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Prior knowledge on heading date enables the selection of parents of synthetic cultivars that are well
matched with respect to time of heading, which is essential to ensure plants put together will cross

. pollinate. Heading date of individual plants can be determined via direct phenotyping, which has a

: time and labour cost. It can also be inferred from family means, although the spread in days to heading

. within families demands roguing in first generation synthetics. Another option is to predict heading

. date from molecular markers. In this study we used a large training population consisting of individual
plants to develop equations to predict heading date from marker genotypes. Using permutation-based

© variable selection measures we reduced the marker set from 217,563 to 50 without impacting the
predictive ability. Opportunities exist to develop a cheap assay to sequence a small number of regions
in linkage disequilibrium with heading date QTL in thousands of samples. Simultaneous use of these
markers in non-linkage based marker-assisted selection approaches, such as paternity testing, should
enhance the utility of such an approach.

Perennial ryegrass (Lolium perenne) is the primary forage used in many temperate agriculture regions, and in
some countries completely underpins the dairy and livestock sectors. Commercial varieties are developed by
intercrossing selected genotypes in isolation. Genetic gain in perennial ryegrass is generally low in comparison to
. grain crops, and in recent years there has been a focus on using genomic selection to help accelerate genetic gain.
: A few studies have reported on the accuracy of using genomic information to predict a range of phenotypes in
: perennial ryegrass, including heading date'->.
: Heading date indicates the onset of anthesis, and results in a reduction in forage quality due to a higher stem to
. leafratio. During official testing, candidate varieties are typically classified and evaluated under different heading
. groups. Heading date is also used as a trait to assess distinctiveness, uniformity, and stability (DUS). Predictive
accuracies for heading date of between 0.84 and 0.90 have been achieved using genomic data'. There has been
. mixed success in using Genome Wide Association Analysis (GWAS) to identify Quantitative Trait Loci (QTL) for
. heading date in perennial ryegrass, with one study failing to identify any significant QTL* and another identifying
a limited number of QTL accounting for just 20.3 percent of the phenotypic variance'. There are many reasons
. for this, including insufficient marker density given the rapid decay of LD, very rare alleles, and the correlation of
. heading date with population structure. A number of bi-parental mapping populations have been used in classical
© QTL studies and identified a number of moderate affect QTL on different linkage groups> 5. However, there is
* nothing in the literature describing the conversion of markers linked to these QTL into molecular assays for the
. prediction of heading date in a broader set of material.
: Heading date is visually assessed and therefore relatively straight forward to evaluate, has a high heritability
and is generally used as a model trait. However, it is also a trait of crucial importance in variety development.
Perennial ryegrass varieties are sold as synthetic cultivars, and when selecting individual genotypes for synthetics
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Figure 1. Heading date scores across populations. Boxplots show the conditional modes calculated for each
individual and grouped by family, cultivar or ecotype.

it is vital that they are matched with respect to heading date or they will not cross pollinate. Furthermore, if the
range in heading date within a variety is too large they will fail DUS. Heading date can be determined directly on
individuals in spaced plant nurseries. Accurate prediction of heading date with molecular markers would enable
selection of plants that are matched with respect to heading date from within high performing families without
any prior phenotypic evaluation of single plants. Even within families there is significant variation for heading
date, and family means are not always accurate in predicting heading date of individual plants.

We have evaluated heading date in a large population of single plants and used genoyping-by-sequencing to
evaluate genotypes. Genotypes were used to predict heading date and variable selection strategies enabled the
identification of marker subsets with high predictive power. These marker subsets are suitable for the develop-
ment of cost effective molecular assays to predict heading date.

Results

Heading date variance within training population. The complete training population consists of
plants taken from synthetic cultivars, full- and half-sib families, and ecotypes. These were scored for heading
date across two replicates and over two years, and conditional modes for heading date were calculated (Fig. 1).
The greatest range in heading dates was observed within the synthetic cultivars. As can be seen from Fig. 1, there
is substantial within family/cultivar variation for heading date. The broad sense heritability (repeatability) was
calculated as 0.91.

Training population genotypes. Overall, 1582 plants were genotyped using a genotyping-by-sequencing
strategy and we identified 217,563 SNPs with a minor allele frequency of at least 0.01. Unsurprisingly, the
genomic relationship matrix generated with the SNP data shows strong relationships between individual plants
from the same family, cultivar, or ecotype (Supplementary Fig. S1). The first principle component in a Principle
Component Analysis (PCA) accounted for 10.4 percent of the variation (Supplementary Fig. S2), and the cumu-
lative variation accounted for by the first three principle components was 15.8 percent. We see little distinction
between ecotypes and cultivars, with the clearest separation occurring between plants directly originating from
IBERS bred varieties (IBERS, Aberystywth University, UK) or from families with IBERS parentage (Fig. 2). One
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Figure 2. Principle Component Analysis of complete population based on an individual plants genotype.
Individual plants are colored according to mating type on the left. On the right, individual plants are colored
according to whether or not they originate from an IBERS bred cultivar.

Complete 1582 217563 138644
Synthetic cultivars 445 135674 81658

Half-sib families 448 262472 191519
Full-sib families 479 232864 153295
Ecotypes 210 263392 177222

Table 1. Composition of the training population and SNP numbers identified within each sub-group. A new
round of SNP calling was performed for each sub-group.

half-sib family with unclear parentage did cluster with the IBERS varieties, but it is likely to have originated from
IBERS bred material. The strong relationship among IBERS plant material is also evident in the genomic relation-
ship matrix (Supplementary Fig. S3).

The complete population was sub-divided into four smaller populations, (i) cultivars, (ii) half-sibs, (iii)
full-sibs, and (iv) ecotypes, to enable a comparison of predictive ability across different training population
designs. To ensure an appropriate marker set for each sub-population we re-analysed the sequence data and
identified an SNP set for each population (Table 1). In all populations linkage disequilibrium decayed towards
background levels over very short distances (Supplementary Fig. S4). This is consistent with previous reports of
LD in various perennial ryegrass populations®2 6.

Predictive ability for heading date. Overall, predictive ability for heading date was quite high with
median predictive abilities ranging from 0.73 to 0.86 (Fig. 3), corresponding to predictive accuracies ranging
from 0.76 to 0.90. Using the complete population as a training set, the median predictive ability was 0.81 with
both statistical approaches (rrBLUP and random forest regression), although the bias was higher with random
forest (Fig. 3). The highest predictive abilities were achieved when training and predicting within synthetic culti-
vars, with a slightly higher predictive ability using random forest (0.86) over rrBLUP (0.84). The higher predictive
ability within synthetic varieties is likely related to greater variation for heading date, and in particular the pres-
ence of many early flowering phenotypes (Fig. 1).

We also evaluated predictive ability when leaving related material out. In the first evaluation we performed
training within the breeding material and predicted within the ecotypes (Fig. 4), resulting in a drop in predictive
ability to 0.65. The clearest differentiation within the complete population is among IBERS derived plants and
other plants (Fig. 2). When predicting IBERS material from other material there was a large reduction in predic-
tive ability to 0.32. This is not dissimilar to the drop in predictive ability observed when predicting across breeds
in animal genomic selection.

Variable importance measures. We used permutation-based variable selection measures to rank and
select a sub-set of variables (SNPs) for prediction (Supplementary Data S1). Variables were ranked according to
the mean decrease in accuracy and we selected the top 50 for predictive modeling. The predictive ability using
50 variables was similar to the predictive ability using the complete set. In contrast, the predictive ability with 50
random variables was substantially lower and with higher bias (Fig. 5). Despite this there was still some predictive
power (median predictive ability of 0.42) when using 50 random variables, indicating that small SNP sets are able
to capture some of the population structure correlated with heading date. The adjusted coefficient of multiple
determination in a linear regression using the 50 selected variables was 0.58, indicating the 50 selected SNPs
can explain much of the variability in heading date in this population. We used cross validation with 70:30 split
between training and test data and identified the top 50 SNPs at each iteration for use in a linear regression to
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Figure 3. Predictive ability for heading date. Predictive ability (on the left) is measured as the correlation
between the conditional modes for heading date and the predicted values. The bias (on the right) is 5 from a
regression of predicted phenotypes (x) vs observed phenotypes ().

Leave Ecotypes Out Leave IBERS Out
30 - 20"
r(predicted, observed) = 0.65 r(predicted, observed) = 0.32 > »
B =152 L B =0.72 -

20 - . I 10-
. .
3 10 - §
E o0
» 123
o e
o o
0 -
-10-
-10 ~ .
-20 -
-10 -5 0 5 -10 -5 0 5 10
Predicted Predicted

Figure 4. Predictive ability when predicting from unrelated material using the complete SNP set. Scatter plots
of predicted vs. observed phenotype when predicting IBERS plant phenotypes with models trained on non-
IBERS plants (right), and when predicting ecotype phenotypes with models trained on non-ecotype plants
(left).
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Figure 5. Predictive ability for heading date using selected vs random variables. Selected variables were
identified on a training set using permutation-based variable selection measures, predictive were models
developed with these variables and used to predict phenotypes in the test set (results of 100 iterations of Monte
Carlo cross-validation are presented). Predictive ability (on the left) is measured as the correlation between the
conditional modes for heading date and the predicted values. The bias (on the right) is 5 from a regression of
predicted phenotypes (x) vs observed phenotypes (y).

predict heading date in the test set. The median predictive ability was 0.74 and the median 3 was 0.96. The Root
Mean Square Error (RMSE) (3) was calculated at each iteration and the median was 6.0. The range in heading
dates (conditional modes) was 51.03, and RMSE corresponding to 6.0 days may be an acceptable prediction error
when selecting plants to combine for a poly-cross.

We already observed a significant drop in predictive ability to 0.32 when predicting in IBERS material from
other material. However, using only the 50 selected SNPs the predictive ability slightly improved to 0.34 (Fig. 6),
although the predicitve ability was slightly lower when predicting in ecotypes from other material.

Genetic architecture of heading date. We used the perennial ryegrass draft genome'” to extract the
genomic scaffolds containing the 50 top ranked SNPs after variable importance measures were calculated using
the complete population. Genes located within these scaffolds were characterized (Supplementary Data S2). The
50 SNPs were located within 39 scaffolds that had been annotated with 56 genes. We were able to determine
position on a genetic linkage map for 17 of the scaffolds using the GenomeZipper'” 8. Of the scaffolds that could
be anchored, there was some clustering (3 or more) at positions on Linkage Groups (LG); 2 (79.7-81.9cM), 3
(36.4-43.3cM), 4 (60.7-64.0), and 7 (44.7-48.4 cM). The scaffolds on LG2 and LG7 cluster in regions with key
genes involved in the timing of flowering in other species. This includes TFL1 on LG2 (79.8 cM) and FT and CO
on LG7 (43-44cM)*. TFL1 is a repressor of flowering that is down regulated in perennial ryegrass following a
period of vernalisation. In contrast FT and CO are both promotors of flowering with CO acting upstream of the
key floral activator FT. One scaffold had a perennial ryegrass protein that was previously shown to be an ortho-
logue of PRR37 from rice* and was anchored to LG2 at 12.4 cM. One of the other 39 scaffolds was also anchored
to this region. PRR37 is a Pseudo-Response Regulator that was found to underlie a major heading date QTL in
rice, and it was shown that natural variation in PRR37 likely contributed to the expansion of rice cultivation to
temperate regions'®. Alone, SNPs in the two scaffolds within this region can explain 18 percent of the phenotypic
variation for heading date.

Discussion

Accurate heading date information on individual plants is vital to forage breeders to ensure selected plants cross
pollinate. It enables selection of synthetic components with comparable heading dates, therefore ensuring suffi-
cient cross-pollination and seed yield. Here, we used a large panel of genome wide SNPs to predict heading date
with an accuracy of up to 0.86, in agreement with a previous study using F2 families'. Currently, heading date
of individual plants is evaluated directly in spaced plant nurseries, requiring an additional year of spaced plant
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Figure 6. Predictive ability when predicting from unrelated material using the selected SNP set. Scatter plots of
predicted vs. observed phenotype when predicting IBERS plant phenotypes with variables selected and models
trained on non-IBERS plants (right), and when predicting ecotype phenotypes with variables selected and
models trained on non-ecotype plants (left).

evaluations. Inferring heading date from family means is difficult as there is substantial within family variation for
heading date (Fig. 1). Therefore, a low cost marker system to predict heading date would be beneficial.

Using variable importance measures we have been able to identify a list of 50 SNPs that have predictive power
comparable to the complete SNP set (217,563). This is a two step process akin to marker assisted selection, in
stage one we are identifying the SNPs with a large effect on predictive ability, and in stage two we are using these
for prediction. In many cases the SNPs we identified as important for prediction were proximal to orthologues of
proteins with key roles in the timing of flowering in other species. Variable selection strategies can be used as an
approach to reduce the genotyping cost and are expected to outperform approaches that evenly distribute effects
across the entire genome in cases where heritability is high, number of causal mutations is small relative to the
sample size, and where LD only extends to very short distances?. All three of these assumptions are expected
to be met when predicting heading date in perennial ryegrass. A recent study of flowering time and spike grain
number in wheat indicated that genomic prediction methods effectively capturing LD between markers and traits
outperformed other models when training and testing material were unrelated?..

It is now possible to design cheap molecular assays focused on amplification and sequencing of a few hun-
dred target regions (up to 500). The cost per sample is greatly reduced using dual barcoding systems that enable
the multiplexing of 1000 s of samples®?. Genotyping at 192 loci in 2068 samples was achieved at a cost of $3.98
per sample including DNA isolation and sequencing. The selected SNPs identified above can be developed into
such an assay, and complemented with SNPs predictive for other traits. It is feasible that a similar strategy of
selecting SNPs based on variable importance measures will work for traits such as crown rust resistance, and
quality. In addition to linkage based applications, there is also the potential to use these markers in non-linkage
based marker assisted selection strategies. The first example of such an approach involves using markers for
paternity testing in half-sib recurrent selection schemes. In this case molecular markers are used to determine the
paternal parent when selecting within the top performing half-sib families, which increases the selection gains
and removes the burden of maintaining maternal parents through evaluations. The value of such an approach
has already been demonstrated for red clover?, and should also be relevant when selecting for forage yield in
perennial ryegrass half-sib recurrent selection schemes. In such a scheme the markers would be used to predict
or generate breeding values for traits such as heading date and crown rust resistance, while also identifying the
paternal parent enabling increased selection gains for forage yield. The ideal requirements for assigning paternity
is a marker system that has independent, highly allelic co-dominant markers with many low frequency alleles*.
The sequenced amplicons can easily be converted into such a multi-allelic marker system to assign paternity,
especially considering all the potential pollen donors are known and can be genotyped.

Another potential non-linkage based application of these molecular markers is to maximize diversity when
selecting synthetic components from top performing families. Full-sib recurrent selection schemes involve eval-
uating F2 families for forage yield over a number of years followed by selection of individual plants from within
top-performing families to make synthetics. As discussed above, genotyping individuals within these families
would enable accurate prediction of heading date and potentially generate breeding values for traits such as crown

SCIENTIFICREPORTS|7:3566 | DOI:10.1038/s41598-017-03232-8 6



www.nature.com/scientificreports/

Cultivars Name

GO1 Aberstar*

G02 Arrow

G03 Commando

G04 Genesis

G05 Impact

G06 ONES50

G07 Tyrella

GO08 Malambo

G09 Boyne

G10 Glenroyal

Full-sib families Parent 1 Parent 2

Gl1 Pastour Genesis

GI2 Solomon Tyrella

GI13 Jumbo X Tyrone cross g:;ﬁ:xzrct:;ss

G X (Donard X Corbiee) | Portsowart X
cross

Gl15 Profit X Hercules cross 11;(1)1;]530 X Tyrone

Gl6 AberAvon* Twystar

G17 Tyrconnell Majestic

G18 AberSilo* Shandon

Half-sib families Maternal parent Paternal parent

G19 Jumbo Aberdart*

G20 Dorset Aberdart*

G21 Spelga PNI

G22 Premium Aberzest*

G23 Stratos Aberzest*

G24 Lasso Aberzest*

G25 Cornwell Aberzest*

G26 Romark Aberchoice*

Ecotypes Genebank ID County/Country

G27 IRL-OP-02007 Cork/Ireland

G28 IRL-OP-02018 Wicklow/Ireland

G29 IRL-OP-02491 Wexford/Ireland

G30 IRL-OP-02572 Kildare/Ireland

Table 2. Pedigree of the plant material that makes up the training population. *IBERS bred varieties (IBERS,
Aberystywth University, UK).

rust resistance and forage quality. On top of this, the markers could also be used to maximize diversity among
parents used in the synthetic polycross through selection of the most genetically diverse individuals from top
performing families. A study conducted using AFLP markers in perennial ryegrass has already demonstrated
that using markers to increase diversity among polycross parents can lead to increased dry matter yields®. As
discussed above, the sequenced amplicons can easily be converted to a multi-allelic marker system.

We have identified a relatively small number of SNPs with excellent predictive ability for heading date. We
envisage being able to combine these with similarly small sets of SNPs that can predict crown rust and quality,
enabling the development of a cheap molecular assay that can be applied in breeding schemes. This can be applied
in populations derived from the training material described here. Furthermore, using the markers in non-linkage
based approaches such as paternity testing and to maximise diversity among polycross parents will enhance the
benefits of such an assay in both half-sib and full-sib recurrent selection schemes.

Methods

Populations, field trials and phenotypic analysis. The training population consists of up to 60 plants
from each of ten synthetic cultivars, eight full-sib families, eight half-sib families, and four ecotypes (Table 2).
Plants were evaluated as spaced plants in a partially balanced incomplete block design with two replicates at
Oak Park, Carlow, Ireland. Each replicate was divided into 30 blocks each consisting of 60 test genotypes (2 test
genotypes from each of the 30 families) and 5 check genotypes (coming from the varieties Donard, Premium,
Spelga, Gilford, and Portstewart). The five check genotypes were clonally propagated and are identical across all
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blocks. Altogether each of the two replicates had 1,950 plants that were subjected to infrequent cutting (four cuts
per year), and heading date was evaluated over two years (2014 and 2015). Heading date was scored from April
Ist until the first spike had emerged from three tillers of an individual spaced plant. Variance components for
heading date were estimated using the R package Ime4?. The variance components were used to calculate the
broad-sense heritability, estimated as:

2

2 _ %
i (ng) + (ngy)/z + (O’is)/‘l (1)

where o2, aé,, and o are estimates of variance components for genotypes, genotype by year interaction, and
residual$ respectively. Conditional modes (also referred to as best linear unbiased predictors of the random
effects) were estimated for each genotype in Ime4 using genotype, and blocks within replicates as random effects,
and year and checks as fixed effects. Conditional modes were returned using the ranef extractor in Ime4. These

were used to develop models to predict heading date from genomic information.

Genotyping. We used a genotyping-by-sequencing approach that followed the protocol developed by Elshire
et al.”’. Briefly, genomic DNA was isolated from each individual, digested with ApeKI, samples were grouped into
libraries, amplified, and sequenced on an Illumina HiSeq 2000. After sequencing, adaptor contamination was
removed with Scythe?® with a prior contamination rate set to 0.40. Sickle?® was used to trim reads when the aver-
age quality score in a sliding window (of 20 bp) fell below a phred score of 20, and reads shorter than 40 bp were
discarded. The reads were demultiplexed using sabre®® and data from each sample was aligned to the perennial
ryegrass reference genome'” using BWA?'. The Genome Analysis Tool Kit (GATK)* was used to identify putative
variants in the complete population of 1582 plants. The plants were then divided into four smaller populations
(i) full-sib families, (ii) half-sib families, (iii) ecotypes, and (iv) synthetic cultivars, and variants were identified in
each of these. Only genotype calls with a phred score of 30 (GQ, Genotype Quality), and only variant sites with a
mean mapping quality of 30 were retained. In all cases we used a minimum minor allele frequency threshold of
1% when identifying SNPs, and any SNPs with greater than 50% missing data points were eliminated.

Evaluating genetic structure of population. Principle Component Analysis (PCA) was carried out in
R? using a reduced SNP set with less than 25% of missing data points and a Minor Allele Frequency (MAF) of at
least 1%. This left 6,469 SNPs, and missing data was imputed using mean imputation (MI). The additive genomic
relationship matrix was generated using the complete SNP set (217,563) with the A.mat function of the R package
rrBLUP*, and missing values were imputed with MI.

Linkage disequilibrium (LD) was assessed in the complete population and the four sub-populations. We
identified SNPs located within a single genomic scaffold, and calculated the inter SNP distance and the squared
correlation of the allele counts in Plink 1.9%%, based on the maximum likelihood solution to the cubic equation®.

Genomic prediction models. We tested two statistical models for genomic prediction, Ridge Regression
BLUP and the machine learning algorithm Random Forest Regression. Ridge Regression BLUP was performed
with the R package rrBLUP*. rrBLUP was used to solve mixed models of the form

y=pn+Xgte (2

where y is the vector of conditional modes for heading date,  is the overall mean, X is the marker matrix, g is
a matrix of marker effects, and ¢ is a vector of residual effects. Random Forest Regression was performed with
the R package’randomForest’”, with the following settings: number of variables (p) at each split =p/3, number
of trees = 500, and minimum node size = 5. Random forest regression generates decision trees from subsets of
individuals selected by bootstrapping. For each bootstrap sample a regression tree is grown and at each split in
the tree a subset of variables (e.g. p/3) is selected at random and used to identify the best split. This is repeated for
each bootstrap sample and the trees are averaged. We also used the randomForest package to generate variable
importance measures. Permutation based measures of variable importance were calculated on the training set
and ranked according to the mean decrease in accuracy. The settings used in randomForest are identical to those
described above. The top 50 variables were selected and used for model development with rrBLUP and predic-
tion in the test set. We also performed variable importance measures on the complete data set and identified the
variables for anchoring on the perennial ryegrass draft genome (reported in the section “Genetic architecture of
heading date”).

We evaluated the accuracy of genomic based prediction in the various subsets of the population (complete
population, half-sibs, full-sibs, ecotypes, and synthetic cultivars). The purpose was to compare the effect of train-
ing population design on the accuracy of genomic prediction. We performed Monte-Carlo cross-validation by
dividing the populations into training and testing sets by randomly assigning (without replacement) 70% of
plants to the training set and the remainder to the testing set. In the case of rrBLUP we performed 100 iterations,
and in the case of randomForest we performed 25 iterations. Predictive ability was calculated as the Pearsons
correlation between the observed and predicted phenotypes. We also performed multiple linear regression by
dividing the samples into training and testing sets (70:30) and using the training set to identify and rank variables
with the randomForest package as described above. The regression models were built using the top 50 ranked
SNPs, and we performed 65 iterations of Monte-Carlo cross validation. The predictive ability, and Root Mean
Sqaure Error (RMSE) were calculated at each iteration. The RMSE was calculated as

SCIENTIFICREPORTS|7:3566 | DOI:10.1038/s41598-017-03232-8 8



www.nature.com/scientificreports/

RMSE = [£320; - 7)°
ni—y (3)

where y; is observed values and j are predicted values and the difference between them is the prediction error.
Predictive accuracy was estimated by dividing the predictive ability by the square root of the heritability (1). In
addition to cross-validation via random assignment of plants into training and testing wet, we also performed
cross-validation by leaving specific groups of plants out of the training set. In the first of these cross-validations
we left the four ecotypes (209 plants) out of the training set and used them for testing. In the second of these
cross-validations we left all material originating from IBERS (628 plants) out of the training set and used them for
testing.

Data Availability. Phenotype data for heading date measured on the population is available on Figshare
(https://doi.org/10.6084/m9.figshare.4814740.v1).

References

1. F&, D. et al. Genomic dissection and prediction of heading date in perennial ryegrass. BMC Genomics 16, 1, d0i:10.1186/s12864-015-
2163-3 (2015).

2. Fe, D. et al. Accuracy of genomic prediction in a commercial perennial ryegrass breeding program. The Plant Genome (2016).

3. Grinberg, N. F. et al. Implementation of genomic prediction in lolium perenne (l.) breeding populations. Frontiers in plant science 7
(2016).

4. Arojju, S. K. et al. Markers associated with heading and aftermath heading in perennial ryegrass full-sib families. BMC Plant Biology
16, 160, doi:10.1186/s12870-016-0844-y (2016).

5. Byrne, S. et al. Identification of coincident qtl for days to heading, spike length and spikelets per spike in lolium perenne 1. Euphytica
166, 61-70, doi:10.1007/s10681-008-9831-1 (2009).

6. Armstead, L. P. et al. Synteny between a major heading-date qtl in perennial ryegrass (lolium perenne 1.) and the hd3 heading-date
locus in rice. Theoretical and Applied Genetics 108, 822-828, doi:10.1007/s00122-003-1495-6 (2004).

7. Jensen, L. B. et al. Qtl mapping of vernalization response in perennial ryegrass (lolium perenne 1.) reveals co-location with an
orthologue of wheat vrnl. Theoretical and Applied Genetics 110, 527-536, doi:10.1007/s00122-004-1865-8 (2005).

8. Armstead, I. et al. Identifying genetic components controlling fertility in the outcrossing grass species perennial ryegrass (lolium
perenne) by quantitative trait loci analysis and comparative genetics. New Phytologist 178, 559-571, d0i:10.1111/nph.2008.178.
issue-3 (2008).

9. Barre, P. et al. Quantitative trait loci for leaf length in perennial ryegrass (lolium perenne l.). Grass and Forage Science 64, 310-321,
doi:10.1111/gfs.2009.64.issue-3 (2009).

10. Studer, B. et al. Genetic characterisation of seed yield and fertility traits in perennial ryegrass (lolium perenne l.). Theoretical and
Applied Genetics 117, 781-791, doi:10.1007/s00122-008-0819-y (2008).

11. Sket, L. et al. An association mapping approach to identify flowering time genes in natural populations of lolium perenne (1.).
Molecular Breeding 15, 233-245, d0i:10.1007/s11032-004-4824-9 (2005).

12. Sket, L. et al. Association of candidate genes with flowering time and water-soluble carbohydrate content in lolium perenne (1.).
Genetics 177, 535-547, doi:10.1534/genetics.107.071522 (2007).

13. Yamada, T. et al. Qtl analysis of morphological, developmental, and winter hardiness-associated traits in perennial ryegrass. Crop
Science 44, 925-935, doi:10.2135/cropsci2004.9250 (2004).

14. Shinozuka, H., Cogan, N. O., Spangenberg, G. C. & Forster, ]. W. Quantitative trait locus (qtl) meta-analysis and comparative
genomics for candidate gene prediction in perennial ryegrass (lolium perenne 1.). BMC Genetics 13, 1, doi:10.1186/1471-2156-13-
101 (2012).

15. Andersen, J. R,, Jensen, L. B., Asp, T. & Liibberstedt, T. Vernalization response in perennial ryegrass (lolium perenne 1.) involves
orthologues of diploid wheat (triticum monococcum) vrnl and rice (oryza sativa) hd1. Plant Molecular Biology 60, 481-494,
doi:10.1007/s11103-005-4815-1 (2006).

16. Auzanneau, J., Huyghe, C., Julier, B. & Barre, P. Linkage disequilibrium in synthetic varieties of perennial ryegrass. Theoretical and
Applied Genetics 115, 837-847, doi:10.1007/s00122-007-0612-3 (2007).

17. Byrne, S. L. et al. A synteny-based draft genome sequence of the forage grass lolium perenne. The Plant Journal 84, 816-826,
doi:10.1111/tpj.13037 (2015).

18. Pfeifer, M. et al. The perennial ryegrass genomezipper: targeted use of genome resources for comparative grass genomics. Plant
physiology 161, 571-582, doi:10.1104/pp.112.207282 (2013).

19. Koo, B.-H. et al. Natural variation in osprr37 regulates heading date and contributes to rice cultivation at a wide range of latitudes.
Molecular Plant 6, 1877-1888, doi:10.1093/mp/sst088 (2013).

20. Wimmer, V. et al. Genome-wide prediction of traits with different genetic architecture through efficient variable selection. Genetics
195, 573-587, doi:10.1534/genetics.113.150078 (2013).

21. Thavamanikumar, S., Dolferus, R. & Thumma, B. R. Comparison of genomic selection models to predict flowering time and spike
grain number in two hexaploid wheat doubled haploid populations. G3: Genes—Genomes—Genetics 5, 1991-1998, doi:10.1534/
¢3.115.019745 (2015).

22. Campbell, N. R., Harmon, S. A. & Narum, S. R. Genotyping-in-thousands by sequencing (gt-seq): A cost effective snp genotyping
method based on custom amplicon sequencing. Molecular ecology resources 15, 855-867, doi:10.1111/1755-0998.12357 (2015).

23. Riday, H. Paternity testing: a non-linkage based marker-assisted selection scheme for outbred forage species. Crop Science 51,
631-641, doi:10.2135/cropsci2010.07.0390 (2011).

24. Gjertson, D. W. et al. Isfg: recommendations on biostatistics in paternity testing. Forensic Science International: Genetics 1,223-231,
doi:10.1016/j.fsigen.2007.06.006 (2007).

25. Kolliker, R., Boller, B. & Widmer, F. Marker assisted polycross breeding to increase diversity and yield in perennial ryegrass (lolium
perenne L.). Euphytica 146, 55-65, d0i:10.1007/s10681-005-6036-8 (2005).

26. Bates, D., Maechler, M., Bolker, B., Walker, S. et al. Ime4: Linear mixed-effects models using eigen and s4. R package version 1 (2014).

27. Elshire, R. J. et al. A robust, simple genotyping-by-sequencing (gbs) approach for high diversity species. PLoS One 6, €19379,
doi:10.1371/journal.pone.0019379 (2011).

28. Buffalo. Scythe - a bayesian adapter trimmer version 0.994 beta. https://github.com/vsbuffalo/scythe (2011 (accessed November 7,
2015)).

29. Joshi, N. A,, Sickle, F. J. A windowed adaptive trimming tool for fastq files using quality. https://github.com/ucdavis-bioinformatics/
sickle (2011 (accessed November 7, 2015)).

30. Joshi, N. A., Sabre, F. J. A barcode demultiplexing and trimming tool for fastq files. https://github.com/najoshi/sabre (2011 (accessed
November 7, 2015)).

SCIENTIFICREPORTS|7:3566 | DOI:10.1038/s41598-017-03232-8 9


https://doi.org/10.6084/m9.figshare.4814740.v1
http://dx.doi.org/10.1186/s12864-015-2163-3
http://dx.doi.org/10.1186/s12864-015-2163-3
http://dx.doi.org/10.1186/s12870-016-0844-y
http://dx.doi.org/10.1007/s10681-008-9831-1
http://dx.doi.org/10.1007/s00122-003-1495-6
http://dx.doi.org/10.1007/s00122-004-1865-8
http://dx.doi.org/10.1111/nph.2008.178.issue-3
http://dx.doi.org/10.1111/nph.2008.178.issue-3
http://dx.doi.org/10.1111/gfs.2009.64.issue-3
http://dx.doi.org/10.1007/s00122-008-0819-y
http://dx.doi.org/10.1007/s11032-004-4824-9
http://dx.doi.org/10.1534/genetics.107.071522
http://dx.doi.org/10.2135/cropsci2004.9250
http://dx.doi.org/10.1186/1471-2156-13-101
http://dx.doi.org/10.1186/1471-2156-13-101
http://dx.doi.org/10.1007/s11103-005-4815-1
http://dx.doi.org/10.1007/s00122-007-0612-3
http://dx.doi.org/10.1111/tpj.13037
http://dx.doi.org/10.1104/pp.112.207282
http://dx.doi.org/10.1093/mp/sst088
http://dx.doi.org/10.1534/genetics.113.150078
http://dx.doi.org/10.1534/g3.115.019745
http://dx.doi.org/10.1534/g3.115.019745
http://dx.doi.org/10.1111/1755-0998.12357
http://dx.doi.org/10.2135/cropsci2010.07.0390
http://dx.doi.org/10.1016/j.fsigen.2007.06.006
http://dx.doi.org/10.1007/s10681-005-6036-8
http://dx.doi.org/10.1371/journal.pone.0019379
https://github.com/vsbuffalo/scythe
https://github.com/ucdavis-bioinformatics/sickle
https://github.com/ucdavis-bioinformatics/sickle
https://github.com/najoshi/sabre

www.nature.com/scientificreports/

31. Li, H. & Durbin, R. Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics 25, 1754-1760,
doi:10.1093/bioinformatics/btp324 (2009).

32. DePristo, M. A. et al. A framework for variation discovery and genotyping using next-generation dna sequencing data. Nature
Genetics 43, 491-498, doi:10.1038/ng.806 (2011).

33. Team, R. C. A language and environment for statistical computing. vienna, austria. 2014 (2015).

34. Endelman, J. B. Ridge regression and other kernels for genomic selection with r package rrblup. The Plant Genome 4, 250-255,
doi:10.3835/plantgenome2011.08.0024 (2011).

35. Chang, C. C. et al. Second-generation plink: rising to the challenge of larger and richer datasets. Gigascience 4 (2015).

36. Gaunt, T. R, Rodrguez, S. & Day, I. N. Cubic exact solutions for the estimation of pairwise haplotype frequencies: implications for
linkage disequilibrium analyses and a web toolcubex’. BMC Bioinformatics 8, 428, doi:10.1186/1471-2105-8-428 (2007).

37. Liaw, A. & Wiener, M. Classification and regression by randomforest. R news 2, 18-22 (2002).

Acknowledgements

S.L.B. is supported by an E.U. Marie Sklodowska-Curie Fellowship (H2020-MSCA-IF: 658031). SKA is supported
by a Teagasc PhD Walsh Fellowship. The study was funded through a DAFM project (RSF 2011 11/5/109) and
Teagasc core funding. The authors acknowledge support with genomic DNA extraction (Sean Murray and Helena
Meally), and field experiment support by Olivia Aylesbury, Mary O’Sullivan, Jean-Baptiste Enjelvin and Michael
Murphy.

Author Contributions

P.C., S.B.,, M.C., and D.M. conceived the experiment(s). P.C. managed the field trial and S.K.A., J.V. and
T.M. contributed to collection of phenotypes, isolation of DNA, preparation of libraries and coordination of
sequencing. S.K.A. generated annotations for selected scaffolds. S.L.B. analysed the sequence and phenotype data,
and drafted the manuscript. All authors reviewed and improved the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03232-8

Competing Interests: The authors declare that they have no competing interests.

Accession codes: The genome resequencing reads for all plants in the training population have been deposited
into the NCBI sequence read archive (SRA) under the BioProject ID: PRJNA352789.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3566 | DOI:10.1038/s41598-017-03232-8 10


http://dx.doi.org/10.1093/bioinformatics/btp324
http://dx.doi.org/10.1038/ng.806
http://dx.doi.org/10.3835/plantgenome2011.08.0024
http://dx.doi.org/10.1186/1471-2105-8-428
http://dx.doi.org/10.1038/s41598-017-03232-8
http://creativecommons.org/licenses/by/4.0/

	Using variable importance measures to identify a small set of SNPs to predict heading date in perennial ryegrass

	Results

	Heading date variance within training population. 
	Training population genotypes. 
	Predictive ability for heading date. 
	Variable importance measures. 
	Genetic architecture of heading date. 

	Discussion

	Methods

	Populations, field trials and phenotypic analysis. 
	Genotyping. 
	Evaluating genetic structure of population. 
	Genomic prediction models. 
	Data Availability. 

	Acknowledgements

	Figure 1 Heading date scores across populations.
	Figure 2 Principle Component Analysis of complete population based on an individual plants genotype.
	Figure 3 Predictive ability for heading date.
	Figure 4 Predictive ability when predicting from unrelated material using the complete SNP set.
	Figure 5 Predictive ability for heading date using selected vs random variables.
	Figure 6 Predictive ability when predicting from unrelated material using the selected SNP set.
	Table 1 Composition of the training population and SNP numbers identified within each sub-group.
	Table 2 Pedigree of the plant material that makes up the training population.




