bioRxiv preprint doi: https://doi.org/10.1101/2020.02.03.931626; this version posted February 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

The usefulness of multi-parent
multi-environment QTL analysis: an
illustration in different NAM
populations

VINCENT GARINY, MARCOS MALOSETTI! , FRED VAN EEUWITK!

February 3, 2020

Abstract

Commonly QTL detection in multi-parent population (MPPs) data measured in multiple en-
vironments (ME) is done by a single environment analysis on phenotypic values ‘averaged’
across environments. This method can be useful to detect QTLs with a consistent effect across
environments but it does not allow to estimate environment-specific QTL (QTLXxE) effects. Run-
ning separate single environment analyses is a possibility to measure QTLXE effects but those
analyses do not model the genetic covariance due to the use of the same genotype in different
environments. In this paper, we propose methods to analyze MPP-ME QTL experiments using
simultaneously the data from several environments and modelling the genotypic covariances.
Using data from the EU-NAM and the US-NAM populations, we show that these methods allow
to estimate the QTLXE effects and that they give a more precise description of the trait genetic
architecture than separate within environment analyses. The MPP-ME models we propose can
also be extended to integrate environmental indices (e.g. temperature, precipitation, etc.) to
understand better the mechanisms behind the QTLXxE effects. Therefore, our methodology allows
to exploit the full potential of MPP-ME data: to estimate QTL effect variations a) within the MPP
between sub-populations due to different genetic backgrounds; and b) between environments.

I. INTRODUCTION

The use of multi-parent populations (MPPs) to investigate biological questions becomes progres-
sively a regular practice in plant genetics and plant breeding. Different MPPs have been developed
like the nested association mapping (NAM) populations (McMullen et al., 2009) or the multi-parent
advanced generation inter-cross (MAGIC) populations (Cavanagh et al., 2008). The collections
of crosses between a set of parents used in breeding programs can also be analyzed as MPPs
(Wiirschum), 2012; Parisseaux and Bernardo| 2004). Different statistical approaches have been
proposed to detect QTLs in NAM populations (Xavier et al., 2015), in MAGIC designs (Verbyla
et al.| 2014) or in MPPs composed of crosses (Jourjon et al., [2005).

The plant phenotype is the result of cumulative interactions between the genotype and the
environment (Malosetti et al.,|2013). Therefore, researchers have developed statistical procedures
to detect QTLs taking the genotype by environment (GxE) interactions into consideration (Boer
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et al., 2007} Korte et al., 2012). Several MPPs have been tested in multiple environments (MPP-ME)
(Buckler et al., 2009; Giraud et al., [2014; Saade et al., 2016 but only few studies have proposed
a proper MPP GxE QTL detection methodology (Piepho and Pillen, [2004; Verbyla et al., 2014).
Most of the researches average the phenotypic values by calculating adjusted means or predictions
across the environments that represent an average phenotypic value (Giraud et al., 2014; Poland
et al., 2011; Buckler et al.,2009). In other articles, people performed separate analyses in each
environment (e.g. Saade et al.| (2016)).

We consider that the main interest of an MPP-ME QTL experiment is to estimate genetic (QTL)
variations at two levels: a) within the MPP between sub-populations due to different genetic
background; and b) between environments. In previous researches, we developed a framework for
QTL detection in MPPs composed of crosses between a set of parents with different assumptions
about the QTL effects (Garin et al., 2017, 2018). The QTL effects were assumed to be more or
less diverse/consistent in the different genetic backgrounds, which allowed to estimate QTL
allelic variations within the MPP. In the present paper, we extended our methodology to the
multi-environment context. We allowed the QTL effects to also vary between the environments to
estimate QTL by environment (QTLXE) interactions. We further extended our models to integrate
environmental information like temperature or precipitation to get a deeper understanding of the
mechanisms behind the QTLXE effects. In the following sections, we present different methods
for analyzing MPP-ME QTL experiments. We illustrate the usefulness of our methodology with
examples coming from the EU-NAM and the US-NAM populations.

II. MATERIAL AND METHODS

Statistical methodology

In Table (I} we present a list of models for analyzing MPP-ME data. The first set of models allows
to model phenotypic variation. The second category represents genotypic models used to detect
QTLs. The last section presents four methods for QTL detection in MPP-ME experiments. The
models and their components are described in the following sections assuming that the data come
from two environments.

Phenotypic models

Models 1 and 2 model phenotypic variations accounting for experimental design factors (des) such
as replicates, incomplete blocks, row-columns, etc. In model 1, y;,, is the plot data phenotypic
value of genotype i from cross c. Gj, is the genetic effect of genotype that can be separated into
the tested genotypes and the check entries like in Boer et al| (2007). Finally, €;, is the plot error.
Model 1 allows to calculate the genotype best linear unbiased estimates (BLUEs) treating G;. as
fixed. In model 1, we considered the data from each environment separately and calculated within
environment genotype BLUEs (yg1, yE2).

In model 2, we model the phenotypic variation of the two environments jointly. yjc., is the
phenotypic plot measurement of genotype i from cross ¢ in environment e. The intercept y. and
the design term des ,) become environment specific. The term GEj represents the genotype by
environment interaction. In model 1 and 2, all terms were fitted as random except the genotype
term Gjc. The genotype BLUEs (yg(y,2)) obtained with model 2 represent phenotypic values across
environments.
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Table 1: Models table

Code Model

Phenotypic models

Genotype BLUEs within environment
1 Yiep = B +des + Gic + €icp
BLUEs vectors: yE1, Y2

Genotype BLUES across environments

2 Yicep = pe +des(e) + Gic + GEice + €icep
BLUES vector: yg (1 2)

Genotypic models
Single environment analysis

3 Yie = pe + Gic + €ic

31 Gic=Yyx*Bg + 8ic

3.2 €ic ~N(O,R) with R=@®!, 02
33  y=XcBc+XgBo+e

Multi-environment analysis

4 Yice = Hee + Gice + €ice
41 Giee = Ly} * Bge + Sice
42 Sice ~ N(0,03)

43 €ice ~ N(O,R) with R=@/, 0?

cle)
o Bl R B sl e e
MPP-ME QTL detection methods
M1: MPP QTL analysis on BLUEs across environments
M1 YE(12) = XcPe + XgPg + €
M2: MPP QTL analysis on BLUEs within environment

M2 yp1 = XcBc+ XgBg t€
YE2 = Xcﬁc + XQﬁQ +e€

M3: Two-stage MPP GxE QTL analysis

v =l s e[ sl e s

M4: One-stage MPP GxE QTL analysis

M4 Yicep = Mce + des(e) + Gi’(g) + Zq x; * Bge + Qice + €icep 3
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Genotypic models

Models 3 and 4 are MPP QTL detection models for single and multi-environment data, respectively.
In model 3, ;. is the phenotypic value of the i** individual in cross c. j is a cross intercept.
The term G;j. (3.1) describes the genotypic effect. G;. can be partitioned into a fixed QTL part
Yy xl.Tq * B; and a residual part g;;. xl»Tq represents the expected number of QTL alleles received by
individual i at position g and B, are the QTL allelic substitution effects.

The vector xiTq
assumed at the QTL position. A first model called parental assumes that each parent contributes
a unique allele to the MPP (n,; = np). A second option called ancestral model assumes that
genetically similar parents inherit their allele from a common ancestor. Parents are grouped in
ancestral classes based on genetic similarity. We assume that each group represents one ancestral
allele (n,; = n,). The final possibility is a bi-allelic model assuming that genotypes with the same
SNP score transmit the same allele.

is of dimensions [1 X n,] and varies according to the number of alleles (1,;)

The elements of xlg take values between 0 and 2. For the parental model, they represent the
expected number of parental allele copies estimated using IBD probabilities computed by the
package R/qtl (Broman et al 2003). For the ancestral model the vector xl-Tq specifying the parental
allele distribution is modified taking identical by state (IBS) parental genetic relatedness into
consideration. We used the R package clusthaplo (Leroux et al., 2014) to evaluate the parent
genetic similarities along the genome and infer common ancestral classes. For the bi-allelic model,
x] is a scalar taking values 0, 1 or 2 corresponding to the number of IBS copies of the minor
SNP allele. The model is estimated fixing one QTL allele as reference. In NAM populations,
it is convenient to set the central parent allele as reference and to interpret the additive allelic
substitution effect B, as the deviations with respect to the central parent.

Gic (3.1) is also composed of a residual genetic effect g;. that was not accounted by the QTLs.
In the single environment analysis, g;. is not directly modelled. The residual genetic variation
is modelled by the error term €;. (3.2), which also contains the residual plot error. ¢;; follows a
normal distribution N(0, R). We assume that R = @ ; UEZC which means that the variance of the
error term is different in each cross to take into consideration the heterogeneity that could exist
between crosses.

Model 3 can be expressed in matrix notation (3.3) with y being the phenotypic values vector of
dimension [N X 1]. X is a [N x n,| cross-specific intercept matrix with B, representing the vectors
of cross intercepts. Xg is a [N x n,]| QTL incidence matrix and B¢ the corresponding vector of
QTL additive allelic substitution effects.

Model 4 is a modification of model 3 to analyze jointly the data from several environments.
Compared to model 3, the cross effects jic, the QTL effects Bz (4.1), and the residual genetic
effect gj., (4.2) are now indexed per environment. In expression 4.1, we modelled the envi-
ronmental specific QTL allelic effects. These QTL allelic effects could also be partitioned into
a main effect across environments and environment-specific components. This is a difference
with respect to model 3. Another important difference between model 3 and 4, is the explicit
modelling of the genotypic covariance between phenotypic observations measured on the same
genotype in different environments via the term g;., (4.2). gjce is normally distributed N(0, (Té),
which corresponds to a compound symmetry model assuming a uniform covariance between
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genotypes in all environments. More sophisticated variance covariance (VCOV) structures are
possible like the unstructured model using a specific covariance term for each pair of environments.

The error term €/, (4.3), is normally distributed N (0, R) with within environment cross-specific
variance error terms R = @/ ; ‘7625@)' For an illustration purpose, the VCOV matrix of phenotypic

observations coming from two different crosses in two different environments take the following

form:
2 2 2
Yici1Eq Ug + Teny ) 0 ) Ug 02
v |YieE | _ 02 Oy + 0%, , 0 ) o
yiclEz Ug 02 Ug +O€12 ” 0 ”
Yi' o Ey 0 e 0 0y + 0%,

It represents a compound symmetry with heterogeneous cross-specific environment variances.
In Model 4, the genotype by environment variance (nge) can not be distinguished from the error

term (UEZC (B)). Model 4.4 is a matrix expression of model 4. The vector of phenotypic values

y = [y1y2]7 includes the phenotypic observations of the two environments. The cross term X,
and the QTL term X are extended to model environment-specific cross and QTL effects.

MPP-ME QTL detection methods

Here we present four methods to perform a QTL detection in MPP-ME experiments. The first
three methods are two-stage analyses using first a phenotypic model to calculate genotype
BLUEs that are used afterwards in a genotypic QTL detection model. The last method is a
one-stage analysis. Method M1 performs a QTL analysis on genotype BLUEs calculated across
environments. It uses the BLUEs calculated with model 2 as response variable in QTL model
3. Method M1 tests for association between the genotype and yg(q,5), which represents a main
phenotypic effect across environments. Therefore, M1 does not allow to estimate the QTLXE effects.

Method M2 allows to model the QTLxE interactions by performing separate QTL analyses
in each environment. M2 uses the BLUEs calculated within each environment (yg1, yg2) in QTL
model 3. The methods M1 and M2 do not take the advantage of analyzing jointly the phenotype
data measured in different environments, which has been shown to provide a greater under-
standing of the GxE interactions (Malosetti et al., 2004} |Alimi et al., 2013). A proper MPP GxE
QTL detection using mixed model allows to model the heterogeneity of genetic variance across
environments and the genetic covariance between environments (Malosetti et al., 2013).

Method M3 analyzes jointly the within environment genotypes BLUEs (yE1, yg2) using model 4
taking the covariance between the same genotype measured in different environments into consid-
eration. The last method (M4) is a one-stage analysis on the plot data. For the one-stage analysis,
we followed Boer et al.| (2007) and separated the genetic effect terms of model 2 (G;. + GEj,)
into a check entries term (Gy(,)) and two terms to model the tested genotypes by the QTLs
(Zq xlg * Bge) and the residual genetic effect (g;c.). Method M4 allows to simultaneously estimates
the non-genetic effects due to the experimental design (des,)) and the QTL variations.

The variance of the error term €;(,), of models 1, 2 and M4 can be modelled by different
VCOV structures taking for example spatial variations into consideration. In models 3, 4, and M4,
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the cross (jic) and the QTL terms (B,;.) were fixed. The Wald test (McCulloch and Searle} 2001,
5.39) tests the global null hypothesis of all QTL allelic substitution effects being equal to zero. In
models 4 and M4, the null hypothesis will be rejected if one allele is different from zero in at
least one environment. The combination of four methods (M1-4) and three types of QTL effects
(parental, ancestral, bi-allelic) represents 12 models for analyzing MPP-ME QTL experiments.

Plant material

To illustrate our methodology, we focused on two examples showing significant and observable
QTLXE interactions. The examples came from the Flint EU-NAM and the US-NAM populations
tested for a single trait in two environments.

EU-NAM data

The maize EU-NAM Flint population was composed of 811 double haploid (DH) lines coming
from 11 crosses between UH007 and 11 peripheral parents representative of North Europe maize
diversity (Bauer et al., 2013; |Lehermeier et al., 2014). The EU-NAM Flint population was eval-
uated in six European locations for five traits. We used the raw phenotypic data provided by
Lehermeier et al. (2014) http://www.genetics.org/content/198/1/3/suppl/DC1. We used the
raw genotypic data provided by Bauer et al.|(2013) available here http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE50558, and the consensus map from Giraud et al.| (2014) available
at: http://maizegdb.org/data_center/reference?id=9024747. After quality control, we kept
5949 markers spread on 10 chromosomes for a total map length of 1584 cM. For the ancestral
model, we clustered the parental lines at each marker position using a two cM window around
the marker with the R package clusthaplo (Leroux et al., 2014). We detected an average of 6.7
ancestral classes along the genome.

From the possible combinations of traits and environments, we focused on dry matter yield
(DMY, decitons per hectare, d—;) measured at La Corufia (Spain - CIAM) and at Roggenstein (Ger-
many - TUM). Within a location, the trials were laid out as augmented p-rep designs with one third
of the genotypes replicated. The genotypes were laid out with parents and checks in 160 incom-
plete block consisting of eight plots. Therefore, in model 1, 2 and M4 des(e) = rep;(,) + block,,(,) to
account for the I*" replicate, and the m!" block within replicate effects. The model 2 was equivalent
to model 1 in [Lehermeier et al. (2014). In M4, the variance of the error term was environment and
cross specific (4.3). The average heritability on a line mean basis within cross over environments
was h2 = 47% (supplementary material S1). The Pearson correlation between the two within
environment BLUEs was equal to 0.35.

US-NAM data

The maize US-NAM population was composed of 4421 recombinant inbred lines (RIL) coming
from 25 crosses between B73 and 25 peripheral parents representative of the international maize di-
versity (McMullen et al., 2009). It was evaluated for 19 traits in up to 11 environments (Hung et al.,
2012). We used the phenotypic data provided by |[Hung et al.| (2012). The genotypic marker data and
map data came from Ogut et al.| (2015). We downloaded the data from http://www.panzea.org.
We used the map with 1478 markers (1 mk/cM) and a total map length of 1434 cM. For the
US-NAM data, we did not have the IBS marker data. Therefore, we did not calculate the ancestral
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and the bi-allelic models, and we restricted our analyses to the parental model.

We focused on days to anthesis (DTA) measured in 2007 in the North Carolina (NC) and the
New York (NY) environments. Within an environment, the experimental design was a set design
where each set contained all lines of a cross. Each set was randomized across environments as an
a-design. The a-design was augmented by including the two parental lines of the cross within
each incomplete block. The row and column effects were defined at the environment level (Hung
et al., 2012). Therefore, in models 1, 2 and M4 des(e) = set;(,) + block,, (i) + 10wy, () + coly(,) to

model the I set, m'" block within set, n" row and 0" column effects. Model 2 was similar to the
one used by Hung et al|(2012) removing the cross term. The set and the cross effects were not
confounded because the parents and the checks were considered as being part of an “extra’ cross.

For the BLUEs computation in model 1 and 2, the VCOV structure of the error term was
modelled by an environment-specific autoregressive correlation in the rows and columns (AR1
x AR1) (Gilmour et al., [1997). For the one-stage M4 analysis, the modelling of the spatial trend
was however computationally too intensive, so we only used within environment cross-specific
error terms (4.3). The average heritability on a line mean basis within cross over environments
was h2 = 78% (supplemental material S1). The Pearson correlation between the two within
environment BLUEs was equal to 0.25.

QTL detection procedure

The QTL detection procedure was composed of a simple interval mapping scan to select cofactors
followed by a composite interval mapping (CIM) scan to build a multi-QTL model. The final list of
QTLs was evaluated using a backward elimination. The cofactors were selected with a minimum
in between distance of 50 cM to avoid model overfitting. The QTLs were selected with a minimum
distance of 20 <M. We fixed the cofactor and QTL detection thresholds to —/0g10(p — value) = 4.
We performed the QTL detection extending the R package mppR (Garin et al.,|2018) to the multi-
environment situation. The mixed models were calculated using asreml-R (Butler et al.,[2009). The
R package programmed can be found here https://github.com/vincentgarin/mppGxE.

Cross-validation

We adapted the cross-validation (CV) procedure described by Utz et al.[(2000) to the MPP-ME
context to evaluate the performances of the QTL detections. For each combination of methods
(M1-4) and type of QTL effects (parental, ancestral, bi-allelic), we ran three times a three-fold
CV procedure, which gave us nine estimates for each parameter. We did not perform the CV
for the one-stage (M4) QTL analysis of the US-NAM data due to computational limitations. We
partitioned the full dataset at the within-cross level into an estimation set (ES) and a test set (TS).
We used the estimated effects of the QTLs detected in the ES to predict phenotypic values of the
ES and TS (e.g. I1s = X1sPrs)-

We calculated the proportion of genetic variance explained in the ES by the QTLs (pgs) using
the Pearson correlation between the reference values ygs and the predicted values fgs. We
calculated the proportion of genetic variance predicted in the TS by the QTLs (prs) using the
Pearson correlation between the reference values yrs and the predicted values fjrs. We used as
reference values (ygs and yrs) the within environment BLUEs (model 1) to compare our results


https://github.com/vincentgarin/mppGxE
https://doi.org/10.1101/2020.02.03.931626
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.03.931626; this version posted February 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

The usefulness of multi-parent multi-environment QTL analysis

across methods. The prs and prs were computed within crosses per environment. We estimated
the prs and prs at the whole MPP level by calculating the average within cross values.

Modelling QTL effect in relation to environmental information

The methods M2, M3 and M4 allow to detect environmental differences of the QTL effects but
they do not allow to understand how environmental characteristics influence the QTL effects.
A natural extension is to integrate environmental information to understand better the QTLxE
interaction. Inspired by the model 16 proposed by Malosetti et al.|(2013), we can reformulate the
QTL part of Gy (4.1) to describe the QTL effect of a single QTL (4”) in term of an environmental
covariate (Z,).

inTq,qu = ) xiTqﬁqe + xl-Tq* (g + ZePygs + feg) (5)
q q€Qi*¢Q

In this formula the QTL part is the same as in 4.1 for all QTLs except for g*. For the QTL g%,
we decompose its environmental effect (8+,) into a main effect component a;+ and a component
g« describing the sensitivity to the environmental covariate Z,. In the MPP context, ag+ and By
will be vectors of dimension [1 x 1] containing one element per QTL allele /. a,:; represents
the QTL effect of allele I when Z, is equal to zero. B, is the environmental sensitivity of QTL
allele I and represents the amount of change in trait quantity for one extra unit of Z,. a;+; and B,
are both defined with respect to a reference allele (e.g. the central parent). Z, is the value of the

environmental covariate (e.g. temperature). Finally, .+ ~ N(0, (qu*) is the residual unexplained
QTL effect.

III. REsuLts

Cross-validation results

Table 2| contains the CV results for the two populations over the different combinations of methods
(M1-M4) and QTL effects (parental, ancestral, bi-allelic). We did not detect large differences in
terms of prediction power (prs) between the different methods. For example, for the US-NAM
data in the first environment (NC), the average prs across crosses was equal to 15, 16 and 17 for the
M1, M2 and M3 methods, respectively. Similarly, for the EU-NAM ancestral model in the second
environment (TUM), the fits was equal to 11, 11, 15 and 12 for the M1 to M4 methods, respectively.
Concerning the number of QTLs, we observed that, on average, the separate single environment
M2 method detected the lowest number of QTLs. The one-stage M4 analyses detected less QTLs
than M1 and M3. In some cases, method M1 detected the largest number of QTLs like in the three
EU-NAM complete data analyses.

Concerning the type of QTL effect (parental, ancestral, bi-allelic), we also did not detect any
difference in terms of prediction power (fs). For the EU-NAM data, the average within crosses
prs of the parental, of the ancestral, and of the bi-allelic model varied between: 8-16, 10-15, and
9-14, respectively. We noticed however, that we detected on average more QTLs with the bi-allelic
and the ancestral models.
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Table 2: Cross-validation results of the EU-NAM and US-NAM data for each combination of methods (M1-4) and
type of QTL effects (parental, ancestral bi-allelic). Number of QTLs detected in the complete data analyses
(N.QTL). Average number of detected QTLs in the TS over the CV runs (N.QTLcy). Average proportion
of variance explained by the detected QTLs in the estimation set (pgg) over the crosses with minimum and
maximum within cross values. Average proportion of variance predicted by the detected QTLs in the test set
(Prs) over the crosses with minimum and maximum within cross values.

EU-NAM US-NAM

N.QTL N.QTLc PEs prs N.QTL N.QTLc PEs prs
parental
M1 El 8 49 23 (13-42) 10 (5-19) 22 14.8 29 (15-45) 15 (4-37)
M1 E2 8 49 21 (6-44) 9 (2-19) 22 14.8 18 (4-47) 9 (1-35)
M2 El 6 37 23 (13-53) 8 (2-36) 24 166 40 (27-56) 16 (4-31)
M2 E2 3 2.7 20 (6-35) 12 (3-25) 7 48 14 (3-45) 8 (1-39)
M3 351 7 5.1 28 (15-54) 10 (2-24) 27 172 40 (27-55) 17 (6-38)
M3 E2 7 5.1 33 (11-61) 12 (3-21) 27 17.2 27 (15-54) 8 (0-33)
M4 El 6 3.7 21 (10-39) 12 (3-24) 18
M4 E2 6 3.7 22 (7-34) 16 (1-28) 18
ancestral
M1 El 9 52 17 (4-36) 11 (1-24)
M1 E2 9 5.2 19 (7-33) 11 (3-29)
M2 El 6 46 21 (8-58) 10 (3-20)
M2 E2 4 3.8 21 (8-41) 11 (1-19)
M3 E1l 6 7.2 28 (6-59) 10 (1-23)
M3 E2 6 7.2 30 (6-57) 15 (4-30)
M4 El 7 37 15 (5-24) 10 (3-17)
M4 E2 7 37 19 (4-33) 12 (3-24)
bi-allelic
M1 El 12 8.4 18 (5-28) 11 (2-31)
M1 E2 12 8.4 20 (7-32) 12 (6-30)
M2 E1l 7 5.7 20 (7-32) 10 (3-21)
M2 E2 5 5.1 20 (7-33) 10 (1-22)
M3 E1 10 7.8 20 (6-34) 9 (1-14)
M3 E2 10 7.8 19 (3-35) 14 (7-23)
M4 E1l 9 7 15 (4-27) 12 (2-25)
M4 E2 9 7 18 (3-32) 12 (3-25)
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-log10(p-values) scatter-plots

In Figure [1} we plotted the -log10(p-values) of the CIM profiles obtained with the method M4
with respect to the methods M1 to M3 for all complete data QTL analyses. We could observe that,
in general, the -log10(p-values) were larger in M4. The differences between the M4 and the M2
profiles were the largest. Concerning M4 versus M1, an important fraction of the -log10(p-values)
were superior in the M4 profiles with respect to the M1 profiles. However, for the most significant
-log10(p-values), the M1 method gave sometimes slightly larger -log10(p-values) than the M4
method, for example for the EU-NAM parental model. The -log10(p-values) obtained with M3
and M4 were similar.

Detected QTLs

In Figure 2} we plotted the -log10(p-values) CIM profile of the US-NAM M4 parental QTL analysis
with a representation of the genetic effect significance per parent and per environment along the
genome. On that plot, we observed that the QTLs on chromosomes eight, nine, and ten were
detected with a large significance. Looking at the genetic effect distribution along the genome,
we also noticed that these QTLs potentially had a different parental allelic series between the
environments. The information about the significance of the QTL genetic effect along the genome
should however be taken with caution because it is based on an incremental and conditional Wald
test that can change given the order of the tested parameters (Butler et al., 2009).

In Figure |3, we plotted the -log10(p-values) CIM profile of the EU-NAM M4 ancestral QTL
analysis with a representation of the genetic effect significance per parent and per environment
along the genome. We noticed that the QTL on chromosome six had an interesting allelic series.
Indeed, many parents were grouped in the same ancestral class and the QTL had a genetic effect
specific to the second environment (TUM). The rest of the detected positions for all methods and
type of QTL model combinations can be found in the supplementary material S2.

Estimation of the QTL allelic substitution effects

We represented the QTL allelic series of the QTL detected on chromosome six in the EU-NAM
ancestral model and the QTLs detected on chromosomes eight, nine and ten in the US-NAM
data in Figure [} The estimated QTL effects were conditioned on the list of cofactors detected
with the corresponding final model. The numerical QTL allelic substitution effect values can be
found in the supplementary material S3. In the text, the standard errors of the allelic effects are
given in parentheses. In Figure [4] we observed the differences in terms of QTL effect estimation
between method M1 using BLUESs representing an average phenotypic effect across environments,
and the method M4, which allows to estimate environment-specific QTL effects. The results
obtained with method M4 were comparable to the ones obtained with methods M2 and M3. A
full comparison between the estimated QTLs effects obtained with all the methods can be found
in the supplementary material S4.

The QTL detected on chromosome six with the ancestral model in the EU-NAM population
(Figure @A), was the most illustrative example of environment-specific QTL effects. In the second
environment (TUM), an ancestral allele inherited by parents D152, EC49A, F03802, F2, F283,
UHO006 and DK105 had a strong negative effect of —7.2(0.8) % with respect to the ancestral group
containing parents UH007, EZ5, and UH009. In the first environment (CIAM), the effect of the
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main ancestral group was substantially reduced (—1.2(0.8)%) and non-significant. In the M1

method, the main ancestral allele took an average values (—4.1(0.7) ,‘f—;) across the two environ-
ments.

In example [AB, we observed that the three most significant parental alleles had an effect that
was stronger in the second environment (NY) compared to the first one (NC). The estimated allelic
substitution effects (in days) of parental alleles IL14H, MS71, and P39 were -1.3(0.1) vs -0.8(0.1),
-1.2(0.1) vs -0.5(0.1), and -1.6(0.2) vs -1.0(0.2), respectively. The estimated QTL effects obtained with
M1 were again approximately averaged between the two environments with -1.1, -1.1 and -1.3 days
respectively. Similarly, in example @iC, we observed that several parental alleles had a stronger
positive expression in NY compared to NC. For example, the allelic substitution effect of Kill was
equal to +1.9(0.2) days in NY and +0.3(0.2) days in NC. The allelic substitution effect of CML277
was equal to +1.9(0.2) days in NY while it was equal to +0.8(0.2) days in NC. Finally, in example
MD, the most significant parental alleles had a stronger effect in the second (NY) environment.
For example, the estimated allelic substitution effect of CML277 was equal to +3(0.2) days in NY
and +1.4(0.2) days in NC. Once again, in the examples [C and @D, the allelic substitution effects
estimated with method M1 were approximately averaged across the two environments.

QTL effect in relation to environmental information

To illustrate the extension of our models with environmental covariates, we re-analyzed the
effect of the QTL detected on chromosome six (84.2 cM) in the EU-NAM with the M3 ances-
tral model including the effect of water precipitation (Z,). This QTL had five alleles: allele A
(UHO007- central parent), allele B (D152, EC49A, EP44, F2, F64, UH006), allele C (F03802, F283),
allele D (UH009, DK105), and allele E (EZ5). We used the final QTL model and the average
water precipitation in mm (Wat.(mm)) at each location between July and August obtained from
https://en.climate-data.org/. To increase the range of the environmental covariate, we in-
cluded four environments (La Corurfia, Roggenstein, Einbeck, Ploudaniel). We considered the
precipitation of the driest location (La Corufia - 35 mm) as the reference level. The precipitation in
the other environments were expressed as the difference with respect to the reference.

In Table [3} we can observe the estimates of the QTL main effects () and QTL x environment
effects () on the trait. We noticed that, in the driest environment (La Coruiia), the allele B reduced
the yield by 0.75 ﬁ—; compared to allele A. When the level of precipitation increased, this difference
was accentuated by 0.06 % * Wat.(mm). In Table @ we calculated the difference in yield between
an homozygous genotype with allele A versus B in the four environments (2 * (ag + Z, * fg)). In
this table, we observed that the difference was equal to 1.5 in the driest reference environment
(La Corunia). The extra yield given by allele A increased with more precipitation (e.g. 6.6 % at
Roggenstein).

IV. DiscussioN

Several MPPs have been characterized in multiple environments but, most of the time, the QTL
analyses were performed on genotype BLUEs calculated across environments, which represent
average phenotypic values (Giraud et al., [2014; Buckler et al. 2009). We called that method
M1. M1 does not estimate the QTLXE effects. Therefore, M1 does not allow to use the full
information potential of MPP-ME QTL experiments, measuring QTL variations: a) within the
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Table 3: Parameter estimates of the environment-specific QTL effects expressed in terms of the QTL sensitivity to
average water precipitation during July and August.

Estimates Std. Err Units Wald Df P(Wald)
K4 0 0 0 -
Xp -0.75 1.07 125 1 <0.001 ***
ac 2.02 1.39 dt« ha=1 35 1 0.06
&p 1.82 1.44 1.1 1 0.3
ar -9.02 4.6 2.7 1 0.1
Ba 0 0 0 -
Bs -0.06 0.03 4 1 0.05 *
Bc -0.12 0.04 dt*ha=' % Wat.(mm) 84 1 0.003  **
Bp -0.03 0.04 07 1 0.42
BE 0.17 0.14 1.6 1 0.21

Table 4: Extra yield homozygous genotype with allele A versus B given water precipitation.

Location Z, (mm) Yield (Std. Err) [dt x ha™1]
La Coruna 0 1.50 (2.13)
Roggenstein 42 6.60 (1.64)
Ploudaniel 28 4.80 (1.35)
Einbeck 33 5.46 (1.40)

MPP between sub-populations due to different genetic backgrounds; and b) between environments.

An alternative to estimate the QTLXE effects in MPPs is to perform separate QTL analyses
within each environment (M2). However, this method does not model the covariance due to the
repeated measurements on the same genotype. Therefore, we proposed two methods (M3 and M4)
that allowed to model properly the QTLXE effects in MPPs. Those methods used simultaneously
the phenotypic data from multiple environments taking into consideration the covariance existing
between the same genotype measured in different environments. With respect to M3, M4 also
integrated the sources of variation due to experimental design elements performing a one-stage
analysis on the plot data. Using M3 and M4 we were able to detect important QTLs and we
showed that these QTLs had environmental specific allelic effects. Finally, we extended our models
to integrate environmental information and better characterize the QTLXE effects.

Comparison of the detected QTLs with the existing literature

Using the different methods presented, we detected several interesting QTLs for DMY and for
DTA. The QTL on chromosome six at 82.1 cM detected by the ancestral model in the EU-NAM
population (Figure [#A) was also detected by [Giraud et al|(2014). They detected a QTL at 83.5 cM,
90.5 cM and 90.7 cM using the connected, the 2cM-LDLA and the 1mk-LDLA models, respectively.

The QTLs detected for DTA in the US-NAM population on chromosomes eight, nine, and ten,

at 66, 47, and 42 cM, respectively (Figure , C and D), were also detected by Buckler et al.| (2009).
They detected corresponding QTLs on chromosomes eight, nine, and ten, at 67, 45.2, and 42.9
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cM, respectively. According to Buckler et al.| (2009), the QTL on chromosome eight is close to
the vegetative to generative transition 1 (vgtl) gene (Salvi et al., |2002). Concerning the QTL on
chromosome ten (42 cM), (Giraud et al.[(2014) also detected a QTL with a strong effect on flowering
time between 45 to 50 cM. According to them, it corresponds to the ZmCCT gene [Ducrocq et al.
(2009).

Estimation of the QTLXE effects

In Figure 4| and appendix S4, we showed that important QTLs had environment-specific allelic
substitution effects. In those cases, the QTL effects estimated with method M1 were inaccurate.
Those QTL effects were overestimated in one environment and underestimated in the other.
Therefore, in presence of QTLXE effect, the use of method M2, M3, or M4 is necessary to estimate
properly the QTL environmental differences.

The QTL detected on chromosome six at 82.1 cM in the EU-NAM population (Figure @A) is a
good illustration of the possibility to estimate QTL effect variations at two levels: within the MPP
between sub-populations, and between environments. At that position, the QTL effect was rather
consistent within the MPP because an important group of parents showed a negative effect that
could be due to a common ancestral allele. For that QTL, we could also observe environmental
variation because the allelic effects were only significant in the second environment. This example
illustrates the interest of using a sound MPP GxE QTL detection methodology.

QTL effect in relation to environmental information

In Tables[3|and [#, we showed that methods M3 or M4 could be extended to integrate environmental
information to better characterize the QTLXE effects. The estimation of the water precipitation
effect on a single QTL was a simple case with a unique environmental covariate but we could
imagine more complex models with more QTLs and/or environmental covariates (Malosetti
et al, 2004). We assumed a linear relationship between the QTL effect and the environmental
covariate. More complex relationships such as a quadratic form or splines could also be assumed
(van Eeuwijk et al., 2007). The ultimate goal of such an approach is to unravel the physiological
mechanisms behind the QTL effects. This possibility to integrate environment information make
methods M3 or M4 more attractive than M2.

Full data analyses and cross-validation results

In terms of prediction power, the CV results (Table [2) did not allow to make a difference between
the four methods. The prs were mostly similar. We showed in the full data analyses and the
CV that, on average, method M2 detected less QTLs. The prediction power (f1s) of M2 was also
reduced with respect to the other methods, even if the differences were small. According to our
results, the use of separate within environment analyses is therefore not an optimal strategy. The
joint analysis of multi-environment data, as performed in M3 and M4, accounted better for the
shared effects across environments, which was beneficial for the QTL analysis.

In the full data analysis, we also noticed that in all EU-NAM analyses (parental, ancestral,

bi-allelic), method M1 detected the largest number of QTLs. In those cases, the extra power of M1
could be explained by the fact that this method uses a reduced number of degrees of freedom
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(df) to estimate the QTL effect. Indeed, in M1, the QTL term uses n, — 1 df, while in M2, M3 or
M4, the QTL term uses Ng,;, * (1, — 1) dfs. When the QTLxE effect is strong, the loss in power
due to the extra df for the QTLXE term is compensated by a better modelling of the GxE effect.
However, when the QTL effect is consistent across the environments, the additional modelling of
the QTLXE variation penalizes the test for a QTL. With consistent QTL effects, method M1 is more
parsimonious.

We would like to emphasize that we selected examples with significant observable GxE in-
teractions but that these situations did not represent the majority of the cases we tested. This
observation is in agreement with Buckler et al|(2009) who found that, for flowering time traits in
the US-NAM population, the environment-specific QTL effects were small compared to the main
QTL effects across environments. The potential weakness of QTLXE effects with respect to the
main QTL effects in the US-NAM and EU-NAM populations, could explain why, in some cases,
method M1 obtained better results than the GXE analyses (M2-M4). The existence of GXE effects
could be more important in MPP-ME QTL experiments where the environmental conditions are
more contrasted, for example, in experiments testing the same population in control versus heat
or salt stress conditions (Saade et al., [2016).

As observed in Table 2} method M3 detected on average more QTLs than M4. Looking at the
list of detected QTLs (appendix S2), we noticed that, in the EU-NAM analyses, the positions of the
QTLs in M3 and M4 were consistent. In the US-NAM analyses, the positions of the QTLs with
a large significance were consistent between M3 and M4. However, several QTLs with a low or
medium significance were either only detected in M3, or distant by 10-15 cM between the two
methods.

The difference between M3 and M4 could be explained by the modelling of the experimental
design variation in M4. |Piepho and Pillen| (2004) showed that even if the variance of the experi-
mental design factors were smaller than other elements like the genetic covariance, it could still
reduce substantially the QTL effect when it was used in a one-stage analysis. This reduction of the
QTL effect could explain why we detected less QTLs in M4 with respect to M3. We should still
remember that in the US-NAM analysis we used an AR1 x AR1 covariance structure for the error
term to calculate the within environment BLUEs used in the M3 analyses. Due to computational
limitations, we did not use the AR1 x AR1 covariance structure in M4. This could also explain the
differences between M3 and M4 in the US-NAM analyses.

Other extensions

To present our methodology, we used examples from NAM populations but our methods and
the reasoning behind it are also valid for any MPP composed of crosses like diallel population or
factorial designs used in breeding programs. Our methods can also be adapted to the multi-trait
situation. The analysis of longitudinal traits measured at different time points using a VCOV
reflecting the time dependence could be a possibility. For an illustration purpose, we only used
data coming from two environments but we could increase this number. However, the fitting
of mixed models on large datasets can be computationally intensive. For example, it took us
four days to perform the M4 one-stage QTL detection in the US-NAM population on a personal
computer (Intel Core i7-3770 CPU 3.4 GHz).
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Conclusions

We proposed mixed model methods to detect QTL in MPP-ME data. These models analyzed
jointly data from several environments and modelled the genetic covariance due to repeated
measurements on the same genotype. Our methods allowed to estimate the QTLXE effect while
the methods using genotype BLUEs calculated across environments did not. However, the
methods focusing on the main QTL effects remain useful if the QTL effects are consistent across
the environments. Moreover, we showed that our methods could be extended to integrate
environmental information and understand better the mechanisms behind the QTLXE effects. The
methods we proposed are therefore an interesting tool to exploit the full information potential of
MPP-ME data. They allow to estimate the QTL variations: a) within MPP between sub-populations
due to different genetic backgrounds; and b) between environments.
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Figure 1: CIM -log10(p-values) scatter-plots of methods M1-M3 compared to M4 for both the EU-NAM and the
US-NAM whole population QTL analyses.
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Figure 2: CIM -log10(p-values) profile of the US-NAM M4 parental QTL analysis. The lower part of the figure

represents the within environment parental QTL allelic significance along the genome. The Wald test p-values

of the parental allelic substitution effects are converted into a colour code from > 0.05 (1) to > 1075 (5). The

colours red (negative) and blue (positive) correspond to the sign of the QTL effect
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Figure 3: CIM -log10(p-values) profile of the EU-NAM M4 ancestral QTL analysis. The lower part of the figure
represents the within environment parental QTL allelic significance along the genome. The Wald test p-values
of the parental allelic substitution effects are converted into a colour code from > 0.05 (1) to > 1075 (5). The
colours red (negative) and blue (positive) correspond to the sign of the QTL effect
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Figure 4: Comparison of the allelic substitution effect series between M1 and M4 for four QTL positions: A) EU-NAM
ancestral model chromosome 6 82.1 cM; B) US-NAM parental model chromosome 8 66 cM; C) US-NAM
parental model chromosome 9 47 cM; D) US-NAM parental model chromosome 10 42 cM. The colour
intensities are proportional to the allelic effect. The allelic effects are deviations in decitons per hectare (A)
and days (B-D) with respect to the central parent (UHO007 or B73). The sizes of the dots are proportional to
the ratio between the allelic effect and its standard error.
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