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Supplementary Methods

Curation of causal genes for training and cross-validation

We curated the causal genes (Supplementary Tables S1 and S2) based on the list of causal alleles
in (Martin and Orgogozo 2013). The curated causal genes only included genes whose molecular
identity was found (cloned). Alleles of the same causal genes identified from different parental
lines were merged into one causal gene entry for training. Since only gene names were available
for these causal genes in the original list (Martin and Orgogozo 2013), we searched the literature
to find gene IDs associated with sequences. When the gene ID was not provided in the literature,

we obtained the sequence of the gene from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) or

UniProt (https://www.uniprot.org) and performed BLAST against the Arabidopsis Information

Resource (https://www.arabidopsis.org/Blast/) or the MSU Rice Genome Annotation Project

Database (http://rice.plantbiology.msu.edu/ analyses search blast.shtml) to get the gene IDs.

Curation of causal genes for independent validation

For literature validation, we performed a further literature curation and found eleven Arabidopsis
and eighteen rice causal genes, which were not included in the Martin and Orgogozo list. It
included causal genes that have been cloned or indicated by joint linkage-association analysis or
indicated by genetic analyses (Sato et al. 1999; Sharma et al. 2005; Barth and Jander 2006;
Bennett et al. 2006; Riefler et al. 2006; Ehrenreich et al. 2007; Qiu et al. 2007; Hu et al. 2008; Qi
et al. 2008; Itoh ef al. 2010; Rai et al. 2011; Huang et al. 2012; Chardon et al. 2013; Zeng et al.
2013; Fukuoka et al. 2014; Motte et al. 2014; Conte et al. 2015; Dixit et al. 2015; Guo et al.
2015; Oikawa et al. 2015; Azizi et al. 2016; Fan et al. 2016; Gao et al. 2016; Yuan et al. 2016;
Liu et al. 2017).



Supplementary Tables

Supplementary Table S1 Curated Arabidopsis causal genes used for model training and cross-

validation.
Gene Name Gene ID Gene Function Trait Trait Reference
category PMID
APR2 AT1G62180  enzyme shoot sulfate content abiotic stress 17589509
response
ACD6 AT4G14400  membrane protein leaf initiation and necrosis development 20520716,
20336072
AOP3 AT4G03050  enzyme glucosinolate accumulation biotic stress 11251105,
response 19737743,
21857804
AT5G41740 AT5G41740  R-protein with necrosis other 17803357
leucine-rich repeats
AT5G41750 AT5G41750  R-protein with necrosis other 17803357
leucine-rich repeats
AtHKTI1 AT4G10310  transporter ion salt tolerance abiotic stress 17140289,
response 21085628
Brevis radix (BRX) AT1G31880 TF root length development 15031265
Cryptochrome 2 AT1G04400  chromophore flowering time and other development 11726930,
(CRY2) EDI allele protein pleiotropic effects 15280248,
15248119
14605225
CYCDS;1 AT4G37630  cyclin-dependent cell division development 22392991
kinase
CYP81F2 AT5G57220  enzyme (P450) glucosinolate metabolism biotic stress 19293369
response
DOGI (DELAY AT5G45830  unknown seed germination development 17065317,
OF 22231484,
GERMINATION 20336072
1)
EARLY AT2G25930  Circadian oscillator ~ flowering development 20838594,
FLOWERING 21857804,
3(ELF3) 20713464,
23129635
Epithiospecifier AT3G14210  enzyme associated glucosinolate biotic stress 16679459
Modifierl (ESM1) response
Epithiospecifier AT1G54040  enzyme glucosinolate biotic stress 11752388
protein (ESP) response
ERECTA AT2G26330  receptor (RTK- plant and leaf architecture, development 16007076,
LRR) transpiration 20374533,

21368205
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Supplementary Table S2 Curated rice causal genes used for model training and cross-validation.

Gene name 1D Gene function Trait Trait Reference PMID
category
Alk / Starch LOC_0Os06g12450  enzyme grain cooking texture other 12579422,
Synthase II 16027975,
20972439
BADH2 LOC_0Os08g32870  enzyme fragrance other 17129318, 19706531
Ehd1 LOC_Os10g32600 TF flowering time development 15078816
EARLY LOC_0s06g05060  Circadian oscillator flowering time development 22399582
FLOWERING
3/Hd17
Ghd7 LOC_0s07g15770  TF (CO-like) flowering time, plant development 18454147
morphology
(inflorescence)
Hdo6a LOC_0s03g55389  Protein kinase CK2 flowering time development 11416158
PROG1 LOC_0Os07g05900 TF plant architecture development 18820699,
18820696,
23034647
qPE9-1 LOC_0s09g26999  keratin-associated plant and development 19546322
protein inflorescence
architecture
qSH1 LOC_0Os01g62920 TF BELI-type seed shattering development 16614172
homeobox gene
(presumptive
transription factor)
se5 LOC_0s06g40080  chromophore protein flowering time development 10849355
Shattering1 - LOC_0s03g44710 TF (YABBY-like) seed shattering development 22581231,
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Supplementary Table S3 Causal gene features and their frequency and value in causal genes and the
genome background

Arabidopsis Rice
Category Feature name® causal genome » causal genome b
P value P value
gene gene gene gene
Enzyme class is_carbohydrates_metabolism 1.7% 5.0% 3.7E-01 6.7% 52% 5.1E-01
Enzyme class is_nucleotides_metabolism 0.0% 2.2% 6.4E-01 2.2% 2.5% 1.0E+00
nzyme class is_energy metabolism 3% 9% 1E- .0% 8% .OE+
Enzy: 1 is_energy_: boli 3.3% 1.9% 3.1E-01 0.0% 1.8% 1.0E+00
Enzyme class is_fatty acids_lipids_metabolism 3.3% 2.8% 6.9E-01 0.0% 3.2% 4.0E-01
Enzyme class is_specialized metabolism 5.0% 3.7% 4.8E-01 0.0% 4.4% 2.7E-01
Enzyme class is_cofactors_metabolism 0.0% 2.1% 6.4E-01 2.2% 2.4% 1.0E+00
Enzyme class is_other_metabolism 0.0% 1.3% 1.0E+00 2.2% 1.3% 4.4E-01
Enzyme class is_hormones_metabolism 1.7% 1.2% 5.2E-01 6.7% 1.2% 1.8E-02
Enzyme class is_inorganic_nutrients metabolism 8.3% 1.4% 1.7E-03 2.2% 1.9% 5.9E-01
Enzyme class is_detoxification_metabolism 0.0% 0.9% 1.0E+00 0.0% 1.1% 1.0E+00
Enzyme class is_redox_metabolism 0.0% 0.7% 1.0E+00 0.0% 1.0% 1.0E+00
Enzyme class is_amino_acids_metabolism 1.7% 1.7% 1.0E+00 0.0% 1.9% 1.0E+00
Enzyme class is_macromolecule_metabolism* 11.7% 12.9% 1.OE+00 44.4% 33.9% 1.6E-01
GO is TF 10.0% 6.3% 2.8E-01 13.3% 4.8% 2.0E-02
GO is_receptor 11.7% 0.6% 1.5E-07 0.0% 0.6% 1.0E+00



GO is_kinase 15.0% 10.9% 3.0E-01 17.8% 13.3% 3.8E-01

GO is_transporter 20.0% 7.9% 24E-03 11.1% 7.1% 2.5E-01
Co-function network network_weight ¢ 182.0 126.4 5.9E-02 11.8 76.5 1.2E-21
Polymorphism is_start gained 56.7% 43.0% 3.7E-02 11.1% 11.8% 1.0E+00
Polymorphism is_start_lost 6.7% 7.3% 1.0E+00 0.0% 0.8% 1.0E+00
Polymorphism is_stop_gained 68.3% 35.8% 4.6E-07 11.1% 5.4% 9.4E-02
Polymorphism is_stop_lost 11.7% 8.0% 3.3E-01 4.4% 1.3% 1.2E-01
Polymorphism is SNP_splice_site 28.3% 19.5% 1.0E-01 24.3% 23.5% 8.5E-01
Polymorphism Is_SNP cis ° 55.0% 72.0% 5.7E-03 NA NA NA
Polymorphism is_nonsyn_deleterious 93.3% 82.5% 2.6E-02  40.0% 28.7% 1.0E-01
Polymorphism normalized_nonsyn SNP ¢ 0.159 0.113 9.1E-03  0.011 0.011 4.7E-01
Evolution related is_essential_gene " 1.7% 10.0% 2.8E-02 0.0% 8.9% 3.1E-02
Evolution related paralog_copy number 56.3 30.4 9.9E-07 118.0 37.0 1.5E-03

* The features with a name that starts with “is_" are binary variables.

® Fisher’s exact test was used for all binary features. Mann-Whitney U Test was used for all continuous variables.

¢ This category contains genes that were annotated as enzyme by GO but not present in PMN. The majority are involved in
macromolecule metabolism.

d«network_weight” is the sum weight of all edges connected to a gene based on AraNet or RiceNet (Lee et al. 2010; Lee et al. 2011).

¢ “is_SNP_cis” indicates whether polymorphisms are present in the cis-element found in the promoter region of the gene (Weirauch et
al. 2014). The cis-element data was available only for Arabidopsis and therefore not used in the rice model.

f«is nonsyn_deleterious” indicates the presence of non-synonymous SNPs in highly conserved residues, which are likely to affect
protein function (Ng and Henikoff 2003).

¢ The number of non-synonymous SNPs was normalized to the length of the protein.

" Essential gene prediction was based on function annotation, duplication, expression levels and patterns, rate of evolution, cross-

species conservation and other information and taken from (Lloyd ef al. 2015).

Supplementary Table S4 Features used for the Arabidopsis model. Known causal genes were labeled
as | in the ‘class’ column. Other genes were labeled as 0.
This file is available as ‘Arabidopsis_features v4.csv’ at

https://github.com/carnegie/QTG_Finder/tree/master/prediction/model training

Supplementary Table S5 Features used for the rice model. Known causal genes were labeled as 1 in the
‘class’ column. Other genes were labeled as 0.

This file is available as ‘rice_features v2.csv’ at
https://github.com/carnegie/QTG_Finder/tree/master/prediction/model training

Supplementary Table S6 Confusion matrix based on cross-validation analysis. For each cross-
validation fold, the testing data set was composed of 20% of known causal genes and randomly selected
negative genes. The average of all iterations was used. TP, true positive; FN, false negative; FP, false
positive; TN, true positive; TPR, true positive rate; TNR, true negative rate. TPR= TP/(TP+FN).
TNR=TN/(FP+TN)

Arabidopsis

Confusion matrix

TP=2.3 FP=4.6



FN=9.7 TN=2395.1

TPR=19% TNR=99%

Rice

Confusion matrix

TP=1.6 FP=5.1
FN=74 TN=1749.0
TPR=18% TNR=99%

Supplementary Table S7 The change of AUC-ROC when removing each feature. The mean and

standard deviation were calculated from 900 iterations.

AAUC-ROC

Arabidopsis mean SD
paralog_copy_number -0.057 0.007
is_transporter -0.037 0.009
normalized_nonsyn SNP -0.021 0.013
is_receptor -0.015 0.006
is TF -0.013 0.006
is_stop_gained -0.006 0.013
is_energy metabolism -0.006 0.007
network weight -0.004 0.003
is_macromolecule_metabolism -0.003 0.005
is_inorganic_nutrients_metabolism -0.003 0.005
is_nucleotides_metabolism -0.003 0.002
is_essential gene -0.001 0.004
is_hormones metabolism -0.001 0.003
is_detoxification_metabolism 0.000 0.003
is_amino_acids_metabolism 0.001 0.003
is_nonsyn_deleterious 0.001 0.003
is_start lost 0.001 0.002
is_redox_metabolism 0.002 0.002
is_cofactors_metabolism 0.002 0.003
is_specialized_metabolism 0.002 0.003
is_kinase 0.002 0.003
is_start gained 0.003 0.003
is_carbohydrates metabolism 0.003 0.003
is_splice_site SNP 0.004 0.002
is_other metabolism 0.004 0.002
is_stop_lost 0.007 0.003
is_fatty acids_lipids_metabolism 0.010 0.003
is SNP_cis 0.015 0.006
Rice

paralog_copy_number -0.051 0.013
is_macromolecule_metabolism -0.046 0.007
network weight -0.042 0.012
is TF -0.029 0.005
is_transporter -0.015 0.005
is_stop_gained -0.012 0.008
normalized_nonsyn SNP -0.009 0.019
is_carbohydrates_metabolism -0.007 0.011
is_start lost -0.004 0.003
is_specialized_metabolism -0.002 0.006
is_kinase -0.002 0.004
is_essential gene 0.000 0.003

is_hormones metabolism 0.000 0.003



is_energy metabolism 0.000 0.003

is_stop_lost 0.001 0.002
is_amino_acids_metabolism 0.001 0.003
is_nucleotides_metabolism 0.001 0.004
is_other metabolism 0.002 0.003
is_detoxification_metabolism 0.003 0.003
is_nonsyn_deleterious 0.003 0.005
is_fatty acids_lipids_metabolism 0.004 0.003
is_cofactors_metabolism 0.004 0.004
is_receptor 0.004 0.003
is_splice_site SNP 0.005 0.003
is_redox_metabolism 0.005 0.003
is_inorganic_nutrients_metabolism 0.006 0.004
is_start gained 0.012 0.005

Supplementary Table S8 Evaluating model performance based on the rank of an independent set of

known causal genes.

QTL trait Gene name Rank in a QTL" Evidence Reference
code
Arabidopsis
Seed size AHK3 1/366 (<0.1%) G Guo et al. 2016
Riefler et al., 2006
Seed size AHK?2 2/293 (<0.1%) G Guo et al. ,2016
Riefler et al., 2006
Stem branching MAX3 17/457 (3%) G,J Huang et al., 2013

Ehrenreich et al., 2007
Bennett et al., 2006

Insect resistance 7GG2 31/496 (6%) G,J Pfalz et al., 2007
Barth et al., 2006
Insect resistance TGG1 38/496 (7%) G,J Pfalz et al., 2007
Barth et al., 2006
Insect resistance GSOH1 15/104 (13%) C,E,G  Hansen et al., 2008
Seed germination FBA2 23/111 (19%) G Yuan et al., 2016
Stem branching AGL6 106/457 (22%) C,G,H Huangetal, 2012
Fructose content in leaves ~ Sweetl7 47/186 (24%) C,F,G Fabien et al., 2013
Seed germination AZF2 38/111 (33%) G Yuan et al., 2016
Shoot regeneration RPK1 282/554 (50%) H,G,J]  Motteetal., 2014
Rice
Blast resistance Pi35/Pish 3/203 (0.5%) C,G,H Fukuokaetal., 2014
Blast resistance Pi-k 10/444 (2%) E,C,G Sharma et al., 2005

Aziziet al., 2016
Raietal., 2011

Leaf blade width nall 7/210 (2%) CG Qietal., 2008
Drought response OsAH 10/474 (2%) F,G Dixit et al.,2015
Drought response OsARF 12/474 (3%) F,G Dixit et al.,2015
Drought response OsWAKI125 27/474 (6%) F,G Dixit et al.,2015
Grain chalkiness qACE9 9/120 (6%) F,E Gao et al., 2016
Drought response OsACF 34/474 (7%) F,G Dixit et al.,2015
Drought response OsGDP 43/474 (8%) F,G Dixit et al.,2015
Drought response OsPOLEII9  50/474 (11%) F,G Dixit et al.,2015
Drought response OsNAM 51/474 (11%) C,F,G Dixitetal.,2015
Plant height oshl5 14/117 (11%) F,G Fan et al., 2016
Sato et al., 1999
Heading time Hd3a 102/730 (13%) F,G Monne et al., 2002
Itoh et al., 2010
Drought response OsCESA10 56/474 (14%) F,G Dixit et al.,2015
Grain color kala4 15/62 (22%) F,G Oikawa et al., 2015
Tiller number tsl 54/175 (30%) F,E Liu et al., 2017
Bacterial blight resistance ~ WRKY13 171/460 (36%) G Hu et al., 2008

Qiu et al., 2007
Blast and bacterial blight UROD 19/38 (47%) F Zeng et al., 2013




lesion

* The numerator is the rank of the causal gene. The denominator is the total number of genes in the QTL region. The percentage in
parentheses indicates rank percentile.

® Evidence code: C, functional complementation; E, association between the allelic status and expression of the gene; F, fine
mapping; G, genetic analyses; H, haplotype analyses showing the association between the trait and polymorphisms of the gene. J, joint
linkage-association analyses
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Supplementary Figure S1 Correlations among features. Pearson’s correlation coefficients
(PCC) were used for the heatmap. (A) Arabidopsis (B) rice
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Supplementary Figure S2 Comparing ROC curves of classifiers. ROC curves were based
on cross-validation. Numbers in parentheses indicate Area Under the Curve (AUC). Grey
diagonal lines indicate the expected training performance of a model based on random

guessing. (A) Arabidopsis (B) rice
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Supplementary Figure S3 The ratio of positives:negatives in the training set. Area Under
the Curve of ROC (AUC-ROC) were based on cross-validation. Error bars indicate

standard deviation. (A) Arabidopsis (B) rice
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Supplementary Figure S4 Random forest parameters. Area Under the Curve of ROC
(AUC-ROC) were based on cross-validation. Error bars indicate standard deviation. (A)
Number of trees in the forest (B) The maximum number of features to consider when
looking for the best split.
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Supplementary Figure S5 Different methods for generating GO features. Area Under the
Curve of ROC (AUC-ROC) were based on cross-validation. Aggregated Blast2GO: using high-
level Blast2GO for GO annotation. Aggregated Curated GO: using high-level GOs downloaded
from AmiGO (http://current.geneontology.org/products/pages/downloads.html).
Unaggregated GO: using all fine-grained molecular function GOs as features without
converting to higher-level GOs.
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Supplementary Figure S6 The relationship between training performance and the
number of training positives used. The cross-validation framework was applied to
training sets with different number of training positives. The number of training
negatives was adjusted to maintain the same positive:negative ratio in all training sets.
One fifth of known causal genes were retained as testing positive to calculate AUC-ROC.
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