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Summary

Genotyping by sequencing (GBS) allows aquaculture species with limited availability of
genomic tools to establish a low cost genotyping strategy, in turn, enabling the use of
genomic selection to drive genetic progress. Furthermore, the genetic diversity can be
assessed in already established brood stocks. Here we have genotyped 2,218 GreenshellTM

mussels supplied by SPATnz utilising a double restriction digest GBS protocol coupled with
construction of genomic relationship matrices (GRM) to investigate the utility of GBS for
parentage and genomic selection for GreenshellTM mussel. A bioinformatic pipeline
consisting of GBSX, BWA, and STACKS together with a de novo draft genome assembly
resulted in ~430K SNPs. Further filtering based on minor allele frequency and disequilibrium
from Hardy Weinberg resulted in a SNP set of ~61K SNPs utilised for parentage verification
and generation of the GRM for use in GBLUP to establish the accuracy of prediction of the
shell length phenotype. It was found that the heritability for shell length to be 0.17 ± 0.010
and 0.31 ± 0.04 when estimated with the recorded pedigree and GRM respectively. The
resulting accuracies of prediction for shell length were 0.22 ± 0.25 and 0.46 ± 0.14for
pedigree based prediction and GBLUP, respectively. This preliminary study has shown the
potential for GBS in the construction of a GRM for direct use in GBLUP enabling genomic
selection to complement selective breeding programs to optimise traits to deliver benefits for
New Zealand’s economy.
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Introduction

Aquaculture is a growing industry globally but genetic progress can be limited in species
with difficult to measure, often sex limited traits combined with modest genomic tool
availability. The Greenshell™ mussel (GSM) is an endemic mollusc of economic importance
for the New Zealand aquaculture industry. The process of mussel farming has relied on
collecting wild spat (baby mussels) from the coast line and transporting them to mussel farms
where the spat is subsequently seeded onto rope. SPATnz (www.spatnz.co.nz) runs a Primary
Growth Partnership programme (a collaboration between industry and the Ministry for
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Primary Industries) with the aim to produce innovations to advance New Zealand’s mussel
aquaculture industry and deliver benefits for New Zealand’s economy. SPATnz has been
developing techniques for large scale spat production and selective breeding to optimise traits
for producers and consumers. To aid the GSM breeding program (Camara and Symonds,
2014), we have investigated the potential use of genotyping-by-sequencing (GBS; Elshire et
al., 2011; Dodds et al., 2015), a restriction enzyme based reduced representational
sequencing method, for parentage assignment and utility for genomic selection. GSM are a
highly heterozygous species, making GBS an attractive genomic tool compared to
oligonucleotide directed genotyping (e.g. amplicon sequencing, microarray technology)
which can require expensive and difficult assay design, often resulting in null alleles.

Materials and Methods

Haemolymph samples from pedigree recorded families were supplied by SPATnz in ethanol
and DNA was extracted utilising the Zymo DNA extraction kit. GBS was carried out as
described in Dodds et al. (2015) using PstI/MspI restriction enzymes with the following
modifications. A total of 2,218 individuals were sequenced on an Illumina HiSeq2500
containing 188 samples per lane and were run with v4 chemistry and 100bp single end reads.
The Pippin window selection size was modified to 193-318bp. On average, a total of 27
Gb/lane of data was obtained, with 95% of the sequence reads passing quality control
(indexed and restriction enzyme cut site present). To aid SNP calling, a draft Greenshell™
Mussel genome assembly (Perna canaliculus; Ashby et al., in prep.) was utilised.

Of the individuals sequenced, 67 parents and 622 progeny were used for parentage
verification. The reads were demultiplexed based on barcodes using GBSX demultiplexer
(Herten et al., 2015), no mismatches in barcode or cut site were allowed; mapped to the
references using BWA mem (Li, 2013) and the stacks pipeline (v1.46) was utilised to call
SNPs (Catchen et al., 2011). A minimum coverage of three reads was used, with a minimum
mapping quality score of 10 and using reads that mapped uniquely to the genome. All other
parameters were set as default. The SNPs were filtered based on Hardy-Weinberg
disequilibrium (between -0.05 and 0.05) and minor allele frequency (> 0.05) using KGD
(Dodds et al., 2015) prior to parentage verification utilising GBS (Dodds et al., in prep.).

To investigate GBS utility for genomic selection in GSM, shell length, collected and
provided by SPATnz, was selected as the phenotype, for which both genotype and phenotype
information were available on 1470 animals born in 2014. After filtering (described above), a
GRM was constructed using the KGD method (Dodds et al. 2015), which uses the observed
calls for an individual and the shared calls between animals to estimate relationships. A
pedigree consisting of 20,854 individuals was also available. The heritability of shell length
was estimated using ASReml v3.0 fitting assessment (equivalent to fitting experiment) as a
fixed effect and random effects of animal, assessment nested within replicate, and family.
The random effect of animal, was assumed to have a variance–covariance structure
proportional to the genomic relationship matrix (or numerator relationship matrix when using
pedigree). Normal distributions of the error and random effect of animal were assumed
∼

N(0,Iσ2ε) and

∼

N(0,Gσ2g) (or

∼

N(0,Aσ2a) when using pedigree), respectively. Accuracy of
prediction was assessed by 6-fold cross-validation, whereby families (78 in total) were
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randomly assigned to each fold. One group’s phenotypes were masked per fold, and accuracy
was calculated as , where length* is length adjusted for assessment, assessment nested within
rep, and family.

Results and discussion

Utilising the double restriction digest (PstI/MspI) to create GBS libraries containing 188
samples/lane resulted in ~430K SNPs with a mean depth of 13. Applying a filter of Hardy-
Weinberg disequilibrium (greater than -0.05 and less than 0.05) and minor allele frequency
greater than 0.05 resulted in ~61,000 SNPs that were further utilised for parentage
verification and generation of the GRM for use in GBLUP to establish the accuracy of
prediction of the shell length phenotype.

Figure 1: Relationship between raw mismatch rate and estimated relatedness between the
best matching father (A) and best mother (B) and each progeny.

The results of the best father and mother matches is presented as relatedness value plotted
against genotype mismatch rate in Figure 1. Utilising a relatedness value greater than 0.3
and mismatch rate less than 0.025, 466 of the 622 progeny were assigned a father and 520
progeny assigned a mother. Note that it was known that some parents were missing from the
genotyping and subsequent analysis. Therefore some un-assigned progeny were expected. .
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Figure 2: Comparison of mismatch genotype rates between the best parentage pair and the
2nd best parentage pairs. The solid dots are the assigned progeny and the crosses are the
unassigned progeny (in this case, those that failed the relationship threshold).

In Figure 2, the mismatch rate for the best match parentage pair (F1M1) is compared to that
of different combinations of the best and 2nd best parentage pairs (F2M2). The mismatch rate
increases when the second best parent is substituted for the best match and an overlap
between the assigned and un-assigned is generated. Of particular importance are dots below
the line in the last column of the figure. This indicates there are other parent combinations
giving lower mismatch rates. For example, there are 2 under the line for F2M1, which may
indicate questionable father assignments. Also for F1M2 there is one sample in particular
where the second best mother is likely to be a better match. In a number of these cases the
aunt or uncle have been assigned as the mother or father, respectively.

Although GBS could be utilised to assign parentage in the GSM breeding program, the true
value is to make full use of the genomic information and to construct a GRM for GBLUP to
produce genomic breeding values. To investigate this, 1470 animals with length phenotype
were genotyped with GBS. Heritability estimates were determined using both the recorded
pedigree to calculate a numerator relationship matrix (NRM) and the GRM constructed from
the sequence data. It was found that the h2 for shell length was 0.17 ± 0.01 and 0.31 ± 0.04
when estimated with the NRM and GRM respectively. The resulting accuracies of prediction
for shell length were 0.22 ± 0.25 and 0.46 ± 0.14 (109% increase)for pedigree based
prediction and GBLUP respectively. To our knowledge, this is the first study comparing
accuracy of pedigree-based and genomics-based breeding values in mussels.

The results from this preliminary study into the utility of GBS to construct a GRM for direct
use in GBLUP are encouraging and we are in the process of genotyping additional animals to
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investigate further traits for SPATnz. Furthermore, the number of samples per lane of
sequence was 188 samples which generated a mean read depth of 13; it is therefore
anticipated that additional samples in a lane could be achieved (e.g. 376 samples/lane)
resulting in reduced genotyping costs without affecting the ability to construct the genomic
relationship for downstream application (Dodds et al., 2015).
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