkage map was consisted of 4,284 markers positioned on 11 linkage
groups, corresponding to the haploid chromosome number of Callitris (2n = 22). Map length inflation due
to missing observations and errors were controlled by imputing and correcting genotypes, resulting in map
length reduction by 76%. Spatial distribution of markers was uneven compared to random expectation with
significant clustering in central positions of some linkage groups, which may be associated with
recombination cold spots of pericentromere regions. Allelic segregation was shown to be distorted in
particular regions of four linkage groups, where selection may have operated on viability genes, leaving
allelic distortion in surrounding linked markers. We then tested RAD-SNP marker recovery in and
transferability of the linkage map to population genomic data collected for related Callitris species. Of the
linkage map markers, 1,257 markers (ca. 30%) were recovered in independent RAD-sequencing of C.
glaucophylla population samples. Genetic diversity and differentiation evaluated using mapped markers
reflected ascertainment bias slightly; a decrease in Hs (absolute difference of -0.018) for a related species
(C. gracilis) and an increase in Fst between C. glaucophylla and C. gracilis (+0.018) were detected.
Although care should be taken given such biases in cross-species transfer, this study demonstrated that the
RAD-SNP based linkage map is essentially useful when combined with population genomic analysis of

this conifer lineage.
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Introduction

Conifers are of immense ecological importance in terrestrial ecosystems (Debreczy and Racz
2006; Gernandt et al. 2011). They are well represented in plant communities that occur in extreme
environments including species that form vast coniferous forests in seasonally cold temperate/boreal
regions of Northern Hemisphere . The Australian genus Callitris (Cupressaceae) (2n=22) is the most
speciose and ecologically important conifer group on this predominately arid island continent (Bowman
and Harris 1995). While most Callitris species are regional endemics, the C. columellaris species complex
is unusual in terms of its continental-wide distribution extending from humid coastal to arid interior and
seasonally dry monsoon environments (Hill and Brodribb 1999). The complex is comprised of five
closely related morphospecies (C. columellaris, C. intratropica, C. gracilis, C. glaucophylla, and C.
verrucosa) and shows further genetic differentiation into twelve regional lineages (Sakaguchi et al. 2013).
Some of these species have extreme drought-tolerance () and regeneration is via continuous recruitment
in wetter regions or in pulses following successive wet years in arid environments (Prior et al. 2011). The
species has moderate tolerance to surface fires, but can be killed by high intensity grass fires ().
Considering its broad distribution and ecological diversification, genetic adaptation along climatic
gradients may have played a significant role in the speciation of this C. columellaris species complex.
Thus genomic analysis of the species complex to identify genomic regions associated with environmental
adaptation is expected to broaden our understanding of the diversification of this group, and more generally
provide insights into conifer evolution.

One important aspect of ecological genomics is to locate genes or genomic regions underlying
adaptive traits in genetic/physical maps. Unlike model species and economically important species, genome
sequencing is still not realistic for conifers due to their enormous genome (e.g., genome size of Callitris
species is estimated to be 8.3-11.2 pg/C in Ohri and Khoshoo 1986, which is 38-51 times larger than
Arabidopsis thaliana) (Neale et al. 2014; Nystedt et al. 2013). Thus linkage mapping has been the preferred
approach to mapping conifer species genomes. Early mapping studies (1990-2005) utilised markers of
isozyme, RAPD, ISSR, RFLP (Ritland et al. 2011), and more recently AFLP, SSR, SNP and their
combinations have become more popular (Chancerel et al. 2013; Kang et al. 2011; Martinez-Garcia et al.
2013; Moriguchi et al. 2012; Neves et al. 2013; Pavy et al. 2012). Among these, SNPs (single nucleotide
polymorphisms) can be used as the most abundant genetic marker for high-resolution mapping because one
SNP occurs every 91 base positions on average in conifer gene sequences (Gonzalez-Martinez et al. 2011).
A recently developed RAD-sequencing (restriction site associated DNA sequencing) is an efficient
technique to obtain SNP genotype data of population samples even for species with no prior genomic
knowledge (Baird et al. 2008; Peterson et al. 2012). This technique has been introduced to linkage mapping
studies and shown to be successful in generating high-density linkage maps for non-model organisms (Guo
et al. 2015; Kakioka et al. 2013; Talukder et al. 2014; Wu et al. 2014).

This study reports a high-density linkage map of white cypress pine, Callitris glaucophylla,
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which was rapidly constructed by combining RAD-sequencing with single tree mapping (Tulsieram et al.
1992). The single tree mapping analyses haploid DNA samples, using alleles that are randomly segregated
from a single diploid individual. Conifers are particularly suitable for this analysis, since we can use
abundant open-pollinated seeds to extract haploid megagametophytes, enabling rapid linkage mapping
without a need for controlled crosses or mapping progenies. Our analysis focuses on three specific topics.
The first is on correction and imputation of SNP genotype data generated by low cost high-throughput
sequencing. Although high-throughput sequencing is a powerful way to obtain huge amount of sequence
reads, the resultant genotype data often includes many missing sequences and errors, which can hinder
precise estimation of map length and marker ordering (Buetow 1991; Hackett and Broadfoot 2003). To
compensate for such difficulties, we refined noisy RAD-SNPs data using recently developed imputation
and error correction methods (Ward et al. 2013; Wu et al. 2008). Secondly, we will characterise linkage
groups by relating our observation of heterogeneous marker density and distorted segregation along linkage
groups to biological processes, including variable recombination frequency and natural selection operated
on viability genes. Lastly, we will test marker recovery in population samples and transferability to related
species. A genetic map is used to illustrate genetic variation (e.g. Hs and Fsr) as a function of marker
position along linkage groups, in which information about marker position is sometimes transferred from a
different species/population. It matters, in these cases, how many markers are shared between species and
whether ascertainment bias has significant impact on population genetic statistics in a species to which map
information is transferred (Clark et al. 2005; Luca et al. 2011). To evaluate such uncertainties, we analysed
population samples of two closely related Callitris species using the same RAD-sequencing protocol but
in an independent sequencing run. Using this population data set, we will estimate marker recovery rate
and degree of ascertainment bias to consider the utility of our linkage map for population genomic analyses

of the C. columellaris species complex.
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Materials and Methods
Plant materials and DNA extraction

In September 2013, seed cones were collected from a single tree of Callitris glaucophylla,
corresponding to a widespread lineage (GD in Sakaguchi et al (2013)), on the Balonne Highway,
Queensland, Australia (27°59'38"S, 148°21'32"E; supplementary figure 1a). The cones were kept dry in the
laboratory under room temperature until the seeds were discharged. After seed collection, they were soaked
in water overnight, and megagametophyte tissue was isolated by carefully removing the seed coat and
embryo under a stereo microscope. Total DNA was extracted from 88 megagametophytes and a mother tree
foliage sample using a hexadecyltrimethylammonium bromide (CTAB) method (Murray and Thompson
1980), after removing polysaccharides with isolation buffer containing 10% polyethylene glycol. DNA
concentration was measured using a Qubit® dsDNA BR Assay Kit (Invitrogen, Massachusetts, USA), and

adjusted to 10 ng/uL in all samples before genetic experiments.

RAD-sequencing and EST-SSR genotyping

In this study, a double-digest RAD library (Peterson et al. 2012) was prepared for linkage
mapping. Briefly, 10 ng of genomic DNA was digested with EcoRI and Bglll (New England Biolabs,
Ipswich, Massachusetts, USA) and adapters were ligated at 37 °C overnight in 10 pL volume, which
contained 1 puL of 10x NEB buffer 2, 0.1uL of 100x BSA (New England Biolabs), 0.4 pL of 5 uM EcoRI
adapter 1 (CTCGTAGACTGCGTACC) and BglllI adapter 2 (GATCGACAGTGTACTCTAGTC), 0.1 pL
of 100 mM ATP, and 0.5 pL of T4 DNA Ligase (Enzymatics, Beverly, Massachusetts, USA). The reaction
solution was then purified with AMPure®XP (Beckman Coulter, California, USA). Next, 3 uL of purified
DNA was used in PCR amplification in 10 pL volume, containing 1uL of each 10 uM index and PCR
primer 1.0 (5>~ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA-3’), 0.3 uL of
KOD-Plus-Neo enzyme and 1 pL of 10x PCR buffer (TOYOBO, Osaka, Japan), 0.6 uL of 25mM MgSOs,
1 pL of 10 mM dNTP. Thermal cycling was initiated with 94 °C step for 2 min, followed by 20 cycles of
98 °C for 10 sec, 65 °C for 30 sec, 68 °C for 30 sec. The PCR products were pooled and purified again with
AMPure®XP. The purified DNA was then loaded to a 2.0 % agarose gel and fragments around 320 bp was
retrieved using E-Gel® SizeSelect™ (Life Technologies, Carlsbad, California, USA). After quality
measurement using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA), the
library was sequenced with 51 bp single-end reads in one lane of an Illumina HiSeq2000 (Illumina, San
Diego, USA) by Macrogen (Seoul, South Korea).

Five EST-SSRs (Ccol rep c1953, Ccol rep c10619, Ccol rep c10836, Ccol rep c12796,
Ccol rep c35787) characterized in Sakaguchi et al (2011) were used for anchoring the RAD-SNPs based
linkage map. The PCR reaction was carried out in a final volume of 10 pL, which contained approximately
5 ng of DNA, 5 pL of 2x Multiplex PCR Master Mix (Qiagen, Hilden, Germany), and 0.2 pM of each
primer. The PCR thermal profile involved denaturation at 95 °C for 3 min, followed by 35 cycles of 95 °C
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for 30 sec, 53 °C for 3 min, 68 °C for 1 min and a final 7 min extension step at 68 °C. PCR products were
loaded onto an auto sequencer (3100 Genetic Analyser; Applied Biosystems, Carlsbad, California, USA),

to assess fragment lengths using GeneMapper® software (Applied Biosystems).

Short read processing

RAD-sequencing reads were filtered by Trimmomatic ver 0.32 (Bolger et al. 2014) to remove
the adapter and other Illumina-specific sequences and to cut low quality regions based on a quality score
threshold of 20, which corresponds to base call accuracy of 99% (parameter used: AVGQUAL:20,
LEADING:19, TRAILING:19, SLIDINGWINDOW:30:20). The cleaned reads were mapped to a RAD
reference for the C. columellaris species complex using Bowtie 2 (Langmead and Salzberg 2012) with a
default parameter setting in LOCAL mode. The reference, consisting of 392,320 contigs with N50 length
of 163 bp, was constructed by assembling RAD-sequencing reads of 10 individual trees sequenced with a
genome sequencer MiSeq (Illumina), using the CLC Genomics Workbench 7.5.1 (CLC bio, Aarhus,
Denmark) (parameter used: mismatch cost 3, insertion and deletion cost 2, length fraction 0.5, similarity
fraction 0.9) (see more details of the reference assembly in supplementary material 1). Mapping short reads
to this reference assembly was intended to allow (i) alignment of gapped-reads using Bowtie 2, (ii)
similarity search of longer contigs with a higher probability of blast hit, and (iii) to facilitate use of linkage
map information across different RAD-sequencing experiments by tracking contig IDs in the reference. A
similarity search of the reference contigs against an EST-library of the C. columellaris species complex
(Sakaguchi et al. 2011) was performed by a local BLAST algorithm (Altschul et al. 1990), to find the
contigs associated with EST sequences. The SAM files produced by Bowtie 2 were loaded to the
‘ref map.pl’ implemented in Stacks 1.08 (Catchen et al. 2011) to generate genotype data for
megagametophyte samples, with cross type specified as ‘DH’ (doubled haploid) with the other parameters

set as default.

Linkage map construction and genotype imputation

Segregation distortion of each SNP and EST-SSR marker was examined by a Chi-squared test
using AntMap (Iwata and Ninomiya 2006). Genome-wide distribution of allelic segregation was analysed
with a generalised additive model as a function of missing rate in genotype data and genomic position. A
Loess smoothing function was applied to the predictor of marker position on linkage groups. The GAM
analyses were performed using ‘gam’ library in R ver. 3.1.0 (R Development Core Team 2014).

Genotyping by sequencing is generally characterised by high rate of missing data and erroneous
SNP calling (Beissinger et al. 2013). Such data can produce apparent double or more recombination events
in a single sample, leading to overestimation of map length and ordering errors. In this study, the MSTmap
program (Wu et al. 2008) was used for marker grouping and ordering, as the algorithm is shown to

outperform other frequently used algorithms, particularly when the input data are noisy or incomplete (Wu
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et al. 2008). Furthermore, Maskov ver 1.01 (Ward et al. 2013) was used to impute missing data and correct
erroneous genotypes, based on the marker orders estimated from initial MSTmap analysis. Samples with
more than 70% missing data were removed from the imputation procedure and from further mapping
analysis. Subsequently, the imputed genotype data were used to make the final linkage map with MSTmap,
with LOD criterion of 8.0 for grouping markers and Kosambi function to convert recombination value to
map distance (Kosambi 1943). Marker position was plotted on the linkage map using MapChart ver 2.0
(Voorrips 2002).

Map coverage and marker distribution analysis

Map coverage was estimated as a ratio of observed/expected genome lengths (G./G.) based on
the method 4 described in Bishop et al. (1983). Spatial distribution of genetic markers on the linkage map
was investigated by dividing the map into 1, 5, and 10 cM intervals, and the number of markers within the
bins was counted, respectively. To test whether the markers were randomly distributed, expected
distributions of marker count under Poisson and negative binomial distributions were compared with the
observed data using a Chi-squared test. The Poisson distribution was generated by specifying the observed
mean marker density, while the observed mean and variance were used to determine the dispersion

parameter to calculate the expected negative binomial distribution, using ‘stats’ library in R ver. 3.1.0.

Testing transferability of a single-tree linkage map to population genomic studies

To investigate transferability of the linkage map derived from the C. glaucophylla to population
genomics of C. columellaris species complex, we additionally sequenced another RAD library, which
included population samples of C. glaucophylla and C. gracilis. The two Callitris species are closely related
and can hybridize in the areas of overlapping distributions (Sakaguchi et al. 2013) (supplementary figure
la). A RAD library was prepared using the same method as described above, which included 31 samples
of C. glaucophylla and C. gracilis and 65 Callitris samples from a different research project, and these were
sequenced with 51 bp reads in a lane of Illumina HiSeq2000 (Illumina). After quality-based trimming using
Trimmomatic ver 0.32 (Bolger et al. 2014), the short reads were mapped to the Callitris RAD reference
assembly using Bowtie 2 (Langmead and Salzberg 2012) with the same parameter setting as used in the
linkage map analysis. The ‘ref map.pl’ pipeline in Stacks 1.08 was used to build RAD locus, and SNP
genotype for each individual was exported with a minimum read depth of 8, using the ‘populations’ program
(Catchen et al. 2011). The exported genotype data was then processed with PLINK ver 1.07 (Purcell et al.
2007), filtering out markers with low allele frequency (< 0.03), missing individual rate > 0.7, and significant
deviation from Hardy-Weinberg equilibrium (P < 0.01).

The R package ‘hierfstat’ (Gouded 2014) was used to calculate summary statistics of expected
heterozygosity (Hs) and genetic differentiation index (Fst) per each marker for C. glaucophylia and C.

gracilis, respectively. To test whether the markers mapped to C. glaucophylla’s linkage map show biased
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genetic variation compared to those in the overall SNP data, 1,000 subsets were randomly sampled to
generate distributions of mean values for each summary statistic, using the R function of ‘sample’ in the
‘base’ package. The distributions of mean value calculated from random subsets were compared to observed
means to determine statistical significance. A split tree network (Bryant and Moulton 2004) using a
Euclidean distance matrix was constructed using SplitsTree4 ver. 4.10 (Huson 1998) to estimate population
structure within the samples. In addition, STRUCTURE analysis (Pritchard et al. 2000) was performed
under an admixture and allele frequency correlated model (Falush et al. 2003). Using STRUCTURE ver
2.3, twenty independent simulations were run for K = 2 (i.e., assuming two genetic clusters because we
analysed genetic structure in two species), with 100,000 burn-in steps followed by 20,000 Markov chain
Monte Carlo (MCMC) steps.



226

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

Results

SNP discovery by RAD-sequencing

A total of 179.7 million raw single-end reads with 51 bp were obtained, yielding more than 9.1
gigabases. Thirteen samples with less than 0.5 million reads and one sample with an exceptionally high
level of heterozygosity were excluded from further analyses to reduce missing and wrongly called SNPs.
After quality-based filtering, the average read number for 74 included samples was 1.3 million (max. 2.5
million, min. 0.3 million), with 97.2 % bases having a quality score higher than 30. The filtered reads were
then mapped to 124,879 contigs in the RAD reference assembly, and genotypes at 7,560 markers were
determined at more than 55 samples. The genotype missing rate was 9.9 % on average, ranging among
samples from 0.7 % to 42.6 %. Graphical plotting of P values in Chi-squared tests showed apparent spatial
trends with genomic position (figure 2). This association was statistically significant at 9 linkage groups
(except for linkage groups 3 and 8), even after effects of missing rate were partialled out in GAM modelling
(supplementary table 1, supplementary figure 2). The markers that significantly deviated from the expected

segregation ratio of 1:1 (P < 0.05; black markers in figure 2) were excluded from the linkage map analysis.

A single tree linkage map for Callitris glaucophylla

On the resultant linkage map, 4,284 genetic markers including 4,279 RAD-SNPs and 5 EST-
SSRs were located on 11 linkage groups (figure 3, table 1, supplementary material 2), which corresponds
to the haploid chromosome number of Callitris glaucophylla (Ohri and Khoshoo 1986). A small portion of
the SNP markers (=67/4,279, i.e. 1.6%) showed significant hits against EST contigs (table 1). After
performing genotype imputation and error correction using Maskov ver 1.01, the observed map length was
reduced by 76.1% (from 4,324.9 cM to 1,033.5 cM; table 1), without disturbing marker orders
(supplementary figure 3). The imputation procedure also greatly decreased the number of unique positions
(from 1,325 to 585) and mean marker interval (from 1.01 cM to 0.24 cM) (table 1). When taking the
observed map length of 1,033.5 cM, the linkage map covered more than 99.9% of the estimated genome
length of C. glaucophylla (1034.0 cM).

These genetic markers showed a non-random distribution along the linkage groups. Distributions
of the observed marker counts were more dispersed at every bin size examined (1, 5, 10 cM), compared
with the expectation under a Poisson distribution (supplementary figure 4). Chi-squared tests detected
significant deviations at every bin size (P < 0.01) from both Poisson and negative binomial distributions.
The spatial distribution of genetic markers was heterogeneous within the linkage groups. The bins with
highest marker density were detected in the middle regions (LG4, 6, 8, 10 in particular) of most linkage

groups,, surrounded by regions with sparser markers (figure 4).

Transferability of the linkage map to population genomics of the C. columellaris species complex

Population RAD-sequencing of C. glaucophylla and C. gracilis sampled resulted in 7,472 SNP
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markers, which met our filtering criteria. Based on these markers, split-network and STRUCTURE analysis
showed that the two species are clustered separately (supplementary figure 1), except for one sample
collected in Palinyewah, New South Wales, which was genetically intermediate (indicated by a green
triangle in supplementary figure 1). Therefore, in the following calculation, the potential hybrid individual
was excluded. When population samples were analysed for each species, the number of markers in common
with the C. glaucophylla linkage map was 1,257 (out of 6,472) for C. glaucophylla and 734 (of 6,476) for
C. gracilis, respectively. Of the 7,472 SNPs detected in the population analysis of the two Callitris species,
873 markers were shared in the C. glaucophylla linkage map. The number of SNPs mapped to each linkage
group was 64 on average, ranging from 45 in LG6 to 107 in LG2. Hs calculated with the mapped markers
(0.153) for C. glaucophylla was significantly larger than the values based on randomly sampled SNPs sets
(0.141), while the observed Hs was significantly smaller in the mapped markers for C. gracilis (absolute
difference of -0.018) (table 2). A significant difference was also detected between the genetic differentiation

estimates; F'st between two species based on mapped markers elevated by 0.018 (table 2).
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Discussion

In this study, a nearly saturated linkage map was constructed for Callitris glaucophylla, serving
as a first genetic map for Callitroideae, which is a Southern Hemisphere cypress lineage with great
ecological diversity (Enright and Hill 1995) and long evolutionary history (ca. 150 Mya; Mao et al. 2012.
Notably, our map building took only 3.5 months including laboratory work, sequencing and data analysis.
The resultant map consists of 4,284 markers over 1,033.5 cM and is one of the most comprehensive maps
made for any conifer. .For example, some of the more extensive maps (Ritland et al. 2011) include Pinus:
2,841 markers (1,651 cM) and 2,466 markers (1,476 cM) in P. taeda L. (Martinez-Garcia et al. 2013; Neves
et al. 2013), Picea: 1,216 markers (1,865 cM) in P. mariana (Mill.) x P. rubens Sarg. complex (Kang et al.
2011), and Cryptomeria: 1,262 markers (1,405 cM) in C. japonica (L.f.) D.Don (Moriguchi et al. 2012)].
Recently, genomes of two economically important Pinaceae conifers (Picea abies and Pinus taeda) have
been sequenced (Neale et al. 2014; Nystedt et al. 2013), thereby opening a new avenue for investigating
genomic evolution of these conifers. However, for most other conifer families or genera, full genome
sequencing is still not affordable because of their enormous genome sizes and complexity. Alternatively, as
demonstrated in this study, single tree mapping combined with high-throughput sequencing can be a time-
and cost- effective approach to build dense conifer maps for purposes of evolutionary biology, molecular

ecology and tree breeding.

Influence of missing and errors in RAD-derived genotype data

Despite these advantages, linkage mapping based on low-cost, high-throughput sequencing can
generate a substantial amount of missing data and errors, reflecting a non-uniform distribution of reads over
sequenced regions (Beissinger et al. 2013). In high-resolution mapping, even a low frequency of genotyping
error (3% and less) appears as double or multiple recombinants, and can reduce the power to order markers
and inflate map length (Buetow 1991; Hackett and Broadfoot 2003). In this study, initial marker ordering
was performed by MSTmap program, which can attain high accuracy of ordering (Kendall’s 7> 0.989) in
simulated genotype data when mapping populations whose size (n = 100), missing rate (y = 0.10) and error
rate (N = 0.10) (Wu et al. 2008) are comparable to our raw genotype data (n = 74, y = 0.10). Nevertheless,
the estimated map length of C. glaucophylla was still too large (4,324.9 cM), compared to those generally
reported from other conifer studies (Ritland et al. 2011). To deal with this, we subsequently performed error
correction and imputation based on ordered markers using Maskov ver 1.01, which decreased map length
greatly (by 76.1 %). The map length became closer to the value (1,405 cM) in the other Cupressaceae
conifer, Cryptomeria japonica (Moriguchi et al. 2012), which was estimated from genotype data with low
missing rate (y = 0.02; Y. Moriguchi, personal communication), indicating that our map length was inflated
likely due to noise in genotype data. Although it was noticed that maps produced through imputation tend
to have fewer unique positions and thus lower resolution (Ward et al. 2013), imputation and error correction

is thus an indispensable step to obtain a reliable linkage map using RAD-derived genotype data.

11
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As well as factors such as variation in DNA quality, library preparation, sequencing and assembly
errors (Pool et al. 2010), choice of restriction enzyme for efficient RAD-sequencing can have great impacts
on the level of genotype missing rate. Prior to this mapping study, we tested four rare-cutter enzymes (EcoRI,
Msel, Ndel and Pstl) in pairs with BglII to screen for the most efficient enzyme species, with which
sufficient read depth per population sample can be obtained. After de novo assembling reads from 24
samples representing all the regional lineages of the species complex, it was shown that the number of
contigs containing SNPs with a missing rate less than 0.1 varied over two orders of magnitude from 494
(per 147,411contigs for Msel library) to 11,617 (per 200,024 contigs for EcoRI library), which validated
our use of the EcoRI-BglII pair for the species. Other considerations on enzyme species would involve use
of hypomethylation-sensitive enzymes. It is documented that conifer genomes contain high-copy repeat
elements including retrotransposons, which represent 70% and 62% of genomes of P. taeda and P. abies,
respectively (Neale et al. 2014; Nystedt et al. 2013). Since those retrotransposon-rich regions of plant
genome are generally heavily methylated (Rabinowicz et al. 2005), hypomethylation-sensitive enzymes
can be used to establish reduced representation libraries in order to avoid highly repetitive elements
(Larsson et al. 2013; Pegadaraju et al. 2013). Recently, Karam et al. (2014) demonstrated a utility of RAD-
sequencing with a hypomethylation-sensitive enzyme to enrich gene-rich regions by sequencing Cedrus
atlantica Manetti, in which 17% of the contigs coding for proteins were included. This has an important
implication for RAD-sequencing of large-genome conifers, in which most SNPs are derived from non-
coding regions (98.4 % in this study). While extended linkage disequilibrium in non-coding regions of the
conifer genome may make it possible to perform association mapping by anonymous RAD-SNPs
(Moritsuka et al. 2012), there is no doubt that EST-SNPs concentrated by RAD-sequencing with
hypomethylation-sensitive enzymes are more useful for linking genetic polymorphisms to

phenotypic/environmental variation.

Spatial heterogeneity of marker density and segregation pattern over linkage groups

High-density linkage mapping studies sometimes detect strikingly marker-rich regions in linkage
groups (Chancerel et al. 2013; Studer et al. 2012; Talukder et al. 2014). We also found a similar pattern of
non-random marker distribution in Callitris linkage groups. Such spatially heterogeneous marker
distribution can be explained with respect to variable recombination rates among genomic regions (Petes
2001). Genome-wide surveys of recombination pattern in model plants have shown that regions of high
(hot spots) and low (cold spots) recombination rates are distributed along chromosomes (Gaut et al. 2007),
and one obvious cold spot is the heterochromatic pericentromere region where recombination is suppressed
(Choi et al. 2013; Wu et al. 2003). In such cold spots, recombination rarely takes place, which leads to
distorted genetic distances and marker clustering on the genetic map. Spatial association of a recombination
cold spot with a pericentromere may be the case for some linkage groups (e.g. LG4 and 6), where distinct

peaks of marker counts were detected at centres of linkage groups, although this cannot be confirmed
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presently for C. glaucophylla without a physical map.

Another spatial trend found for the allelic segregation pattern was that genetic markers showing
significant distortions were clustered in particular regions of LG6, 7, 8, 10. Considering that the trend is
observed at many linked markers and consistent effects of marker position were detected even when the
missing rate controlled in GAM modelling, non-biological factors such as a limited number of sampled loci
or missing genotypes is unlikely to account for this observation. Instead, gametic or zygotic selection seems
to have operated on viability genes (Gillet and Gregorius 1992), leaving significant allelic distortion in
surrounding linked markers. Gametic selection can occur at stages from meiosis to fertilization, in which
the process of meiosis itself or differential survival ability among gametophytes influences marker
segregation, whereas random segregation is disturbed as a consequence of gametic combination
relationships [?] in fertilization. For allogamous forest trees, there has been evidence for substantial
inbreeding depression in the early stages of life cycles (Isagi et al. 2007; Naito et al. 2005), and zygotic
selection has been suggested in the studies that investigated allelic segregation in conifer
megagametophytes (Kuang et al. 1999; Siregar and Yunanto 2008). However, as the megagametophyte
samples used in this study are derived from open-pollinated mature seeds, it is currently difficult to exclude
occurrence of gametic selection or tease apart a possible interplay of gametic and zygotic selection. Future
studies using megagametophyte samples from different developmental stages and samples obtained from

selfed and outcrossed seeds would be meaningful for testing these hypotheses.

SNP recovery in independent population sequencings and map transferability

Since genetic diversity and differentiation levels greatly vary among genomic regions in conifers
(Eckert et al. 2010; Li et al. 2010; Tsumura et al. 2007; Tsumura et al. 2014), any markers linked to genetic
maps are important for obtaining a more detailed picture of genomic evolution. In this study, ca. 30% of
SNPs (1,257 markers) in the C. glaucophylla linkage map were recovered in independent population RAD-
sequencing of the same species. This finding indicates that these markers with known map positions could
improve our understanding of the evolution of the C. columellaris species complex, by extending a
population genetic analysis that used only 30 EST-SSR markers (Sakaguchi et al. 2013).

When applying map information to population analyses, however, we should be aware that the
mapped markers may suffer from ascertainment bias. Ascertainment bias arises because usually only a
small number of samples are used to identify markers, with which genetic polymorphism is maximized. It
follows that the selected markers do not represent the polymorphism preserved in whole populations, and
estimated the allele frequency spectrum becomes skewed compared to one obtained from genome
sequencing (Albrechtsen et al. 2010). In this study, we found that genetic diversity of C. gracilis and
differentiation between two Callitris species was slightly, but significant statistically, , under- or over-
estimated at the mapped SNPs in comparison to the randomly sampled. The detected effects on summary

statistics were within expectation as the markers were screened from only a single tree, and showed a pattern
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consistent with that reported in human studies (Clark et al. 2005; Luca et al. 2011). Another source of bias
in summary statistics may have been introduced from the RAD-sequencing technique itself. Because RAD-
sequencing uses restriction enzymes for preparing a reduced representation library, a polymorphism in a
restriction site can result in allele drop-out where a heterozygous sample appears as a homozygote due to a
null allele (Arnold et al. 2013; Gautier et al. 2013). Hence, it can also lead to biased estimates of population
summary statistics if allelic drop-out tends to occur at higher probability in populations genetically diverged
from the population in which the linkage map was constructed.

Increasing the ascertainment sample size can reduce ascertainment bias (Albrechtsen et al. 2010).
In the case of linkage mapping, it would be effective to construct linkage maps from multiple
populations/species in C. columellaris species complex and join them to make a consensus map with
common markers segregating in two or more mapping populations. Such a map would include SNP markers
that can capture genetic polymorphism with less ascertainment bias when applied to whole population
analysis. It is also desirable to include species in linkage mapping that show the highest levels of genetic
divergence, as the number of SNPs shared between congenic species are shown to be inversely related to
phylogenetic distances (Pavy et al. 2013). Although we need to deal carefully with ascertainment bias, the
RAD-SNPs based linkage map is essentially useful in combined with population genomic analyses of C.
columellaris species complex. Promising applications of the map information will include detection of
linkage disequilibrium arising from genetic admixture (Falush et al. 2003) and identification of genomic
regions that are associated with particular adaptive traits and show significant divergence due to natural
selection (Andrew and Rieseberg 2013; Chutimanitsakun et al. 2011; Slavov et al. 2014). These factors

should have played significant roles in speciation and environmental adaptation of the conifer lineage.
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415 Table 1

416 Statistics for of the linage map of Callitris glaucophylla.

417
No. of Markers Length (cM) No. of unique position Mean interval of
Linkage Mean marker ] -
gowp . SNPS(EST EST- withou with without with interval (cM) ‘(1:1\‘:[1)“3 position
SNPs) SSR imputation imputation imputation imputation
LGl1 486 486 (4) 0 400.6 109.2 127 59 0.22 1.85
LG2 456 456 (10) 0 425.2 104.3 132 63 0.23 1.66
LG3 468 467 (6) 1 501.4 98.6 160 59 0.21 1.67
LG4 359 358 (1) 1 483.1 95.7 128 46 0.27 2.08
LG5 358 358 (6) 0 424.2 95.6 125 56 0.27 1.71
LG6 351 351 (7) 0 395.5 94.3 117 53 0.27 1.78
LG7 358 358 (8) 0 376.3 94.2 113 49 0.26 1.92
LG8 352 352 (8) 0 309.6 91.5 101 50 0.26 1.83
LG9 344 343 (8) 1 273.0 84.6 86 47 0.25 1.80
LG10 361 361 (3) 0 345.8 84.3 113 53 0.23 1.59
LGl11 391 389 (6) 2 390.3 81.2 123 50 0.21 1.62
4,284 4,279 (67) 5 4,324.9 1,033.5 1,325 585 0.24 1.77
418
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423

Table 2

Comparison of summary statistics of genetic diversity between the mapped SNP markers to Callitris

glaucophylla linkage map and the randomly sampled SNP markers.

Obs. mean of the

Mean (99% points) of

Absolute difference

Summary statistics P value
mapped markers the sampled markers in mean values

Hs (C. glaucophylla) 0.153 0.128 (0.117, 0.139) +0.025 <0.01

Hs (C. gracilis) 0.098 0.116 (0.105, 0.127) -0.018 <0.01

Fsr 0.064 0.046 (0.037, 0.055) +0.018 <0.01
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427

428

429

430

Figure 1

Genome-wide distribution of marker segregation pattern, represented by P value in Chi-squared tests

against marker position on the eleven linkage groups. Smoothing curves using the loess method with 95%

CI are also shown. The dropped markers showing significant deviation from the expected 1:1 segregation

ratio (P < 0.05) are indicated by black points.
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431 Figure 2

432 Linkage map for Callitris glaucophylla composed of 4,284 genetic markers of 4,279 SNPs (including 67
433 EST-SNPs) and 5 EST-SSRs. Unique positions estimated after data imputation procedure are shown on the
434 eleven linkage groups, which correspond to the haploid set of 11 chromosomes.
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436 Figure 3

437 Spatial distribution of marker density as evaluated with a bin width of 1 ¢cM. Marker counts are plotted
438  against marker positions (mid position of each bin). Horizontal lines shows mean marker counts across
439 linkage groups.
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442 Supplementary table 1
443 Results of GAM analysis of genetic marker segregation for each linkage group, as a function of missing
444 rate in genotype data and map position.

445

Missing rate Map position
Linkage group  AIC

F value P value F value P value
LGl -925.3 1,347.6 <0.01 19.0 <0.01
LG2 -929.4 475.6 <0.01 15.1 <0.01
LG3 -1,018.3 2,592.1 <0.01 0.2 0.61
LG4 -717.4 944.4 <0.01 78.8 <0.01
LG5 -785.1 1,446.8 <0.01 30.5 <0.01
LG6 -617.1 763.2 <0.01 42.7 <0.01
LG7 -756.4 524.8 <0.01 79.4 <0.01
LG8 -652.6 841.1 <0.01 0.29 0.58
LG9 -542 1,037.6 <0.01 26.9 <0.01
LG10 -833.5 354.6 <0.01 4.2 0.04
LG11 -860.8 1,115.5 <0.01 5.6 0.02
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Supplementary figure 1

(a) Distribution of Callitris columellaris species complex. Ranges for C. glaucophylla (GD lineage) and C.
gracilis are colored by ochre and pink, respectively. The locality where the seed samples for linkage map
construction were collected is indicated by a black square on the smaller map. Superimposed are pie charts
illustrating the two genetic clusters, corresponding to the two species, which were detected by
STRUCTURE analysis. (b) A split network for 31 individuals of C. glaucophylla and C. gracilis analysed
in this study. Genetic membership estimated from STRUCTURE analysis is placed on the tips. A genetically

intermediate individual is indicated by a green triangle.
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455

456

457

458

Supplementary figure 2

Graphical results of GAM analysis of genetic marker segregation. Partial effects of genomic position are

shown for each linkage group, expressed as fitted loess functions with 95% boot-strapped confidence

intervals (gray in color). Ticks in the x-axis represent the location of observations along the predictor.
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459 Supplementary figure 3
460  Relationship between marker positions estimated from genotype data sets with and without imputation and
461 error correction procedures.
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463 Supplementary figure 4
464 Distribution of genetic marker density calculated based on different bin widths (1, 5, 10 ¢cM). Expected

465 probability curves are estimated using a Poisson distribution (blue) and a negative binomial distribution

466  (red).
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Construction of RAD reference assembly of Callitris columellaris species complex

DNA samples of 10 individuals (representing 9 regions in Australia and 5 morphospecies of the species complex) were digested by with

EcoRI and Bglll, and prepared for RAD-sequencing using the same protocol as taken in the linkage mapping analysis. The sample information of

samples are summarised as follows.

Sample ) _ ) ) ) Restriction No. reads used for
Species Region Population Latitude  Longitude

No. enzymes de novo assembly
1 C. intratropica  Kimberley CintK6 -16°56'  126°13' EcoRI-Bglll 993,398

2 C. intratropica  The Top End CintTES  -13°13"  132°39 EcoRI-Bglll 614,007

4 C. intratropica  Cape York Peninsula CintNQl  -17°08"  145°38' EcoRI-Bglll 824,954

5 C. columellaris  Central Eastern Coast CcolQC -28°48' 153°22' EcoRI - BgllI 1,679,270

7 C. gracilis Murray Basin CgrHKA  -35°24'  142°23" EcoRI-Bglll 1,340,960

10 C. glaucophylla  Great Dividing Range CglSQ3 —27°22"  149°27 EcoRI-Bglll 1,530,791

16 C. glaucophylla  Pilbara CglHR1 —24° 57" 118°51' EcoRI—-Bglll 2,336,438

14 C. glaucophylla  Central Australia CglCA1 -23°03"  132°39 EcoRI-Bglll 1,255,210

19 C. glaucophylla  Southwest CglWA1  -31°20" 121°19 EcoRI—-Bglll 1,340,860

23 C. verrucosa Southwest CverLK —34° 54' 119° 07 EcoRI — Bglll 809,162

The total number of cleaned reads generated by a Miseq sequencer (Illumina, San Diego, USA) was 12,725,050 (ranging from min.

614,007 to max. 2,336,438 per sample). A RAD reference for Callitris columellaris species complex was constructed by de novo assembling the

reads using CLC Genomics Workbench 7.5.1 (CLC bio, Aarhus, Denmark) (parameter used: mismatch cost 3, insertion and deletion cost 2, length

fraction 0.5, similarity fraction 0.9), which resulted in 392,320 contigs with N50 length of 163 bp.
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