Challenges associated with adapting genomics technologies to forestry
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Summary
The emergence of the polymerase chain reaction, Sanger DNA sequencing, and microarrays, to
the latest in massively parallel sequencing of RNA and DNA and single nucleotide
polymorphism (SNP) arrays, have revolutionised the field of Genetics. However these
technologies have in almost all instances been developed and optimised for Human and
mammalian models. Despite commercial providers assurance that new technologies are species
(or Kingdom!) neutral, frequently the adaption of these technologies for plants has taken
considerable optimisation. In the case of large, pre-reference genome conifer species, our
journey from cutting edge technology to practical application has been a challenge.
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Introduction
Molecular biotechnology has changed our understanding of life on earth. At a sub-cellular level,
we can begin to reveal the processes by which the genetic DNA code is translated into the
phenotypes we observe. Once we began reading the sequence of DNA and targeting the
amplification of very specific regions, the progress from unlocking molecular details of
retroviruses, bacteria, and simple eukaryotes, moved incredibly fast. Understandably, the species
we find most fascinating to explore the workings of is our own and, in 2004, the first entire
Human genome was revealed to the world. Similarly, many of the genotyping technology
platforms available today have been developed and optimised with human medical discovery in
mind. Although the first tree genome (Populus trichocarpa) appeared just two years later
(Tuskan, et al., 2006), of the 26,390 species genomes listed in the last 21 years on the National
Center for Biotechnology Information website ("Database Resources of the National Center for
Biotechnology Information," 2017), less than 1% (238) are those of land plants. In particular, the
large complex genomes of conifers (De La Torre, et al., 2014) have proven a challenge to
assemble. As a consequence, many tools and resources available to agricultural species in the
post-genome world remain out of reach for forest tree breeding programmes. This remains a
frustration given the considerable impact that genomic selection could have by shortening the
delivery time for improved genetics through earlier predictions of genetic potential in forest
trees (Grattapaglia, et al., 2011; Isik, 2014).
Extracting suitable quantities of high quality DNA from conifers and several other forest
trees remains a challenge, and finding a “one size fits all” extraction method for any species or
tissue type, that can also be utilized in any genotyping platform, is unlikely. Successful methods
for one species or tissue type or genotyping platform don’t necessarily transfer to other species
or tissue types or genotyping platforms. Some platforms require extremely pure DNA, and
fragment size is less of an issue, e.g. MALDI-TOF (Jurinke, et al., 2004). Polymerase chain
reaction (PCR)-based protocols with single locus targets can be relatively forgiving in terms of
DNA quality. This tolerance has allowed for the development of many field-diagnostic assays
(Schaad, et al., 2002; Tomlinson, et al., 2005), where relatively crude DNA extractions are still

usable for single-target PCR or loop mediated isothermal amplifications (LAMP) (Kiddle, et al.,
2012). Illumina or Affymetrix SNP arrays are surprisingly robust with respect to both DNA
purity and fragment size. Other methods require large quantities of DNA, and may have
additional purity or molecular weight constraints, such as PacBio sequencing (Korlach, et al.,
2010) and restriction genotype-by-sequencing (GBS) (Elshire, et al., 2011). Furthermore, the
impact of cost per extraction both in terms of consumables and labour should not be dismissed,
particularly where large population-wide experiments are required and small additional costs per
sample rapidly compound. We present three examples of genomic technologies that have been
adapted for application in forestry.

Case studies in technology adoption for forestry
Mass-array genotyping
With the pursuit of medium to high-throughput genotyping, which enabled the interrogation of
multiple targets per reaction, the impact of trace quantities of inhibitors have become an
important consideration (Bayés, et al., 2011). Many plants including conifers are known to
contain high levels of secondary metabolites, and the complete removal of these during DNA
extraction can be difficult. CTAB-based methods (adapted from Cato, et al. (1996) have
delivered relatively good DNA yields for Pinus radiata, however, high yielding methods can be
potentially less discriminating in terms of co-precipitating unwanted co-extractives. Our first
attempts at using the Sequenom (now Agena) iPLEX® Gold MassARRAY® gave poor call rates
when using DNA extracted with this method. More than 20% of samples failed to deliver a
genotype, and 37% of the markers departed from Hardy-Weinberg equilibrium due to
incomplete detection of heterozygous alleles. Multiple extraction and purification combinations
were subsequently trialed (Telfer, et al., 2013) and quickly demonstrated that a simple additional
ethanol purification could reduce the fail rate to 6.46%. Once sufficient improvements were
achieved to reduce genotyping failure rates, we were able to perform successful association
studies (Li, et al. 2016). Taking scalability, cost and ease of use into consideration for future
studies, we have now adapted the Nucleospin® Plant II kit (Machery-Nagel, Düren, GER) for
most species and tissues extracted in our facility.
Genomic selection in a pre-genome world
Genomic selection as proposed by Meuwissen, et al. (2001) promises to deliver early selection
of elite individuals using DNA markers to predict traits. Application requires a sufficiently large
set of genome-wide markers at a density that ensures at least some of the markers will be in
linkage disequilibrium with genes controlling the trait of interest (Grattapaglia, et al., 2011).
SNP markers are widely abundant throughout genomes and can be discovered via DNA
resequencing. Ideally, this is done with whole genome resequencing of an appropriate reference
population (Faivre-Rampant, et al., 2016; Silva-Junior, et al., 2015), and mapping against a
detailed reference genome (Myburg, et al., 2014; Tuskan, et al., 2006) to detect and order SNPs
across the genome and assess their frequency within the population. However, whole genome
sequencing and resequencing is often cost-prohibitive in large conifer megagenomes (Birol, et
al., 2013; Nystedt, et al., 2013; Stevens, et al., 2016; Zimin, et al., 2014).
To overcome the barriers of large genomes, SNP discovery can be carried out within the
expressed portion of the genome only, specifically the exome. However, this presents an
additional challenge in conifers. It is estimated that between 200 and 300 million years ago,
several whole genome duplication events occurred in the gymnosperm lineage (Li, et al., 2015),
resulting in large families of paralogous genes. Fifty thousand genes models were predicted in P.
taeda, yet they represent only 20,000 gene families (Wegrzyn, et al., 2014). Using a P. radiata
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transcriptome, we developed a set of 44,366 exome capture probes using the method previously
described for P. taeda (Neves, et al., 2013). Resulting genotypic data were filtered to eliminate
probes that appeared to capture a composite of multiple paralogous genes, and not just a single
locus. However, this filtering initially removed over a quarter of the capture probes as
paralogous genes. Reordering the filters to account for data quality first, rather than elimination
of probes with low quality “pseudo-heterozygous” genotypes in a haploid control samples, vastly
improved the SNP discovery rate (Table 1).
Table 1. Impact of filtering order on probe retention
Original filter
Number of probes
Filter
remaining
None
Polymorphic haploids
Quality Score
Read depth per SNP
Biallelic
Allele ratio

44,378
33,833
33,817
33,783

Revised filter
Number of probes
Filter
remaining
None
Read depth per SNP
Biallelic
Read depth/ individual
Allele ratio
Polymorphic haploids

44,378
44,367
44,363
44,363
44,363
41,768

Restriction enzyme-mediated genotype-by-sequencing
An alternative method for reduced representation GBS utilizes restriction enzyme cleavage sites
(Elshire, et al., 2011). This method requires intact high molecular weight DNA so that markers
detected are a result of the underlying genomic sequence, rather than due to random shearing
during extraction. Low molecular weight DNA can result in inconsistent genotypes with lower
reproducibility. The utilisation of GBS as a cost-effective alternative to SNP arrays or exome
capture requires a high degree of fidelity between parent and progeny genotypes for analysis
such as pedigree reconstruction or genomic selection to be possible. We compared the
reproducibility of technical replicates of Eucalyptus nitens samples across multiple marker
panels: microsatellites (simple sequence repeats or SSRs), the EUChip60K (Telfer, et al., 2015)
and restriction GBS (Table 2). We have identified that GBS is suitable for one-off SNP
discovery or diversity studies, but not for applications that require comparisons to be made over
time.
Table 2. Reproducibility in technical replicates across genotyping platforms
Genotyping assay
Scion 13-plex SSRs
EMBRAPA 15-plex SSRs
EUChip60K
Restriction GBS

Mistyping rate between replicates
10%
3%
0.007%
34%

Conclusions
A clear understanding of the DNA requirements and performance metrics of each platform and
the biological parameters of the species of interest has been key to adapting these genotyping
technologies for application in forestry. Those limitations need to be understood by both the
researcher and more importantly, the service provider performing the genotyping. In our
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experience, most platforms tested to date have required considerable iterative optimisations to
adapt these platforms to forestry species, an essential step to deliver cost-effective services for
operational implementation. However, with tenacity, most genomics methods can be adapted for
plants including conifers.
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