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Abstract

Key message A mixed model framework was defined

for QTL analysis of multiple traits across multiple envi-

ronments for a RIL population in pepper. Detection

power for QTLs increased considerably and detailed

study of QTL by environment interactions and pleiot-

ropy was facilitated.

Abstract For many agronomic crops, yield is measured

simultaneously with other traits across multiple environ-

ments. The study of yield can benefit from joint analysis

with other traits and relations between yield and other traits

can be exploited to develop indirect selection strategies.

We compare the performance of three multi-response QTL

approaches based on mixed models: a multi-trait approach

(MT), a multi-environment approach (ME), and a multi-

trait multi-environment approach (MTME). The data come

from a multi-environment experiment in pepper, for which

15 traits were measured in four environments. The

approaches were compared in terms of number of QTLs

detected for each trait, the explained variance, and the

accuracy of prediction for the final QTL model. For the

four environments together, the superior MTME approach

delivered a total of 47 regions containing putative QTLs.

Many of these QTLs were pleiotropic and showed quan-

titative QTL by environment interaction. MTME was

superior to ME and MT in the number of QTLs, the

explained variance and accuracy of predictions. The large

number of model parameters in the MTME approach was

challenging and we propose several guidelines to help

obtain a stable final QTL model. The results confirmed the

feasibility and strengths of novel mixed model QTL

methodology to study the architecture of complex traits.

Introduction

Yield and other complex traits of agronomic importance

are typically measured for collections of genotypes across

multiple environments, and genotype by environment

interactions is common (GEI)1 (van Eeuwijk et al. 2010):

superiority of genotypes can change in relation to the

environment. The statistical genetic analyses of complex

traits showing GEI can effectively be addressed by mixed

model methodology with terms for QTL by Environment

Interaction (QEI) (Boer et al. 2007). QTLs can then be

categorized according to the stability of their effects across

different environments. A ‘constitutive’ QTL is consis-

tently detected across most environments, while an

‘adaptive’ QTL is detected only in specific environmental

conditions, or increases in expression with the level of an

environmental factor (Vargas et al. 2006).
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For measurements obtained simultaneously for several

traits, it is more appropriate to perform statistical analyses

multivariately than univariately. This requirement is

even stronger when biological processes are interdepen-

dent. Traits are genetically correlated and proper QTL

mapping helps differentiating whether correlations are due

to pleiotropic QTLs or closely linked QTLs. Analyzing

correlated traits univariately, leads to higher sampling

variances of estimated parameters and lower power for

hypothesis tests. The joint analysis of multiple traits has

been shown to improve the power and precision of QTL

mapping. It has also helped in improving the selection of

some primary traits with low heritabilities or that are dif-

ficult to measure by exploiting their genetic correlations

with other traits (Jiang and Zeng 1995).

Recent advances in statistical genetics methodology

have led to extensions of the traditional QTL mapping

techniques and the mixed model is now the approach of

choice (van Eeuwijk et al. 2010; Vilhjalmsson and Nord-

borg 2013). This is a result of the suitable framework

offered by mixed models in handling many of the chal-

lenges present in QTL analysis, including simultaneous

observations on many traits and across multiple environ-

ments, the possibility of unequal replication of genotypes

either due to experimental design and/or missing observa-

tion and phenotypic measurements over time (Verbeke and

Molenberghs 2000). Furthermore, mixed models do not

rely on unrealistic assumptions, such as zero genetic cor-

relations between environments and traits, and constant

variance across environments. It can account for both intra-

and inter-trial variability in the estimation of QTL effects

and trait values prediction (van Eeuwijk et al. 2010). Mixed

models have been extensively applied in many QTL

mapping settings (Anhalt et al. 2009; Boer et al. 2007;

Hackett et al. 2001; Klasen et al. 2012; Korte et al. 2012;

MacMillan et al. 2006; Malosetti et al. 2004, 2006, 2008;

Panozzo et al. 2007; Piepho 2000; Verbyla et al. 2003; Xu

2013), ranging from single trait single environment anal-

ysis up to the most complex setting of multi-trait multi-

environment (MTME) with various interactions (traits,

environments and/or environmental characterizations).

In pepper, GEI and QEI approaches have not been used

previously to map multiple quantitative traits in multiple

environments. Earlier studies focused mostly on univariate

analyses of traits in single environments (Alimi et al. 2013;

Barchi et al. 2009; Ben Chaim et al. 2006; Ben Chaim et al.

2001; Kargbo and Wang 2010; Lee et al. 2008; Lefebvre

et al. 2003; Mimura et al. 2010; Rao et al. 2003; Zygier

et al. 2005). In MTME analysis, the most challenging

aspect often arises from the number of trait by environment

combinations (TE’s) in relation to computational require-

ments. This paper contains a large implementation of

MTME in QTL analysis with emphasis on how to

circumvent some of the computational issues that may arise due

to the increase in the number of parameters being estimated. In

this paper, we implemented three different multivariate mod-

elling strategies to analyse data on a recombinant inbred line

(RIL) pepper population (Alimi et al. 2013; Voorrips et al.

2010; www.spicyweb.eu). These modelling strategies are multi

environment (ME), multi trait (MT) and multi-trait multi-

environment (MTME) analyses. We modelled genetic corre-

lations within (between traits in a given environment) and

between environments, and explicitly test the presence of QEI

and pleiotropic QTLs. In the GEI stage, we performed multi-

environment (ME) analysis for each trait to investigate GEI. In

the multi-trait (MT) analysis, we combined the 15 traits for

each trial in a joint analysis to investigate pleiotropic QTLs. We

thereafter created factorial combinations of traits and envi-

ronments for use in the MTME analysis. We employed

unstructured covariance model which allowed each pair of TE

combinations to have unique covariance. We then searched for

main effect QTLs and QEI effects, by including genome-wide

marker data. We investigated accuracy of predictions by the

fitted QTL models from each of the three methods and discuss

the relative improvements of the final QTL results. We further

reduced the TE combinations through principal component

analysis. QTL analysis was then performed on the selected

components to investigate if QTLs similar to those from ME,

MT and MTME analyses would be detected.

Materials and methods

Plant materials, marker data and phenotypic evaluation

We summarize the main features of the data here. A detailed

description can be found in Alimi et al. (2013). The mapping

population consists of sixth generation (F6) and still segre-

gating recombinant inbred lines (RILs) of an intraspecific

pepper cross between the large-fruited inbred cultivar ‘Yolo

Wonder’ (YW) and the pungent small-fruited cultivar ‘Criollo

de Morelos 334’ (CM 334). DNA was extracted from 149

RILs to produce information for 455 markers assembled into

12 pepper chromosomes, covering 1,705 cM (Fig. 1). The

map used here is an improved version of the map used in Alimi

et al. (2013) which had five chromosomes with two linkage

groups each. All chromosomes now have only one linkage

group each. The majority of markers used in the current map

are SNP and SSR markers. Almost all the AFLP markers in the

former map were discarded (Nicolaı̈ et al. 2012). The per-

centage of missing genotype information across the full set of

markers was 13.7 %. None of the markers showed segregation

distortion.

Phenotypic evaluations of the RILs were carried out via

designed greenhouse experiments across two locations;

Spain (SP) and the Netherlands (NL). The trials were
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conducted under both spring (1) and autumn (2) weather

conditions in 2009. This gave a total of four trials (i.e.

environments); Netherlands trial in spring (NL1), Nether-

lands trial in autumn (NL2), Spain trial in spring (SP1) and

Spain trial in autumn (SP2). A total of 15 traits (Table 1)

were analysed, 13 of which were already detailed in Alimi

et al. (2013). Two additional traits, increase rate of leaf

area index (LAI) and light use efficiency (LUE), were added.

LAI expresses mean increase in leaf area index per unit time,

where time is expressed in degree-days. LUE is the dry matter

production (g) per megajoule (MJ) of intercepted global

radiation. LUE was estimated as the slope of a graph in which

the increase in total plant biomass was plotted against the

cumulative amount of intercepted light.

Multi-environment phenotypic and QTL analysis

Each trait was evaluated over the four trials with the aim of

investigating genotype-by-environment interaction (GEI) and

QTL-by-environment interaction (QEI). As data for this

analysis, for each RIL, we used best linear unbiased estimates

(BLUE) per environment from an earlier analysis reported in

Alimi et al. (2013). To enhance numerical stability, for each

trait scale effects were removed and the BLUE values were

standardized such that they form a distribution with mean

equal to zero and standard deviation equal to one.

Following Boer et al. (2007), the multi-environment phe-

notypic analysis and QTL estimation were combined. For

QTL detection the so-called genetic predictors (functions of

conditional QTL genotype probabilities) need to be calcu-

lated. The genetic predictors were calculated at all 455 marker

positions and 184 intermediate positions for those marker

intervals that were larger than 5 cM, genomic positions will be

indexed by q, with q = 1, 2,…, 639. The genetic predictor for

individual i at genomic evaluation point q is denoted by xiq.

The genetic predictors for the additive QTL effect had the

value xiq = -1 if both alleles at a fully informative marker

arose from parent 1 (YW), or xiq = 1 if they arose from parent

2 (CM334). At intermediate positions and marker positions

with missing marker genotypes, these integer values were

replaced by linear combinations of conditional QTL genotype

probabilities given marker information. Starting with fitting

single QTL models using simple interval mapping (SIM)

(Lander and Botstein 1989),

yij ¼ Ej þ xiqajq þ gij þ eij ð1Þ

where yij denotes the standardized phenotype of the ith

genotype (i = 1,…,149) in environment j (j = 1,…,4), Ej is

the environmental mean, gij represented the genetic effect of

genotype i at environment j, and eij represented the non-

genetic component. We assumed that the vectors gi ¼
ðgi1; . . .; gijÞ follow a multivariate normal distribution with

zero mean and an unstructured VCOV matrix G i.e.

gi�Nð0;GÞ ajq was the environment-specific QTL main

effect at evaluation point q. Testing for the significance of ajq

was done through Wald tests (Verbeke and Molenberghs

2000) with H0 : a1q ¼ a2q ¼ a3q ¼ a4q ¼ 0; where a1,…,a4

refers to the QTL effect at each of the four environments. From

the fit of model (1), the map positions showing significant

deviations from H0 were selected and the corresponding

genetic predictors were set as cofactors in subsequent

composite interval mapping (CIM) (Zeng 1994).

yij ¼ Ej þ
X

c2C

xicajc þ xiqajq þ gij þ eij; ð2Þ

where C was the set of cofactors. The cofactor selection

thresholds were determined using an approach described by
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Fig. 1 The genetic map showing the 12 pepper chromosomes and

positions of markers used in the study

Table 1 Traits measured in each of the four SPICY environments

(experiments)

Abbreviation Trait

DWFa Total fruit dry weights from each plant (g)

NF Total number of fruits

pt_frt Proportion of the total biomass due to fruit

DWL Dry weight of leaf (g)

DWS Dry weight of stem (g)

DWV Dry weight of vegetative part (g)

LUE Dry matter production (g) per megajoule (MJ) of

intercepted global radiation (g/MJ)

LAI Mean increase in leaf area index per unit time

(m2 m-2�Cd-1)

pt_leaf Proportion of the total biomass due to leaf

Axl Primary axis length (stem length before first

branching) (cm)

SL Stem length measured 6–8 weeks after transplanting

(cm)

NLE Number of leaves on the primary axis

NI Number of internodes at time 3–4 weeks after

transplanting

INL Internode length for the primary axis (cm)

SLA Specific leaf area (m2/g)

a Representative for yield
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Li and Ji (2005), with genome-wide significance level set

at 0.05. CIM was run at least twice consecutively to con-

firm stability of the test statistic profiles. The full set of

significant positions from CIM was subjected to a back-

ward selection procedure to arrive at the final QTL model

(Boer et al. 2007). The minimum distance between sig-

nificant QTLs was assumed to be 20 cM for the final QTL

model. In the final QTL model significant QEI effects were

determined by testing significance of environment-specific

deviations from the main environmental effect through a

Wald test. In this case, an effect was called significant

when its P value was below the significance level of 0.05,

no correction for multiple testing was applied at this stage.

Multi-trait QTL estimation

The specification of multi-trait (MT) model is very similar

to the ME model. In the case of MT model, instead of

having environment (E) in QTL model (2), we have trait

(T). Per environment, there were 15 traits, resulting in four

MT analyses. With the inclusion of multiple QTLs as

cofactors, the QTL model for CIM is:

yip ¼ Tp þ
X

c2C

xicapc þ xiqapq þ gip þ eip; ð3Þ

where Tp (p = 1, 2,…, 15) is the trait mean, apq is the trait-

specific QTL main effect at evaluation point q, gip repre-

sents the genetic effect of genotype i for trait p, and eip is

the residual effect. This model allowed us to explicitly

model genetic correlations between traits by specifying an

unstructured VCOV matrix among each pair of traits giv-

ing a total of 120 parameters. It further allowed us to

identify QTLs with pleiotropic effects. Synergistic pleiot-

ropy refers to positive covariance between the effects of a

gene or gene substitution on two or more traits, based upon

correspondence in expression (sign of effects) with regards

to the traits. This implies that the increasing alleles for all

the traits being influenced by the pleiotropic QTL are from

just one of the parents. In antagonistic pleiotropy, pleio-

tropic effects of a QTL are opposite in sign, positive in one

context of expression and negative in another (West-Eb-

erhard 2003).

Multi-traits multi-environments QTL estimation

Extension to multi-trait multi-environment (MTME) set-

ting was achieved by combining traits across the four

environments in a single mixed model analysis. ME and

MT models are extended by allowing the response trait (y)

to be a vector of the traits (T) and environments (E)

combinations. The mean for the trait by environment

combination, TE, is taken as fixed in the QTL analysis. We

restricted ourselves to SIM method for the MTME as CIM

could not be implemented successfully as a result of

increase in the number of parameters after adding cofac-

tors. The model for SIM is:

yiz ¼ TEz þ xiqazq þ giz þ eiz; ð4Þ

where TEz (z = 1, 2,…, 60) is the TE mean (z is the

product of four environments and 15 traits = 60), azq is the

environment-specific and trait-specific QTL main effect at

evaluation point q, giz represents the genetic effect of

genotype i for TE z, and eiz is the residual effect. We

specified an unstructured VCOV matrix for all pairs of the

TE combinations, giving a total of 1,830 parameters. With

the MTME model, GEI and genetic correlations between

traits were simultaneously modelled.

MTME final QTL selection and window size

We performed the SIM scan and carried out a backward

selection on the significant positions. An initial step was

taken to determine an optimal QTL peak window size for

the final QTL model, that is, what should be the minimum

distance between consecutive QTLs at a chromosome. We

investigated QTL window sizes ranging from 5 to 40 cM.

When QTL window sizes above 20 cM were used, some

putative QTLs were missed. Using window sizes below

20 cM led to selecting some QTLs at very close distance

that affected the same set of traits and thus looked as

representing a single QTL. A window size of 20 cM was

found to be optimum for our data and was used in the final

QTL modelling step. The final QTLs were selected using a

peak window size of 20 cM and taking into account

changes in the signs of neighbouring QTLs. If for two

QTLs next to each other, the signs for QTL effects

remained unchanged over all TEs, the QTLs were inter-

preted to represent the same QTL and only the position

showing the strongest effects was retained in the final QTL

model.

The phenotypic and QTL analyses were performed

using the QTL facilities in GenStat 15 (VSNi 2012).

Comparisons of ME, MT and MTME approaches

For the three QTL mapping methods, the number of sig-

nificant QTLs and their explained variance for each of the

TE combinations, e.g. Axl in NL1 (Axl.NL1) were com-

pared. We also investigated whether the same QTL posi-

tions were detected for a given TE by the different

methods. This enabled us to confirm if QTLs as detected by

simpler methods were not lost in the more complex

methods. Predictive accuracies of the models were also

explored and compared. Predictive accuracy was defined

conveniently, although slightly simplistically, as the cor-

relation between BLUE and predicted phenotypic values
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from the final QTL models in the three approaches. (More

in depth treatment of predictive accuracy of various QTL

and genomic prediction methods will be submitted in a

follow-up paper.)

Results

Genetic correlations between traits (within

and between trials)

The genetic correlations of traits among environments are

given in Table 6 in Appendix A, while the genetic correlations

between traits within each trial are presented with the aid of

biplots from the first two principal components of the traits

(Appendix B, Fig. 9). The correlations between the four

environments for individual traits were mostly comparable

(uniform correlations) and were generally moderate to high,

ranging from 0.30 for NI between NL2 and SP1 to 0.86 for

NLE between NL1 and NL2. Overall mean of the genetic

correlation was 0.62, with the majority of the correlations

above 0.5. Trait variances differed over environments

(Appendix A, Table 7,). Within trial correlations were con-

sistent in sign within the trials (Appendix B, Fig. 9). Many of

the correlations were according to physiological expectation,

considering the relationships between traits, where one trait

was computed from others (e.g. DWV from DWS and DWL),

or traits related jointly to a part of the plant, e.g. fruit-related

traits such as DWF, NF and pt_frt. There were some very high

(e.g. between LAI and DWL) and very low (DWF and NLE)

correlations, but most correlations between traits within

environments were moderate. Some negative correlations

were considered remarkable; they depicted resource alloca-

tion competitions between plant organs. For example pt_leaf

was negatively correlated to fruit-related traits such as NF,

DWF and pt_frt. These negative correlations were more

pronounced in SP trials than in NL trials.

Multi-environment analyses

The plot of the CIM genome scan for DWF (yield) for the

ME approach is given in Fig. 2. The plots of the CIM

genome scans for the other traits are presented in Appendix

C (Fig. 10). Table 8 in Appendix C presents the QTL

positions and effects for all 15 traits. For DWF, three

significant QTLs were detected on chromosomes 2, 4 and

7, respectively. Two of these QTLs (C4–35 cM and

C7–79 cM) were constitutive i.e. these showed consistent

significant effects across the four environments. The QTL

on chromosome 2 showed QEI effects in magnitude, but

not in direction (=non-crossovers). Such QEI are regarded

as quantitative; i.e., the effects had the same sign in all

environments. Generally for most traits, QEI effects were

quantitative. However, one QTL on chromosome 11

(*70 cM) showed significant crossover interactions (i.e.

qualitative QEI) for the traits LUE, Axl, SL and INL in SP1

and SP2 environments. This particular QTL may be cate-

gorized as location specific and adaptive as it was signifi-

cant only in Spanish trials (Appendix C).

Multi-trait analyses

The plots of CIM genome scans for the MT analysis in the

four environments (Fig. 3) showed many significant QTLs

across the genome, influencing different traits to different

magnitude and direction. After applying backward selection

on the CIM scan, a total of 13, 17, 16 and 15 QTL regions

exceeded the significance threshold in NL1, NL2, SP1 and

SP2, respectively. All QTLs showed pleiotropic effects, i.e.,

multiple traits were affected by the same QTL. A few of

these pleiotropic QTLs displayed synergistic pleiotropic

effects while many of them showed antagonistic pleiotropic

effects. Clear examples of synergistic pleiotropic QTLs were

found on chromosomes (4@70 cM in NL1, 4@11 cM in

NL2, 7@35 cM in NL2 and 3@40 cM) in NL1. An example

of an antagonistic QTL was present on chromosome 3

(*150 cM) in SP2. This QTL showed increasing effects

from YW on fruit-related traits (DWF and pt_frt) and

increasing effects from CM334 on other traits such as SL,

NLE, NI, Axl and LUE. Many of these pleiotropic QTLs are

consistent with genetic correlations among the traits. As an
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Fig. 2 CIM profile plot of the multi-environment analyses for yield

(DWF). The top section shows the P-values of tests for QTL main

effects. The bottom section shows heat maps along the genome for

each environment, where blue means that the YW allele had a

significant positive effect and red means that the CM334 allele had a

significant positive effect in that environment (the darker the colour,

the higher the significance level of the QTL). Three QTLs were

detected on chromosomes 2, 4 and 7. The QTLs showed no crossovers

across environments (colour figure online)
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example, the QTLs on chromosomes 2 and 4, influencing

pt_leaf and fruit traits such as DWF showed antagonistic

pleiotropy especially in SP trials, which is consistent with the

negative correlations that exist between pt_leaf and the fruit

traits. For many traits, MT analyses revealed more QTLs

than the ME analyses (Table 2). These QTLs also explained

more genetic variations than those from ME analyses. In SP2,

about 10 QTLs were detected for DWF including the three

QTLs detected in ME analyses. These QTLs explained about

45 % of genetic variation against 29 % explained by the

three QTLs from ME analyses. The MT QTL positions and

effects for each of the environments are presented in

Appendix D.

Multi-trait multi-environment analysis

The plot of the SIM genome scan for the MTME analysis

using an unstructured VCOV is given in Fig. 4. A total of
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Fig. 3 CIM Profile plots of the multi-trait analyses for the four

environments. The top section shows the P-values of tests for QTL

main effects. The bottom section shows heat maps along the genome

for each trait, where blue means that the YW allele had a significant

positive effect and red means that the CM334 allele had a significant

positive effect on the given trait (the darker the colour, the higher the

significance level of the QTL). Most of the QTLs showed pleiotropies

which were most times antagonistic (colour figure online)
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Table 2 Comparison of number of QTLs (#QTL) and explained variance (H(qtl)
2 ) from SE, ME, MT and MTME models

Trait Method Number of QTLs (#QTL) QTL variance explained (H(qtl)
2 ) Avg. #QTL Avg. H(qtl)

2

NL1 NL2 SP1 SP2 NL1 NL2 SP1 SP2

DWF SE 1 2 3 3 18 18 25 37 2.3 25

ME 2 3 3 3 21.8 24.9 39.6 28.7 2.8 28.8

MT 4 8 9 10 23.6 46 42.8 44.6 7.8 39.3

MTME 7 10 10 13 32.1 53.1 44.3 56 10.0 46.4

NF SE 0 1 4 3 0 10 31 34 2.7 25

ME 4 2 2 3 20.4 14 15.2 33.5 2.8 20.8

MT 2 7 3 6 7.7 33.1 17.5 39.5 4.5 24.5

MTME 6 9 7 4 27.4 40.6 35.3 28.9 6.5 33.1

pt_frt SE 0 0 4 3 0 0 32 26 3.5 29

ME 4 3 6 3 42.1 34.1 66.6 36.4 4.0 44.8

MT 5 7 5 5 25.2 35.3 34.1 27.9 5.5 30.6

MTME 7 11 10 10 33.2 54 46.3 44.3 9.5 44.5

DWL SE 2 3 2 3 25 28 18 39 2.5 27.5

ME 5 5 6 5 43.4 46.1 53.8 44.3 5.3 46.9

MT 4 4 6 4 33.3 33 32.4 48.5 4.5 36.8

MTME 7 6 13 7 41.7 34 60.4 52 8.3 47.0

DWS SE 1 2 3 1 11 18 28 11 1.8 17

ME 1 1 2 3 10.6 12.4 29.6 26.6 1.8 19.8

MT 4 2 4 3 25.7 23.5 34.6 21.3 3.3 26.3

MTME 7 4 7 4 33.6 21.6 48.9 23.2 5.5 31.8

DWV SE 0 1 1 2 0 16 9 23 1.3 16

ME 1 2 2 2 6.7 10.9 18.1 23 1.8 14.7

MT 3 3 6 4 23.3 21.7 32.8 32.6 4.0 27.6

MTME 6 3 8 6 34.4 18.4 52.9 39.7 5.8 36.4

LUE SE 2 1 1 4 26 14 17 31 2 22

ME 3 2 2 3 25.8 19.5 11.6 22.5 2.5 19.9

MT 6 2 5 4 32.3 15.5 24.3 33.7 4.3 26.5

MTME 8 8 10 12 44.6 36 49.3 52.4 9.5 45.6

LAI SE 2 3 2 2 33 48 22 42 2.3 36

ME 4 4 6 5 37.4 49.7 57.8 42.7 4.8 46.9

MT 4 4 5 4 30 39.9 31.6 50.9 4.3 38.1

MTME 5 7 10 7 35.9 44.4 47.8 46.8 7.3 43.7

pt_leaf SE 3 4 2 2 26 34 19 12 2.8 23

ME 1 1 3 5 8 12.2 25.3 48.3 2.5 23.5

MT 3 4 6 5 23.7 28.8 30 28.5 4.5 27.8

MTME 6 7 10 7 33.4 31.3 45.5 33.6 7.5 36.0

Axl SE 3 5 0 3 38 31 0 24 3.7 31

ME 3 3 5 2 40.3 26.2 30.6 14.5 3.3 27.9

MT 5 5 5 6 39.5 26.5 27.1 33.4 5.3 31.6

MTME 10 5 10 6 46.5 26.2 42.4 30.1 7.8 36.3

SL SE 3 4 1 5 22 35 14 30 3.3 25

ME 3 2 4 3 24.4 22.4 44.6 28.3 3.0 29.9

MT 5 5 5 6 39.7 34.3 35.3 42.4 5.3 37.9

MTME 6 6 11 9 35.9 38 61.6 45.7 8.0 45.3

NLE SE 2 2 3 1 36 42 29 36 2 36

ME 2 2 2 2 38.8 23.1 31.6 42.1 2.0 33.9

MT 3 4 4 3 31.3 22.8 35.7 42 3.5 33.0
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47 regions were identified as harbouring putative QTLs.

Chromosomes 4 and 10 had the smallest number of QTLs

(=2) while chromosomes 1 and 3 had the highest number of

QTLs (=6). Similar to the results from MT analyses,

pleiotropic QTLs were observed for genetically correlated

traits. The majority of the 47 QTLs showed antagonistic

pleiotropic effects, i.e., the increasing alleles originated

from both parents for different traits. Five QTL with syn-

ergistic pleiotropic effects for the YW parent (contributing

the increasing allele) were found on chromosomes 2

(31 cM), 4 (53 cM), 7 (0 cM), 11 (20 cM), and 12

(75 cM). Also for parent CM334, five of these QTL were

found on chromosomes 2 (128 cM), 3 (135 cM), 5

(38 cM), 6 (0 cM), and 8 (19 cM). The majority of the

pleiotropic QTLs were not constitutive as they were not

consistently affecting particular traits across all environ-

ments. This means that many of the QTLs displayed QEI.

The QEI were mostly quantitative, but there were some

qualitative QEI especially on chromosome 11 for LUE,

Axl, SL and INL, similar to the results from ME analyses.

Table 3 contains the list of QTL positions from chromo-

somes 1 and 2 as detected from MTME analysis after

backward selection. Results for the remaining chromo-

somes are in Appendix E, Tables 10, 11, 12.

Comparison of MT, ME, and MTME results

In environment SP2, a total of 13 QTLs were detected for

DWF in the MTME analysis, 3 and 10 more than those

from MT and ME analyses, respectively. The percentages

explained variances by these QTL jointly were 56, 45 and

29 % in the MTME, MT and ME analyses, respectively

(Table 2). QTL effects for DWF on chromosomes 3 and 4

were significant in the four environments. DWF QTLs

were in many cases pleiotropic to other yield-related traits

such as pt_frt and NF. Such pleiotropic QTLs were

observed on chromosomes 2, 3, 4, 6 and 12 (Fig. 5).

Pleiotropy with other traits was also observed such as with

Axl, NI and INL on chromosome 1; with DWL, DWS,

DWV, LAI, LUE and INL on chromosome 2. Others were

with LUE, SLA, SL and NI on chromosome 6 and NLE, NI

and INL on chromosome 12.

Figure 6 shows the joint distribution of total percent of

variation attributable to QTLs from the MTME model,

which ranges from three QTLs explaining about 19 % to

13 QTLs explaining 60 %. This revealed varying contri-

butions of different QTLs to the total amount of variation

explained. In general, the proportions of variation

explained were positively correlated to the number of

detected QTLs. However, for some traits fewer QTLs

explained similar percentages of variation as other traits

with more QTLs. For example, eight QTLs for NLE.SP2

explained more variation (63.4 %) than 13 QTLs for

INL.SP2 (61.4) and DWL.SP1 (60.4 %). This was consis-

tent with the presence of a few QTLs with large effects for

some traits and many QTLs of smaller effects for other

traits. On average over the four environments, INL and

NLE had the highest proportion of explained genetic

Table 2 continued

Trait Method Number of QTLs (#QTL) QTL variance explained (H(qtl)
2 ) Avg. #QTL Avg. H(qtl)

2

NL1 NL2 SP1 SP2 NL1 NL2 SP1 SP2

MTME 9 4 8 8 61.6 26.8 58.2 63.4 7.3 52.5

NI SE 3 3 2 4 34 40 26 37 3 34

ME 1 1 3 3 18.7 29 36.1 38.1 2.0 30.5

MT 5 2 5 5 26 25.8 45.3 37.8 4.3 33.7

MTME 7 5 6 10 37.7 26.8 52.6 48.1 7.0 41.3

INL SE 4 3 3 0 42 24 29 0 3.3 32

ME 4 3 5 2 42.8 23.7 50.4 17.3 3.5 33.6

MT 4 7 6 3 34.1 32.6 37.5 13.6 5.0 29.5

MTME 11 10 11 13 50.1 45.3 59 61.4 11.3 54.0

SLA SE 1 1 3 5 13 14 36 49 2.5 28

ME 2 4 5 5 7.1 33.5 39.4 39.9 4.0 30.0

MT 3 2 4 5 8.4 12.2 38.5 33.7 3.5 23.2

MTME 4 5 7 8 27.1 31.2 36.8 48.4 6.0 35.9

Means Across Traits SE 1.8 2.3 2.3 2.7 21.6 24.8 22.3 28.7 2.6 27.1

ME 2.7 2.5 3.7 3.3 25.9 25.4 36.7 32.4 3.1 30.1

MT 4.0 4.4 5.2 4.9 26.9 28.7 33.3 35.4 4.6 31.1

MTME 7.1 6.7 9.2 8.3 38.3 35.2 49.4 44.9 7.8 42.0

The reported QTLs are from CIM after backward elimination except MTME that is from SIM
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variance (54 and 53 %, respectively), this proportion was

46 % for DWF while DWS and NF had the lowest pro-

portions of 32 and 33 %, respectively (Table 2).

Table 2 gives the number of QTLs together with their

explained variance for each of the 15 traits in the four

environments using ME, MT and MTME methods and also

results from single trait single environment (SE) QTL

analysis for comparison. As we used a different map in this

study, the results for the SE analysis here was slightly

different from those reported in Alimi et al. (2013). In

principle, the QTL approach for SE is similar to other

methods explained except that each trait in each

environment was handled univariately. CIM was also used

to account for multiple QTL. For each trait in each envi-

ronment, there was a clear increase in the number of QTLs

and explained variance going from ME to MT to MTME.

There was also a clear gain in going from univariate

analysis to multivariate analyses and in modelling corre-

lations among environments and among traits within an

environment. As an example, one, two, four and seven

QTLs were identified for DWF in the NL1 trial using SE,

ME, MT and MTME methods, respectively, explaining

about 18, 22, 24 and 32 % of genetic variations, respec-

tively. Ten QTLs explaining 44 % of the variance were

40
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Fig. 4 SIM profile plot for

multi-trait multi-environment

analysis. The top section shows

the P-values of tests for QTL

main effects across all trait-

environment combinations with

the bars on the x-axis indicating

the 47 QTL positions after

backward selection. The bars in

red indicate QTL positions

similar to significant positions

from ME and MT analyses

while those in black are unique

to MTME. The bottom section

shows heat maps along the

genome for each trait, where

blue means that the YW allele

had a significant positive effect

and red means that the CM334

allele had a significant positive

effect on the given trait-

environment (the darker the

colour, the higher the

significance level of the QTL)

(colour figure online)
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detected for pt_frt in SP2 trials as against 5 (28 %), 3

(36 %) and 3 (26 %) QTLs for MT, ME and SE, respec-

tively. The percentages explained variation by individual

QTLs from ME, MT and MTME ranged from 3 to 35 %

(Fig. 7). The MTME method yielded many QTLs of small

effects (between 3 and 8 %) that were not detected in both

ME and MT methods. Also, MT and ME had more QTLs

that explained 10–20 % variation than MTME. This might

be related to the ‘‘Beavis effect’’ (Beavis 1994, 1997) as

simpler models failed to detect some QTLs with small

effects and also resulted in overestimation of some effect

sizes.

Almost all QTLs detected in simpler methods were also

detected in more complex methods. Using fruit-related

traits for illustration (Fig. 5), the three QTLs picked up for

DWF in SP2 by SE method were also picked up by ME,

MT and MTME methods. The positions of the three QTLs

shifted slightly for MT and MTME as a result of their

effects on other traits. The directions of their effects were

also consistent. The QTL on chromosome 7 was significant

in all environments under the ME method, but it disap-

peared for NL1, NL2 and SP1 trials using any of the other

three methods. Many of the extra QTLs detected in MT

were also detected in MTME. Similar patterns were

observed for NF and pt_frt (Fig. 5).

The prediction accuracies of the final QTL models for

each trait under ME model were largely similar across

environments, though prediction accuracies from SP trials

were slightly higher in most cases (Table 4). Highest pre-

diction accuracy for DWF under the ME model (0.54) was

obtained in SP environments. This agreed well with our

earlier findings that the three QTLs found for DWF under

the ME model explained far more variation in SP envi-

ronments than in NL environments. This also indicated the

presence of QEI for this trait. There was an improvement

of trait predictions going from ME to MT and MTME

models. The fitted QTL model from MTME predicted trait

phenotypes better than MT and ME models. Prediction

accuracies for DWF improved from about 0.54 under the

ME model to about 0.7 under MT and 0.83 under MTME.

Furthermore, the genetic correlations between predicted

traits in each environment were similar to genetic corre-

lations between BLUEs (Appendix B).

Discussion

Several studies have shown that multi-trait and/or multi-

environment QTL analyses based on linear mixed models

are more powerful and effective to map pleiotropic QTL

and QTL by environment interactions than performing

single trait and single environment analyses (Boer et al.

2007; Korte et al. 2012; Malosetti et al. 2008; SukhwinderT
a
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et al. 2012). We also showed that in situations such as the

EU-SPICY project (Barócsi 2012; Nicolaı̈ et al. 2012; van

der Heijden et al. 2012; Voorrips et al. 2010; www.

spicyweb.eu), where phenotypic data on a large number of

traits have been collected in multiple environments, using

QTL methods that properly model underlying VCOV

structures among the traits and between environments led

to improved power to detect more QTLs than performing

individual trait/environment analyses. The joint analysis

was especially suitable for complex traits (such as yield)

whose genetic variations are usually due to a large number

of QTLs of smaller effects which might go undetected with

single trait/environment analysis.

We performed and compared three mixed modeling

approaches that modeled correlations between environ-

ments and/or among traits within an environment. In

multi-environment studies, independent analyses without

explicit modeling of the correlation structure between

MTME_DWF.SP2

MTME_DWF.SP1

MTME_DWF.NL2
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MT_DWF.SP2
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Fig. 5 Comparing QTL

positions from SE, ME, MT and

MTME analyses for yield-

related traits (DWF, NF and

pt_frt) across the four

environments. Blue indicates

QTLs with significant effect

from YW allele while red

indicates QTLs with significant

effect from CM334 allele. QTLs

detected in SE, ME and MT

analyses were present in QTLs

from MTME with additional

QTLs only picked up in MTME

(colour figure online)
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environments would not allow to identify GEI and QEI. In

multi-trait datasets, univariate analysis that do not account

for possible correlations among the traits would not allow

us to properly identify QTLs with pleiotropic effects. The

probability of finding QEI and/or pleiotropic QTLs is

influenced by the magnitude of genetic correlations

between environments and between traits within each

environment, respectively. It was expected that QTLs with

identical effect directions will be detected for highly cor-

related traits while no common QTLs may be detected for

non-correlated traits. Equally, high between-trial correla-

tions would reduce the incidence of QEI. Pleiotropic QTLs

that showed effects with trait increasing alleles from both

parents are more likely to be detected for traits with neg-

ative correlations. The pepper traits considered showed

positive and mostly uniform correlations between envi-

ronments. This was also supported by the QEI results as

most of the QEI observed were only due to differences in

magnitude, and not different in direction. In our multi-trait

analysis, synergistic pleiotropic QTLs were picked up for

positively correlated traits. The pleiotropy was usually

consistent across the four environments. Also, antagonistic

pleiotropic QTLs were found for negatively correlated

traits. These negative correlations depicted resource allo-

cation competitions that exist between plant organs e.g.

leaf- and fruit-related traits.

Factorial combinations of traits and environments and

their joint analysis through the MTME method signifi-

cantly increased the power of QTL detection with

increased precision. This model fully utilizes covariance

structures between environments and among traits within

environments, and hence is better capable of mimicking

biological process for complex traits than fitting ME and

MT models separately. Considering yield, the results from

SE and ME analyses showed that all the alleles increasing

yield originated from the large fruited YW parental line.

However, MT and MTME permitted to detect also

favourable alleles from the small fruited parent CM334 on

chromosomes 3, 5, 7, 11 and 12 (Fig. 5). All those QTLs

displayed pleiotropic effects with number of fruits (NF)

and/or proportion of partitioning to fruit (pt_frt). The

detection of these QTLs with MTME will permit to take it

into account when selecting recombinant individuals for

high yield. This is more generally true since QTLs for
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vegetative traits were mainly restricted to chromosomes 1,

2 and 9, and to chromosomes 2, 3, 4 and 10 for fruit traits

in the previous SE analyses (Alimi et al. 2013; Barchi

et al. 2009; Ben Chaim et al. 2006; Rao et al. 2003). Since

MTME model and also ME and MT models are based on

mixed modelling technique, they are capable of handling

unbalanced data in situation where not all traits are

measured in all environments.

However, it is not in all situations that an MTME

model can be successfully fitted. In situations where linear

dependencies exist among some traits in the combination,

some of these traits might need to be removed or trans-

formed before an MTME fit can be successful. As an

example, the total plant biomass (DWP) was partitioned

to fruit (pt_frt), leaf (pt_leaf) and stem (pt_stem) com-

ponents. We had to remove DWP and one of the parti-

tioned components (pt_stem) before we could

successfully fit the MTME model. However, we decided

to leave some of the dependent traits such as DWV, DWS

and DWL in our model as their presence did not affect the

success of the MTME model. Also, this problem is more

of combinatorial issue than correlation. As an example,

DWF and pt_frt in our model are well correlated (about

0.9). When traits are well correlated, the method can still

be successful unless the number of combinations to be

handled are big with some linear dependencies among the

traits.

MTME models might also prove difficult to fit due to the

increase in the number of parameters to be estimated in the

REML step as a result of large number of TE combina-

tions. This becomes more laborious if markers (genetic

predictors) are specified in the model as cofactors. If the

Table 4 Predictive accuracy of final QTL models from ME, MT and MTME analyses

Trait NL1 NL2 SP1 SP2 Mean

ME MT MTME ME MT MTME ME MT MTME ME MT MTME ME MT MTME

DWF 0.39 0.51 0.71 0.35 0.60 0.75 0.54 0.70 0.83 0.53 0.64 0.81 0.45 0.61 0.78

NF 0.38 0.36 0.63 0.35 0.54 0.72 0.48 0.57 0.76 0.51 0.63 0.78 0.43 0.53 0.72

pt_frt 0.51 0.50 0.67 0.42 0.60 0.72 0.73 0.71 0.80 0.52 0.56 0.76 0.55 0.59 0.74

DWL 0.65 0.63 0.80 0.64 0.71 0.73 0.63 0.65 0.79 0.71 0.71 0.79 0.66 0.68 0.78

DWS 0.35 0.54 0.65 0.45 0.55 0.62 0.49 0.64 0.74 0.40 0.51 0.67 0.42 0.56 0.67

DWV 0.32 0.53 0.66 0.43 0.58 0.62 0.37 0.60 0.72 0.41 0.57 0.70 0.38 0.57 0.68

LUE 0.47 0.54 0.75 0.45 0.51 0.63 0.40 0.53 0.77 0.51 0.65 0.77 0.46 0.56 0.73

LAI 0.59 0.62 0.75 0.69 0.73 0.78 0.65 0.64 0.76 0.70 0.75 0.81 0.66 0.69 0.78

pt_leaf 0.40 0.55 0.72 0.35 0.63 0.73 0.43 0.62 0.77 0.59 0.59 0.76 0.44 0.60 0.75

Axl 0.58 0.67 0.83 0.46 0.61 0.72 0.50 0.55 0.80 0.48 0.63 0.74 0.51 0.62 0.77

SL 0.50 0.64 0.75 0.51 0.65 0.72 0.54 0.60 0.80 0.59 0.68 0.81 0.54 0.64 0.77

NLE 0.61 0.66 0.81 0.47 0.64 0.68 0.55 0.68 0.77 0.65 0.69 0.77 0.57 0.67 0.76

NI 0.46 0.6 0.72 0.55 0.66 0.67 0.58 0.67 0.77 0.60 0.71 0.82 0.55 0.66 0.75

INL 0.61 0.66 0.83 0.45 0.64 0.76 0.67 0.71 0.88 0.39 0.51 0.72 0.53 0.63 0.80

SLA 0.34 0.32 0.55 0.43 0.45 0.65 0.64 0.65 0.80 0.66 0.67 0.85 0.52 0.52 0.71

Mean 0.48 0.56 0.72 0.47 0.61 0.70 0.55 0.63 0.78 0.55 0.63 0.77 0.51 0.61 0.75

Predictive accuracy is defined here in terms of correlation between BLUE and fitted phenotypic values. These values should be viewed as the

upper limit of the predictive accuracies as they are not based on cross validation
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Fig. 8 CIM Profile plot of the multi-trait analyses for scores from 10
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the genome for each PC, where blue means that the YW allele had a
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significant positive effect on the given PC (colour figure online)
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problem occurs after adding cofactors, the result from the

simple interval mapping could be subjected to backward

selection before applying the final QTL model using

appropriate QTL window size to separate the QTL posi-

tions. With a large QTL window size, some putative QTLs

are lost while a small QTL window size could lead to

declaration of duplicate QTLs. Duplicate QTLs could be

detected via careful visual inspections of the QTL effect

signs. If the signs of two neighbouring QTLs remain

unchanged over all the traits, the QTLs can be regarded as

one. For example, consider four traits T1, T2, T3 and T4

being influenced by three QTLs Q1, Q2 and Q3 that are

very close to each other on a chromosome. If the effects of

the three QTLs on the four traits follow these sequences:

Q1 = {?, ?, -, ?}, Q2 = {?, ?, -, ?} and Q3 = {?,

?, -, -}. Then Q1 and Q2 could be regarded as one QTL

since the patterns are identical while Q3 is a different

QTL from Q1 and Q2 because of the change in effect sign

on T4. Furthermore, the appropriate QTL window size

can be analytically checked using the Weller and Soller

(2004) approach. In our case, the appropriateness of a

20-cM peak window size was confirmed by analytically

calculating the required confidence intervals for QTL

location for a RIL population of our size given the mag-

nitude of QTL effects (Weller and Soller 2004). For the

standardized traits, this was found to be around 15 cM

assuming (standardized) effect size of 0.25 with sample

size of 149 and heritability of 0.25. It should be noted that

this calculation was for univariate analysis with no mul-

tivariate correction. The actual interval in the multivariate

case would even be smaller. So taking the smallest

interval across all traits and environments can be seen as

the upper bound of the interval in the multivariate sense.

In our case the effects from many of the detected QTLs

were more than 0.25 with the highest being around 0.6.

This means that 15 cM is like the upper bound for the

interval.

In this study, we successfully applied the MTME

approach to a dataset of 60 TE combinations. A simple

approximating approach would have been to first apply

data reduction techniques such as principal component

analysis to reduce the number of variables and then per-

form a QTL analysis on the new set of variables, the

principal component scores, just to identify the major

genomic regions where DNA variation affects trait varia-

tion. We explored this approach—taking the scores of the

first 10 principal components as trait values, and found that

it produced most of the important QTLs underlying the

original variables. That is, 16 QTLs were detected with

high correspondence to significant QTLs from SE, ME, MT

and MTME analyses (Fig. 8). A major drawback of the use

of principal components is the biological interpretation of

the results, but as method to identify the most interesting

genomic regions, it performs well.

The QTL identified in this study will be aligned with

eQTL results from a gene expression study in the same

EU-SPICY project, (M. Vuylsteke, personal communi-

cation). The eQTL results will provide a set of candidate

genes co-located with the QTL for yield and, hence, being

likely involved in growth of pepper. Identifying these

candidate genes would increase insight into the func-

tioning of the pepper plant, and also increase efficiency of

breeding, since this allows multiple alleles to be found

within the gene, accounting for different phenotypes.

Successful candidate genes, whose sequence position is

related to QTL position, will be used to assess the marker-

phenotype association in a core collection of pepper

accessions (Nicolaı̈ et al. 2012). Such an association

genetics approach will be helpful in further selection of

candidate genes, and will provide us with potential allelic

values for phenotype prediction.

In conclusion, multivariate QTL mapping methods

such as the MTME approach are instrumental to boost

the power and accuracy of QTL detection for complex

traits by successful identification of QTLs with relatively

small effects. It would also lead to better detection of

alleles in repulsion phase, differential allele expression

according to environments and an increased explained

variance for most complex traits. This would lead to

improvement in the prediction of phenotype by the

genotype and thus the genetic gain in genome-assisted

breeding. This will ultimately increase our understanding

of complex traits and our ability to use QTL in genome-

assisted breeding.
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Appendix A

See Tables 5, 6, 7.

Table 5 Description of abbreviations used in the manuscript

Abbreviation Description

VCOV Variance–covariance

REML REstricted maximum likelihood

QTL(s) Quantitative trait locus (Loci)

BIC Bayesian information criterion

SE/STSE Single trait single environment

ME Multi environment

MT Multi trait

MTME Multi trait multi environment

SIM Simple interval mapping

CIM Composite interval mapping

QEI QTL by environment interaction

GEI Genotype by environment interaction

BLUE Best linear unbiased estimation

RIL(s) Recombinant inbred line(s)

TE Trait-environment

eQTL Expression QTL

YW Yolo wonder parental line

CM334 Criollo de Morelos 334 parental line

GxE Genotype by environment

NL1 Netherlands phenotypic experiment in Spring

NL2 Netherlands phenotypic experiment in Autumn

SP1 Spain phenotypic experiment in Spring

SP2 Spain phenotypic experiment in Autumn

Table 6 Trait genetic

correlations between

environments

NL1.NL2 NL1.SP1 NL1.SP2 NL2.SP1 NL2.SP2 SP1.SP2

DWF 0.72 0.60 0.61 0.53 0.62 0.58

NF 0.70 0.55 0.54 0.49 0.65 0.41

pt_frt 0.69 0.65 0.67 0.54 0.72 0.57

DWL 0.74 0.75 0.67 0.61 0.69 0.69

DWS 0.67 0.67 0.56 0.51 0.57 0.53

DWV 0.68 0.64 0.54 0.46 0.55 0.50

LUE 0.64 0.45 0.60 0.34 0.64 0.36

LAI 0.73 0.76 0.70 0.67 0.75 0.79

pt_leaf 0.68 0.61 0.55 0.49 0.54 0.66

Axl 0.74 0.69 0.54 0.74 0.66 0.61

SL 0.78 0.67 0.66 0.60 0.84 0.48

NLE 0.86 0.82 0.69 0.81 0.78 0.67

NI 0.76 0.51 0.65 0.30 0.69 0.40

INL 0.68 0.64 0.33 0.71 0.52 0.48

SLA 0.64 0.52 0.55 0.53 0.62 0.53

Table 7 Trait variances in each environment

Trait NL1 NL2 SP1 SP2

DWF 281.13 40.96 1345.35 1073.79

NF 49.67 21.52 121.84 130.76

pt_frt 1.4 0.6 1.9 1.3

DWL 60.06 38.74 260.63 145.95

DWS 420.87 196.97 802.33 482.03

DWV 659.18 323.96 1794.20 953.33

LUE 0.06 0.04 0.02 0.02

LAI 0.49 1.01 0.24 0.19

pt_leaf 0.2 0.3 0.2 0.1

Axl 42.82 56.53 23.40 20.98

SL 142.35 552.94 64.88 149.99

NLE 4.24 2.99 3.51 2.01

NI 0.64 5.32 1.46 1.45

INL 0.19 0.36 0.16 0.18

SLA 6.10 9.83 2.99 5.90
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Appendix B

See Fig. 9.
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Fig. 9 Biplots for BLUEs and

fitted trait values in each

environment. NL1, NL2, SP1

and SP2 are the biplots of

BLUE for the traits in each

environment while NL1p,

NL2p, SP1p and SP2p are the

biplots for fitted values of each

trait in each environment from

the MTME QTL model. The

cosine of the angle between the

lines approximates the

correlation between the traits

they represent. The closer the

angles are, the higher the

correlations. Angles close to 90

or 270� reflect weaker

correlations. In each

environment, angles between

traits are similar for biplots from

BLUEs and fitted values. E.g.

the biplot for NL1 and NL1p,

show a strong relationship

between DWF and NF, and a

weak relationship between

DWF and NLE. The lines

enclosing the sample points in

the biplots are known as convex

hulls, representing the smallest

convex set of the sample data
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Appendix C: QTL by environment results from ME

analyses

See Fig. 10, Table 8.
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Fig. 10 CIM Profile plot for all

the traits in the multi-

environment analyses. The top

section shows the P-values of

tests for QTL main effects. The

bottom section shows heat maps

along the genome for each

environment, where blue means

that the YW allele had a

significant positive effect and

red means that the CM334 allele

had a significant positive effect

in that environment. Many of

the QTLs are constitutive i.e.

consistent across environments

with no crossover interaction

except the QTL on chromosome

11 for LUE, Axl, SL and INL

(colour figure online)
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