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Abstract

Key message An original GWAS model integrating the ancestry of alleles was proposed and allowed the detec-
tion of background specific additive and dominance QTLs involved in heterotic group complementarity and hybrid
performance.

Abstract Maize genetic diversity is structured into genetic groups selected and improved relative to each other. This process
increases group complementarity and differentiation over time and ensures that the hybrids produced from inter-group crosses
exhibit high performances and heterosis. To identify loci involved in hybrid performance and heterotic group complemen-
tarity, we introduced an original association study model that disentangles allelic effects from the heterotic group origin
of the alleles and compared it with a conventional additive/dominance model. This new model was applied on a factorial
between Dent and Flint lines and a diallel between Dent-Flint admixed lines with two different layers of analysis: within each
environment and in a multiple-environment context. We identified several strong additive QTLs for all traits, including some
well-known additive QTLs for flowering time (in the region of Vgt1/2 on chromosome 8). Yield trait displayed significant
non-additive effects in the diallel panel. Most of the detected Yield QTLs exhibited overdominance or, more likely, pseudo-
overdominance effects. Apparent overdominance at these QTLs contributed to a part of the genetic group complementarity.
The comparison between environments revealed a higher stability of additive QTL effects than non-additive ones. Several
QTLs showed variations of effects according to the local heterotic group origin. We also revealed large chromosomic regions
that display genetic group origin effects. Altogether, our results illustrate how admixed panels combined with dedicated
GWAS modeling allow the identification of new QTLs that could not be revealed by a classical hybrid panel analyzed with
traditional modeling.

Introduction

The phenotypic superiority of a hybrid relative to its pro-
genitors was first observed by Darwin (1876), described on
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maize by East and Shull (East 1908; Shull 1908) and then
named hybrid vigor or heterosis by Shull (1914). This empiri-
cal observation prompted the invention of hybrid varieties
as a mean to propagate a superior genotype in the presence
of inbreeding depression (Shull 1908). Three non-exclusive
genetic mechanisms can explain heterosis: dominance, over-
dominance and epistasis (Birchler et al. 2010). At the bio-
logical level, dominance at a locus is defined as the devia-
tion between the value of heterozygous genotypes and the
average value of the two homozygous ones. Only two loci
with dominant favorable alleles carried each by a different
parent are enough to generate heterosis (Davenport 1908;
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Bruce 1910; Jones 1917). Overdominance is the advantage
of the heterozygous genotype relative to the best homozygous
genotype (Hull 1946). In this case, a single locus can explain
the hybrid advantage (Hull 1945; Crow 1948). Importantly,
two or more tightly linked loci with favorable dominant and
unfavorable recessive alleles in repulsion mimic overdomi-
nance in the corresponding genomic region, a phenomenon
referred to as pseudo-overdominance (Jones 1917; Graham
et al. 1997; Crow 1999). Epistasis can also contribute to het-
erosis due to positive interaction effects between alleles at
different loci inherited from different parents (Richey 1942;
Powers 1944; Jinks and Jones 1958; Williams 1960). The
relative contribution of these mechanisms remains subject
to debate (Lamkey and Edwards 1999).

Hybrid breeders progressively structured the parental lines
into heterotic groups to avoid evaluating crosses between
closely related inbred lines. This process prevents inbreed-
ing depression and therefore maximizes hybrid performance.
These groups were developed and improved in parallel based
on the performances of the inter-group hybrids, following the
principle of reciprocal recurrent selection (Hull 1945; Melch-
inger and Gumber 1998). Groups diverged due to both the
genetic drift and selection processes (Lamkey and Lorenz
2014; Gerke et al. 2015), leading to different intra-group allelic
frequencies. Hence, crossing parental lines selected from diver-
gent groups to produce hybrids is particularly interesting since
it warrants the assembly of the favorable alleles fixed in each
group and a high degree of heterozygosity of the hybrids pre-
venting inbreeding depression (Reif et al. 2007). As an exam-
ple, maize Northern European breeding programs are based
on two main heterotic groups: (i) the Dent group composed
of several heterotic American groups (mostly Iowa Stift Stalk
Synthetic, Non-Stiff Stalk and Iodent) originating from maize
selection in the US corn belt and (ii) the Flint group gathering
European lines originally derived from local landraces (Tenail-
lon and Charcosset 2011; Brandenburg et al. 2017). Identifying
the loci involved in the inter-group hybrid performance and the
complementarity between heterotic groups is of main interest
to optimize hybrid breeding programs.

Differences in QTL effects between ancestry groups were
reported in human populations (Williams et al. 2000) with
variable amplitude, up to opposite sign effects (Deng 2001).
Meta-analysis (Evangelou and Ioannidis 2013; Li and Keat-
ing 2014) was used to investigate the variation of effects
across human ancestry groups (Ioannidis et al. 2004; Waters
et al. 2010; Marigorta and Navarro 2013) and to point out
interactions between alleles and group origins (Ntzani et al.
2012; Wyss et al. 2018). In maize, within-group effects were
highlighted for the phenology (Buckler et al. 2009; Durand
et al. 2012; Giraud et al. 2014; Rio et al. 2020). The possible
reasons for these allelic effect variations according to the
origin include: (i) differences in polymorphism, (ii) epistatic
effects between the causal QTLs and the genetic background
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(Rio et al. 2020), (iii) differences in local linkage disequilib-
rium (LD) patterns between SNPs and causal QTLs.

To study the implication of these factors in the heterotic
group complementarity, it is necessary to disentangle the
allelic effects from those of the group origin. To solve this
issue, Rio et al. 2020 suggested using admixed lines derived
from inter-group crosses, the genome of which is composed
of a patchwork of chromosomic segments of different ances-
tries. They proposed a new GWAS model that included both
the SNP allele and its group origin and applied it on an
admixed inbred line panel evaluated per se for traits related
to plant architecture and phenology. This strategy made it
possible to detect QTLs showing different effects depending
on the group origin.

Here, we propose to extend this approach by evaluat-
ing an admixed diallel hybrid panel to investigate the loci
involved in hybrid performances and, more particularly, in
heterotic group complementarity. To this end, we devel-
oped a generic hybrid GWAS model accounting for allele-
based and ancestry-based effects in the same model to (i)
detect additive and dominance QTL involved in hybrid
performances, (ii) highlight loci in which allelic effects
depend on the heterotic group they originate from and (iii)
reveal the existence of ancestry effects, beyond the allelic
state at individual SNPs. We used two different hybrid pan-
els to test this approach: a Dent-Flint factorial panel and a
diallel panel issued from admixed Dent-Flint inbred lines.
This method was applied to performances measured in
several trials to evaluate the co-location of QTLs through
environmental variations and for different traits involved in
phenology (anthesis and silking dates), grain moisture and
grain yield. We benchmarked our approach with a classical
GWAS model not accounting for the allele origin effects.
We discussed the interest in admixed hybrid panels break-
ing the structure between heterotic groups for identifying
loci involved in heterotic group complementarity, whose
effects are hidden by the genetic structure when using a
factorial hybrid panel.

Material and methods
Plant material

In this study, two hybrid panels were developed following
the procedure described in Fig. 1.

Hetl panel 304 Flint inbred lines and 300 Dent inbred lines
were collected from the Flint panel (Rincent et al. 2014a,
b) and the Dent panel (Rio et al. 2019), in order to repre-
sent the maize diversity used in North European selection
programs. Lines within each group were selected to cover
different breeding generations. These Dent and Flint lines
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Fig. 1 Diagram of Hetl and Het2 hybrid panel production. The 325
Hetl hybrids were produced by crossing Dent and Flint lines, fol-
lowing a sparse factorial design. DH lines were generated from these

were crossed following an incomplete factorial design to
produce 325 single-cross hybrids. The resulting hybrid
genomes were 50% percent Dent and 50% Flint, with one
allele of each origin at all loci. Each line contributed to 1
to 5 hybrids (1.2 on average). Hetl was evaluated in seven
environments over two years (3 in 2014 and 4 in 2015) at
six different locations in France (Aubiat AUB, Caussade
CAU, Morlaas MOR, Saint-Martin-de-Hinx SMH, Rhodon
RHO, Villampuy VIL). Each environment consisted of a
single field trial of 512 two-row plots of 9.28 m* each.
Within each environment, hybrids were separated within
the field into two blocks regarding their precocity to avoid
competition. One block included the group of early and
intermediate flowering genotypes (which flowered between
201 and 212 days after January 1st), and the second one
was composed of the group of intermediate and late flower-
ing genotypes (flowering time between 212.5 and 228 days
after January 1st).

Het2 panel 321 admixed lines between the two heterotic
group origins were generated from 202 Hetl hybrids (among
the 325) using doubled haploidization method (Bordes et al.
1997) and are described in Rio et al. (2019). Admixed DH
lines were crossed following a sparse diallel design lead-
ing to 291 hybrids. Each admixed line contributed to 1 to
4 hybrids (1.8 on average). At a given locus, Het2 admixed
hybrids carry alleles from different group origins and can
therefore be homozygote Dent, homozygote Flint or het-
erozygote Dent/Flint. The Het2 panel was phenotyped at 4
locations (Aubiat AUB, Jargeau JAR, Saint-Martin-de-Hinx
SMH, Souprosse SOU) over two years (2 in 2016 and 3 in

Incomplete diallel design 291 hybrids

haploid lines

hybrids and crossed following a sparse diallel design to produce the
291 Het2 admixed hybrids

2017), which resulted in 5 different environments (JAR16,
AUB17,SOU17, SNH16, SMH17, see Roth et al. (2022) for
details). Each environment consisted of a single field trial of
512 two-row plots of 9.28 m? each.

For both panels, the same 4 hybrids (DKC4841, B73 x
UHO007, Millesim and PH207 x UHO07) were used as checks
and were repeated in all environments (3.8 times on average
for Hetl and 2.9 times for Het2).

Plant phenotyping and field data correction

Each panel was phenotyped for four traits: two phenologi-
cal stages (male and female flowering time, called FloM
and FIoF, respectively, in days between the 1st of January
corresponding to the date at which half of the plants of a
plot exhibited visible tassels or silks, respectively) and two
traits associated with yield (grain moisture (HUM) in per-
centage of fresh weight and grain yield (GY) at 15% grain
moisture at harvest in g/ha). Several plots were discarded
following experimenter recommendations and after filter-
ing plots based on plant density (performances of plots with
a number of plants lower than the median minus 15 plants
were discarded). Outlier observations were then filtered out.
The percentage of discarded observations for outliers rep-
resented 2% (on average across environments and traits) for
Hetl and 1% for Het2 of the total observations retained by
field experimenters. In a given environment, each hybrid was
evaluated 1.1 times on average.

Local environmental effects were corrected within each
environment using a model adapted to each panel. The fol-
lowing model was applied on Hetl1:

@ Springer
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Yige =+ A4 +6+R +C.+ Gy + Epe
R~ N(0,1Ic7)
C ~ N(0,Ic7)
G ~N(0,I03,)
E ~ N(0,Ic?)
RLCLGLE

where Y}, is the phenotype of hybrid / with check status ¢
in the precocity group f, at row r and column c, y is the inter-
cept, A, is the effect of check t (t has 5 levels, one for each of
the 4 checks and 1 for experimental hybrids), 6, is the effect
of the precocity bloc f, Ri the random effect of plot row r
with 0-123 variance and C, the random effect of plot column ¢
with o% variance, G, is the random effect of genotype & with
aé the genetic variance and Ej, ;... is the error with af the error
variance. The sign 1 indicates independence between ran-
dom effects. Row and column effects were predicted using
best linear unbiased prediction (BLUP). Corrected pheno-
types (further referred to as phenotypes in the next sections)
were obtained by subtraction of these predicted values from
phenotypic values. An equivalent model without the precoc-
ity group effect was applied to the Het2 panel (See Appendix
S1). The choice for each trait and each trial of a “row-col-
umn” model to correct for spatial heterogeneities was based
on AIC/BIC criteria. As Hetl and Het2 were not evaluated in
the same trials, they cannot be directly compared. In order to
compare them, for each trait, we used the average corrected
phenotypes of the checks that were evaluated in both Hetl
and Het?2 field trials to estimate the environmental difference
between the two trial networks and we adjusted the mean
performances of Hetl and Het2 for this difference. From
this point, checks were removed from the analyses described
below. For each trait, the corrected hybrid phenotypes were
used to compute broad sense heritability within each envi-
ronment and globally across environments (Appendix S2).
To do so, we considered simple models including a random
genetic effect for single-environment analyses plus a fixed
environment and random genotype-by-environment effects
for the multi-environment analysis.

Genotyping

Dent and Flint lines were genotyped with a 600K SNPs
Affymetrix Maize Genotyping array (Unterseer et al. 2014).
Heterozygous and missing data were imputed in each group
separately using BEAGLE v.3.3.2 (Browning and Brown-
ing 2009) by (Rio et al. 2019). Admixed lines were geno-
typed using a private 15K SNPs array provided by Lima-
grain. This array included a subset of the 50K Illumina
MaizeSNP50 BeadChip loci (Ganal et al. 2011). From this
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Fig.2 Repartition of genetic background proportions (DD, DF and
FF) in the Het2 hybrids. Proportions are calculated based on physical
distances (Mbp)

genotyping information, the positions of recombination
events were identified, and the different chromosomal seg-
ments carried by the admixed lines were assigned to one of
the heterotic group origins (Flint, noted F, or Dent, noted
D). DH lines were imputed up to 600K SNPs based on
information on adjacent SNPs obtained from the 15K SNPs
chip (Rio et al. 2019) and their parental lines 600K SNPs
genotypes (Dent and Flint lines). Genotypes of single-cross
hybrids of Hetl and Het2 panels were reconstructed from
their respective parental genotypic data. In each panel,
markers with Minor Allele Frequencies (MAF) < 5% were
discarded. This resulted in a total of 482,078 markers for
Hetl and 481,843 markers for Het2.

Het2 hybrids showed a wide range of admixture degrees
between heterotic groups (Fig. 2). On average, they were
constituted of 27% of loci with both alleles originating
from the Dent group (DD genetic background, ranging
from 4 to 58%), 23% of loci with both alleles from the
Flint group (FF genetic background, ranging from 3 to
50%) and 50% of loci with one allele from each heterotic
group (DF genetic background, ranging from 22 to 88%)
which is close to the expected values (25%, 25% and 50%,
respectively).

Methods
Variance partition

Before performing GWAS, variance decomposition was
done to estimate the proportion of additive and non-additive
genetic variance components. We used a model proposed
by Vitezica et al. (2017) to partition hybrid genetic vari-
ance into additivity, dominance or epistatic deviation terms.
This method is an extension of the Natural and orthogonal
interaction approach (Alvarez-Castro and Carlborg 2007) to
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the estimation of covariances between individuals through
kinship matrices (see below for their computation).

The following model was applied to each environment
separately (single-environment model or MONO model):

Y= p+A, + Dy + I+ P+ 1Y+ B
A~N(0, K,02),D ~N(0, Kyo7)
I~ N(0, Ky,02), 1" ~ N(0, Kyyo2,), 1% ~

E ~N(0,Ic7)
AlDL1@ 1149 F

N(0, Kgg02))

where Y, is the phenotype of the replicate r of hybrid &
and u is the intercept, A, is the additive value with covari-
ance K 02, K, being the additive kinship matrix and 67 the
additive variance, Dy, is the dominance value with covari-
ance K07, K, being the dominance kinship matrix and o7

the dominance variance, 12, I* and 1% are, respectlvely,
the additive-by-additive, additive-by- dommance and domi-
nance-by-dominance epistatic effects with covariance matri-
ces K,,02,, K 402, and K 4407, and variances 62, 62 and 63,
and for each of these effects, respectively, and E,, is the error
vector with each element assumed to be independent with
o? the error variance.

Specific interaction terms for the additive and dominance
effects were added to the model to extend it to a multi-envi-
ronment context (multiple environments model or MULTI
model). We defined environment-specific variances for the

€11or1.

Yier = U+ 0, + Ay + Dy + I* + ' + IY + AE,_ + DE,, + Ey,
A~N(0,K,02), D~N(0,K;07),
I ~N(0,K,,02 ), I/ ~N(0.K,,

aa~ aa

ud) Idd ~ N(O’ Kddgjd)

AE, ~ N(O, K02, >1ND DE, N(o K02

30 )JIND

E, ~N(0,16%, )IND, e € {1;...in,,}

ALDLJ“ 1] 1] AE, L DE, LE,

where Y, is the phenotype of the replicate r of hybrid h in
environment e, u, Ay, Dy, 10, I, 1% are equivalent to
effects in MONO model,d, is the environmental effect of
environment e, AE,, DE, and E, are environment-specific
additivity, dominance and error effects, respectively, with
environment-specific variances o-j(e), 4 and o2 o within
each environment. Interactions between epistatic effects and
environments have been neglected due to weak epistatic
effects. n,,, is the number of environments. Here, IND stands
for the independence of random effects between
environments.

Kinship matrices were computed following Vitezica et al.
2017 for additive and non-additive effects. We defined H,
and H, as the additive and dominant genotyping matrices

containing the h;,(or h,) coefficient for individual i at the
marker m coded as follows:

~(0 = pgy = 21 BB
Ry * 3 —(1 —pg, —2py,) for  Bb
—(2 ~Pb — 2pbb) bb
2pgpPy
[7BB+[7bb_(pBB_[7bb)2 BB
4 BB.
Rgim: el ——  for  Bb
Ps+Poo—(Pe5—Pob) bb
2pgBPBb

PBB+I7bb—(PBB—[’hh)2

with p,,,, p,s and ppp the genotypic frequencies of bb, Bb
and BB, respectively, with b and B the two alleles of locus B.

Kinship matrices for additivity (K,) and dominance (K;)
were calculated as:

H,H'

B HyH,
T {ur[HH] Y n

B {tr[HH] } /n

where 1r(A) is the trace of matrix A and n is the number of
genotypes. From these two matrices, three epistasis kinship
matrices were derived: K,,, K,4 and K, for, respectively,

additive-by-additive, additive-by-dominance and domi-
nance-by-dominance epistasis.

« __ Kok, K, - KoKy
“ {tr|[K, @ K,] } /n ¢ {tr|K, © K4 } /n
K - K4 0Ky
a {tr[KdOKd]}/n

where © denotes Hadamard product.

GWAS models

A classical parametrization for the alleles is 1 or 0 according
to the presence or the absence of the alleles of the reference
genotype (here, the B73 line). In addition, we identified the
Dent or Flint origin (D or F, respectively) of the local genetic
background surrounding the alleles. Both information was
combined into 4 SNP-Origin (SO) alleles: 1D, 0D, 1F and
OF. For example, 1D corresponds to the allele 1 observed in
the Dent local genetic background (see Rio et al. 2020). Gen-
otypes were constructed from these alleles following each
panel's specificities. Hetl hybrids are DF (for Dent/Flint) at
all loci, whereas Het2 hybrids were admixed between both
heterotic groups and therefore displayed the three possible
genetic backgrounds: DD, DF and FF. As a consequence,
4 SO genotype combinations (SNP-origin genotypes) were

@ Springer
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observable in Hetl (ODOF, OD1F, 1DOF and 1D1F), whereas
10 SO genotypes were observable in Het2 (the same 4 geno-
types from Hetl and ODOD, 1DOD, 1D1D, OFOF, 1FOF and
1F1F in addition).

Two Genome-Wide Association Study (GWAS) strategies
were applied to every locus using SO genotypes as marker
effects: a single-environment GWAS (Gso-MONO) and a
multiple environments GWAS (Gso-MULTI).

For a marker m:

Yie =+ P+ A, + Dy + I+ + I + E, . (Gso-MONO)

ther = M+ee +ﬂc+Ah+Dh+Il§a+Iﬁd
+ I + AEy, + DEy + By (Gso-MULTI)

where Y}, is the phenotype of the hybrid A, with the SO
genotypes c for the marker m and the replicate r in the envi-
ronment e, Y. is the same for a specific environment and
p, is the effect of the SO genotypes c. The ten SO geno-
types effects are redundant with the general mean y and thus
cannot be uniquely estimated. Other effects are similar to
the ones described in MONO and MULTI models. The SO
genotypes exploit all available information of markers (4
SO genotypes in Hetl and 10 in Het2). SO genotypes can
be connected to the genetic value decomposition developed
by Fisher (1918) in the context of biallelic loci.

Locus genetic

In this formalism, the genetic value can be decomposed into
biological additivity and dominance gene actions (Fisher 1918;
Falconer et al. 1996; Lynch and Walsh 1998). Additivity is the
effect brought by one allele (for instance: “1’) and is calculated
as the half difference between the two homozygous genotype
values (difference between 11 and 00). The difference between
the mean of homozygous genotypes and the heterozygous gen-
otype value is set as the dominance (Fig. 3a). These biological
effects are defined initially for a single unstructured population
and did not consider the possibility of different effects accord-
ing to the genetic structure of the population (Fig. 3b).

In the presence of genetic structure, the biallelic model of
Fisher (1918) may be applied within each genetic background,
leading to the definition of three additive effects and three
dominance effects (Fig. 3c).

_ Bipin—Fopop _ Bipip+Povop
dpp = = 5 dpp = Pipop — T —
_ Pisir—Poror _ Biriet+Boror
dgr = = 5 dpp = Piror — T —
A = Bipir—Poor dre = BopietBivor _ PinirtPovor
DF — 2 DF — 2 2

From these definitions, we defined the mean additivity and
dominance effects over the different genetic backgrounds as:

_ Ypp * g + dpr d= dpp + dgp + dpg
3 3

Differences between within genetic background addi-
tivity or dominance effects reveal particular associations

Locus genetic

( ) values (b) values
1F1F®
aT aT
0D1De 1;)'6:
d- ’ d7 !
0_ ) 0_ 1FOF
0DOD *
- a -
OFOF ®
L] L] L] L] L] L]
00 01 11 ‘Locus 00 01 11 ‘locus
genotypes genotypes
( ) Locus genetic Dent genetic Locus genetic Locus genetic )it genetic
C
velues background vayies vayes background
0D1D 101
d
2app bE
2 apr 2 App
v
OFOF
) . Locus ) ) . Locus ) - Locus
00 01 01 11 00 01
genotypes genotypes genotypes

Fig.3 Generalization of the locus biological effects of the Fisher’s
model (Falconer et al. (1996) representation) in the case of structured
populations. a Genetic value description using an SNP-based refer-
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ence model. b Adding genetic background information in the SNP-
based model. ¢ Decomposition of the SNP-origin model according to
the different genetic backgrounds
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between SNP alleles and allelic origins. Two effects s
and ¢, for both additivity and dominance, were defined:
the s effect was defined as the difference between genetic
effects measured in the two homozygous backgrounds
“DD” and “FF” and the t effect corresponded to the dif-
ference between genetic effects measured in the heterozy-
gous background “DF” and the mean of those measured
in homozygous backgrounds.

_ (app+agr)
{SaZaDD_aFF {ta_aDF_T

8¢ = dpp — dpg (dop +drr)

ty =dpp — —,

Similar to additivity and dominance, two “origin”
effects were defined as an effect of the number of Dent
origin alleles, o,, and a specific effect of two alleles with
different allele origin o,. These effects were defined with
homozygous SNP genotypes only (00 and 11) as:

_ Ponon—Poror _ Poror+Fopon
{ 000 = 2 %400 = Pobor — 2

— ﬂlDlD_ﬂlFlF ﬂlFlF+ﬂlDlD

Oa11 = 2 o411 = Pipir — 2

0a00 T 0411 Og4oo + 0411
STy MT T

To complete the description of SO genotypes, A , effect
was defined to distinguish the two double heterozygous SO
genotypes OD1F and 1DOF. This effect was an indicator
of the difference in group-specific linkage disequilibrium
between the tested marker and a causal QTL.

Arp = Bopir — Pipor

We used the previous equations to define contrasts
for testing the different additivity and dominance effects
(Table 1). In addition, contrasts testing the global effect of
the marker (which is equivalent to testing if one SO geno-
type is different from the others) were developed on the SO
genotypes present on each panel (Tables S1 and S2). The
contrast gy, carried out on the 10 SO genotypes observed
in the Het2 panel, and the contrast g, carried out only on
the four common SO genotypes between Hetl and Het2
panels. Each effect was tested through contrast tests based
on SO genotypes. Note that all the considered contrasts
were identifiable. As the effects were based on contrasts
between SO genotypes, they corresponded to biological
effects and not statistical effects which depends on the gen-
otypic frequencies (see Fisher 1918 and Falconer, 1996 for
a graphical representation of the two types of effects in a
biallelic case). As a consequence, it is possible to directly

Table 1 List of contrasts associated with additivity, dominance, origin and linkage disequilibrium

Bibio  Bwoo Birir Boror  Biir  Booor  Boin  Biror  Bopir  Bipor
a 1/6 -1/6 1/6 -1/6 1/6 -1/6
a, 12  -12
Additivity 2, iz -172
a, 12 -2
S, 1/2 -12 -1/2 1/2
t 1/4 -1/4 1/4 -1/4 -1/2 1/2
d -1/6 -1/6 -1/6 -1/6 -6 -6 13 13 16 16
d, -12 -2 1
Dominance d; -1/2 -12 1
d, -1/2 -1/2 1/2 1/2
Sq -12 -12 172 1/2 1 -1
t, 1/4 1/4 1/4 1/4 -1/2 -1/2 -1/2 -12 172 1/2
Origin o, 1/4 1/4 -1/4 -1/4
o, -1/4 -1/4 -1/4 -1/4 1/2 172
LD A.p 1 1

In gray, contrasts tested in both panels. In white, contrasts only tested in the Het2 panel. Only non-null coefficients are displayed.
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compare the effects based on the same SO genotypes in
both panels (additivity and dominance in an inter-origin
genetic background (apg, dpg), the linkage disequilibrium
effect A;; and the global test g,,)-

To limit the redundancy of information between the
marker effects and the residual polygenic effects, the GWAS
model at marker m was fitted by leaving out the chromosome
carrying m from the kinship matrices calculation (Rincent
et al. 2014a, b). In addition, to prevent excessing compu-
tation time, the covariances between observations due to
polygenic effects were estimated under an H, model without
marker effect and were partially re-estimated in the maker-
by-marker analysis (See method details of the methodology
in Appendix S3). The contrasts were tested using Wald tests.
For the two models, Gso-MONO and Gso-MULTI, markers
were discarded if their minor SO genotype was carried by
less than 5 individuals. Corrections for multiple tests were
applied to control the false discovery rate (Benjamini and
Hochberg 1995) and were implemented jointly for all envi-
ronments and separately for each contrast, panel, GWAS
model and trait.

Additive and dominance GWAS model

To illustrate the originality of our method and evaluate its
properties, an “additive-dominance” model (further called
Gad-MONO and Gad-MULTI, respectively, for single and
multi-environment) was used as a benchmark. For a marker
m:

Y= u+x2a+xi6+A, +D, +I°
+1M+ 1M+ E, (Gad-MONO)

Yiew = #+ 0, + 2 a +x1 6 + Ay + Dy + I + 1
+ I + AE,, + DEy, + E,., (Gad-MULTI)

where Y}, is the phenotype of the hybrid % at the replicate r
in the environment e, Y}, is the same for a specific environ-
ment, x"};r is an indicator for the statistical additive effect a
defined as a regression over the number of SNP allele 1, xﬁr
is an indicator for the statistical dominance effect 6 set as a
deviation from additivity due to the SNP heterozygous state.
Other effects are similar to the ones described in MONO
and MULTI models. Filters and variance estimation methods
were identical to the ones from SO genotype models.

All statistical analyses (variance partition and GWAS)
were performed using the MM4LMM R package (Laporte
et al. 2022).

@ Springer

QTL clustering

For a given GWAS, significant markers for a given contrast
were grouped into “QTL” based on LD extent (Fig. S1). We
adapted a method proposed by Negro et al. (2019) to build
LD windows on each side of each significant marker. For a
given significant marker and one of the sides of the marker,
we proceeded as follows:

1. An LD window of 0.5 cM was initialized. The LD win-
dow size was initialized at 0.5 cM

2. The linkage disequilibrium (LD) was calculated (R?
computed on SNP hybrid genotypic information)
between the significant marker and all the other markers
within the LD window. The relation between LD values
and genetic distances between markers was then inferred
using the Hill and Weir regression model (Hill and Weir
1988). An R? threshold of 0.1 was used to estimate the
LD extent.

3. If the LD extent exceeded the LD window length, then
the LD window length was increased by 0.1 cM, and
the LD extent was estimated again in the new window.
This sequence was repeated until the LD extent became
inferior to the window length.

4. The final LD extent estimated value was used to define
the LD window length.

Significant markers with overlapping LD windows were
clustered into the same QTL, and their LD windows were
used to define the QTL interval. To compare the different
models and panels, we merged the QTLs detected with the
MULTT and the different MONO models, i.e., different envi-
ronments, into a single meta-QTL (referred to in the follow-
ing sections as QTL) if their intervals overlapped.

Results
Variance components and trait heritabilities

After correction by the average values of the checks across
the different environments (Table S4), Hetl and Het2 panels
displayed on average similar hybrid performances for the
flowering times (197.5 days and 196.2 for FloF in Hetl and
Het2, respectively) but differed for GY (89.0 and 79.1 g/ha
in Hetl and Het2, respectively) and Hum (29.0 and 25.1%
in Hetl and Het2, respectively).

Heritabilities were calculated with single and multiple-
environment models. Hetl single-environment heritabilities
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Fig. 4 Multiple-environment FloF FloM
(MULTI) variance component
(in percentage) for Hetl and
Het2. The variances o2, 65,
‘73;.7 afd and aﬁd are, respec-
tively, the additive, dominance
and additive-by-additive,
additive-by-dominance and
dominance-by-dominance
epistatic variance (see
Material & Methods section
for details). The average GXE
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ranged between 0.91 and 0.99 for FloM and between 0.55
and 0.79 for GY (Table S3). The heritabilities evaluated with
the multiple-environment model ranged between 0.98 (FloF
and FloM) and 0.88 (GY) (Table S4). Het2 showed equiva-
lent results with single-environment heritabilities between
0.79 and 0.97 for FloM and between 0.67 and 0.82 for GY
(Table S3). Multiple-environment heritabilities varied
between 0.95 for FloM and 0.79 for GY (Table S4). Overall,
heritabilities calculated in the multiple-environment model
were superior to the single-environment heritabilities.

Large differences between environments were observed
for all genetic components of variance in the MONO model
(Table S5). The partition of the genetic variance highlighted
the preponderance of additivity relative to other effects for
all traits and environments. Across environments, the aver-
age ratio of additivity variance over the sum of all genetic
variances was high in both panels (from 85% (GY) to 91%
(FloF) for Hetl and from 73% (GY) to 86% (FloM) for
Het2). The average ratio of dominance variance over the
sum of genetic variances was inferior to 4% in Hetl for all
traits. A higher ratio was observed in Het2 for all traits (up to
17% for GY). The average ratio of epistatic variances across
environments was of the same order of magnitude for all
traits (from 8% (FloF) to 12% (Hum) in Het1 and from 10%
(GY) to 15% (FloF) in Het2).

MULTI model confirmed the preponderance of additivity
in the main genetic variance (defined as the sum of additive,
dominance and epistasis variances) (Fig. 4). The percentage
of additivity variance (02) over the main genetic variance
was always superior to 83% (GY) in Hetl and 87% (Hum)
in Het2 (Table S8). The percentage of dominance variance
(03) over the main genetic variances was higher in Het2 than
in Hetl (in particular for GY with 12% for Het2 and < 1%
for Hetl). The percentage of epistatic variances over the
main genetic variance was lower than the MONO model,
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with values between 3% (Hum) and 17% (GY) in Hetl and
between 1% (GY) and 12% (Hum) in Het2.

Genotype-by-environment interaction effects (referred to
later on as GxE effects, or AXE and DxE for the additive-by-
environment and the dominance-by-environment interaction
effects, respectively) were observed for all traits (Tables S6,
S7 and S8). The average AXE variance was always inferior
to the additive variance for all traits and panels. Interest-
ingly, the average DXE variance was always superior to the
dominance variance. This tendency was stronger in Het2
than in the Hetl panel.

Comparing additive-dominance models
and SO genotype models

The GWAS analysis with the SO model consisted of testing
for each marker different effects using contrasts between the
corresponding SO genotypes (see “GWAS models” section).
As the number of SO genotypes differed from one contrast
to another, the number of candidate markers ranged from
324,343 to 471,147 markers for Hetl and from 62,955 to
446,478 markers for Het2 (Table S9-12). Two nominal FDR
levels were considered (0.05 and 0.2; see Table S13 and
S14 for a complete description of the number of significant
markers). As expected in GWAS, the distribution of the P
values was similar to a uniform law for most of the contrasts
(see QQPlots in Fig. S2). Two exceptions were observed
for the two contrasts related to the “origin” effects, o,
and o,, which showed an inflation of the number of low
Pvalues. Manhattan plots revealed that these low Pvalues
corresponded to markers located on large chromosomic
regions (size up to 156.6 Mbp, Fig. S3).

A standard “additive and dominance” GWAS model
(referred to as the Gad model) was used as a benchmark
to evaluate the interest of the “SNP-Origin” GWAS model
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Table 2 Comparison of QTLs identified with Gad and Gso models

Panel Contrast Trait Tot® Gad only® Both Gso only®
Het#1 Additivity® FloF 4 1 3 0
FloM 9 1 8 0
Hum 21 2 16 3
GY 4 0 4 0
Dominance® FloF 1 0 1 0
FloM 0 0 0 0
Hum 3 2 1 0
GY 0 0 0 0
Het#2 Additivity® FloF 49 38 6 5
FloM 70 60 6 4
Hum 30 13 9 8
GY 3 3 0 0
Dominance® FloF 0 0 9
FloM 14 2 1 11
Hum 2 0 0 2
GY 7 0 0 7

QTLs detected with the MULTI and the different MONO models, i.e., different environments, were merged if their intervals overlapped

4 “Additivity” and “Dominance” terms correspond, respectively, to the a and § effects in the Gad model and a, app, apg, dgg, S, and t,, and d,
dpp» dpg, dpg. Sq and t4 effects in the model Gso

b“Tot” indicates the number of all QTLs identified with at least one model

¢“Gad only” and “Gso only” correspond to specific QTLs only identified with the Gad or Gso model, respectively. The nominal FDR level was
set at 0.05
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C A D B F
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Fig. 5 Manhattan plots of additive (blue, left graphs) and dominance top right graph). Vertical black lines and the letters A to F indicate
(green, right graphs) P values for the Gad-MONO and Gso-MONO the position of the representative markers of the Gso model effects,
models in SOU17 for FloF in Het2. Origin tests were added as ele- detailed in Fig. 6 (color figure online)

ments of comparison in red (on the top left graph) and purple (on the
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Fig.6 Effects at representative markers detected in SOU17 for FloF
in Het2. Boxplot of phenotype corrected by the kinship according to
the Gso genotypes for each representative marker (A to F, three left
boxplots in red, four middle boxplots in green and three right box-
plots in blue are for DD, DF and FF genetic back-grounds for the Gso
model, respectively, gray for Gad model). The number at the bottom
indicates the number of observations for each SO genotype. Markers

(Gso model). The QTLs were compared within each panel
between Gad and Gso models for additivity (« for the Gad
model and a, apy, apg, apg, S, and ¢, for the Gso model) and
for dominance (6 for the Gad model and d, dpp, dpg, dgg, S4
and ¢, for the Gso model) (Table 2).

In Hetl, most QTLs were commonly identified by the
Gad and the Gso models. A total of 7 additive QTLs (and 2
dominance QTLs) were identified with one of the two mod-
els only. In Het2, the proportion of QTLs detected by the
two models was much lower than in Hetl. A large part of the
additive QTLs was only detected with the Gad model (43 to
100%), whereas the dominance QTLs were mostly found by
the Gso model (79 to 100%).

To illustrate the similarities and differences between the
Gad and Gso models, we selected representative markers for
FloF in the GWAS conducted for environment SOU17 for
the Het2 panel (Fig. 5). We represented the SO genotypes for
these markers (Fig. 6, see Table S15 for details).

Markers A and B illustrate QTLs detected with both the
Gad and Gso models. Marker A showed a strong significant
additive a effect (with an effect of — 1.5 days). Within
background effects were found for app, apyr and ag with
the same magnitude of effects (— 1.6, — 1.4, — 1.4 days,
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A and B represent QTLs identified with both Gad and Gso models,
respectively, for additivity and dominance. Markers C and D repre-
sent within background effects in the Gso model with no effect in the
Gad model. Markers E and F represent the origin effect on the Gso
model. Markers A, C and E represent additive effects. Markers B, D
and F represent dominance effects (color figure online)

respectively), although less significant. A similar additive
effect was identified with the Gad model (a of — 1.5 days).
This marker was located in the vicinity of a well-known
flowering QTL at 130 Mbp on chromosome 8 (Ducrocq
et al. 2008; Bouchet et al. 2017; Rio et al. 2020). Marker B
revealed an equivalent situation for the dominance effect.
This marker displayed dominance effects with the Gso
model for the average dominance effect d (1.7 days) and
in all the genetic backgrounds (dpp, of 2.4 days, dpp of 1.4
days and dgg of 1.2 days).

Markers C and D illustrate the differences between the
Gad and Gso models and the consequences of ignoring
within background effects in GWAS. Marker C has a strong
app effect of 2.6 days that was detected in the Gso model
but not with the Gad model (P value of 0.22 for the a effect).
The specificity of the Dent genetic background is confirmed
by the s, test (with an effect of 3.2 and a Pvalue of 9.71e-5).
Similarly, marker D showed an effect for dominance within
the DF background dpg (with an effect of 2.5 days) but no
dominance effect § according to the Gad model.

In addition to new QTLs for additivity and dominance,
the Gso model allowed us to investigate the origin effect
itself. Marker E was spotted for a significant additive
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Table 3 Number of QTLs identified for each trait and each contrast

FloF FloM Hum GY
Hetl apg™ 3 8 19 4
dpg* 1 0 1 0
A p* 0 0 0 1
S 2 1 3 0
Het2 a 2 6 5 0
app 4 1 2 0
apg* 7 6 2 0
apg 0 3 10 0
S, 0 0 0 0
t, 0 0 0 0
d 0 2 0 0
dpp 0 0 0 0
dpp* 9 2 0 6
dpp 0 1 2 0
Sq 0 0 0 0
ty 0 8 0 1
Al p* 5 1 1 0
0, 0 29 0 8
04 3 0 0 15
8tien™ 14 5 2 5
8Herr 33 40 1 13

QTLs detected with the Gso-MULTI and the different Gso-MONO
models, i.e., different environments, were merged if their QTL inter-
vals overlapped. Tested effects common to the Hetl and Het2 are
marked with an asterisk (1D1F, 1DOF, OD1F and ODOF). The nominal
FDR level was fixed at 0.05
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effect o, of the origin on chromosome 5 with a Pvalue
of 5.36e-5 and an effect of 1.4 days. Marker F illustrated
the o4 (P value of 2.47e-7) with a significant difference
between the DF background and the other backgrounds
of 2.5 days.

Trait genetic architecture in hybrid panels
as revealed by the Gso model

Four contrasts were tested in Het1: additivity and dominance
in the “Dent-Flint DF” genetic background, apy and dpy, the
difference between the two double heterozygous SO genotypes
A p and the global test of the QTL g, (Table 3, Fig. 7, Fig.
S4). Most of the detected QTLs were additive (ap effect),
especially for Hum (19 QTLs) and FloM (8 QTLs). Domi-
nance dpp QTLs were only found for FloF and GY (1 QTL
for each trait). Interestingly, a complementary analysis of the
ratio between the additive and the dominance effects revealed
that all the significant dominance QTLs were overdominant
(Id/al> 1, see Table S16). Only one association for A; p, effect
was detected for GY. Several QTLs for the global effect g,
were identified (2, 1 and 3 QTLs for FloF, FloM and Hum,
respectively).

Asin Hetl, we identified a large number of additive QTLs
(with a, app, app, agp, s, and t, effects) for all the traits
(except GY) in Het2 (Table 3, Fig. 7, Fig. S4). FloF and
FloM displayed mostly a,, QTLs (7 and 6 QTLs, respec-
tively), whereas Hum showed an important number of azp
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Fig.7 Representation of QTLs for the male flowering time (FloM) and the grain yield (GY) in the Hetl and Het2 panels. Rectangles represent
the QTL intervals. All results from the MONO and MULTI models were compiled for the Gso model. The nominal FDR level was fixed at 0.05
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QTLs (10 QTLs). No additive QTLs were detected for GY.
QTLs associated with a dominance effect (d, dpy and dpy)
were identified for all traits, in a higher number than in the
Hetl panel. FloM and FloF displayed mostly d effects
(with 9 and 2 QTLs, respectively), whereas Hum was char-
acterized by dp (2 QTLs) effects. Dominance QTLs were
identified for GY exclusively for djr (6 QTLs). No QTL
was identified for s, and only a few for ¢, for FloM and GY.
As in Hetl, all significant dominance QTLs were identi-
fied with an overdominance effect (Table S16). Moreover,
the dpr QTLs corresponded to the most important differ-
ences of SNP allelic frequencies between the Dent and the
Flint group (Fig. S5). In addition to additive and dominance
QTLs, QTLs associated with an effect of the origin (o, and
0,) were found for all traits except Hum. FloM displayed
essentially additive effect of the origin (29 QTLs) whereas
GY showed both additive and dominance effects of the ori-
gin (8 and 15 QTLs, respectively). A;, QTLs were mostly
detected for FloF (5 QTLs). The test for the global effect
of the QTL g,,, revealed numerous QTLs for all traits in
particular for FloF, FloM and GY. The test of the contrast
including the four SO genotypes also present in Het1 (g,
revealed QTLs for all traits but fewer than with gy, .

QTL co-location between multiple environments

The comparison between QTLs detected with the Gso-
MONO model in the different environments provided insight
into their stability. In order to compare QTLs detected in dif-
ferent environments, a QTL merging procedure was applied.
This was done separately for additive (a, app, app, Agp, S,
and t,), dominance (d, dpp, dpp, dpp, s; and t;) and origin
(0, and o) contrasts, respectively (Table S17 and S18).

In the Hetl panel (Table S17), QTLs were mostly
found in a single environment. Only 3 QTLs were identi-
fied in at least two environments, and all of them were
also found with the Gso-MULTI model for the flowering
traits (1 and 2 QTLs for FloF and FloM, respectively).
One of these QTLs, located on chromosome 8 at position
119 — 124 Mbp, was shared by both flowering traits. No
dominance QTL was identified in more than two environ-
ments. Gso-MULTI did not reveal any additional QTL
compared to those found with the Gso-MONO model.

As in Hetl, only a few QTLs co-locating between envi-
ronments were identified in Het2. Additive QTLs were
identified in at least 2 environments for FloF (1 QTL),
FloM (3 QTLs) and Hum (2 QTLs) (Table S18). Interest-
ingly, among them, several additive QTLs were detected
for both flowering time traits (FloF and FloM) on chro-
mosomes 4 and 8. No dominance QTLs were identified
as co-locating between environments. The additive effect
of the origin showed several co-locating QTLs for FloF
(4 QTLs). No co-locating QTLs were identified for o,.

Most of the strong co-locating QTLs identified in Het2
with the Gso-MONO model were confirmed with the
Gso-MULTI model. Conversely, Gso-MULTT identified
new QTLs undetected with Gso-MONO, e.g., 5 additive
QTLs and 7 dominance QTLs for FloF.

Comparison between factorial and admixed diallel
hybrid panels

We compared the four contrasts that were common to
Hetl and Het2: app, dpp.A;p and gy, We considered a
QTL to be detected in both panels if the QTLs intervals
overlapped. For the comparable effects between Hetl and
Het2, we did not detect any common QTL. Note that when
considering a less stringent FDR level (FDR level of 0.2,
Table S19), we found several shared additive QTLs for
FloF (18 QTLs), FloM (7 QTLs) and Hum (5 QTLs) and
shared dominance QTLs for FloF (3 QTLs) and GY (4
QTLs). Some of them matched with regions identified
as co-locating between environments in both panels: for
FloF on chromosome 4 (22 — 162 Mbp) and CHR 8 (117
— 141 Mbp) and for FloM on chromosome 8 (119-141
Mbp). Nevertheless, the majority of QTLs were specific
to one of the panels. On average, over the contrasts, we
identified more additive and dominance specific QTLs in
Het2 than in Hetl for the flowering traits. On opposite,
more QTLs were found in Hetl than in the Het2 panel for
Hum. GY displayed a different situation with more addi-
tive QTLs identified in Hetl but more dominance QTLs
identified in Het2.

Discussion
Genetic architecture of agronomic traits

Variance partition and GWAS results provided some insight
into the genetic architecture underlying the traits analyzed in
this study. High heritabilities were found for all traits. These
high values were due to the large genetic diversity present
in the Dent and in the Flint inbred line panels used to derive
the two hybrid panels. This large initial diversity explains
the large genetic variances found (Tables S3-5) that led to
the high trait heritabilities. For both panels, the majority of
the genetic variance of all traits was due to additive effects
(Tables S5-S8). The additive variance was important for the
flowering traits, with values comparable to previous reports
(Rogers et al. 2021; Roth et al. 2022). It has to be noted that
the additive variance estimated in this study corresponds to
statistical additivity and includes part of the dominance and
epistatic biological effects (Vitezica et al. 2013). Several
authors proposed new models accounting for non-additive
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effects (Su et al. 2012; Vitezica et al. 2013; Da et al. 2014).
In these models, variances associated with non-additive
effects reflect deviation from the above-defined statistical
additivity. In this study, the contribution of non-additive
effects differed highly from one trait to another. In Het2, the
proportion of dominance over the global genetic variance
was higher for grain yield (12% in MULTI models) than
for flowering traits (2 to 3%), consistent with previous work
where dominance variance explained 4 to 10% of the genetic
variance for male flowering time and 14 to 20% for the grain
yield (Dias et al. 2018). Other studies showed a prevalence
of dominant variance for yield (Zdunic et al. 2008), with up
to 81% of the genetic variance due to dominance variance
(Ceballos et al. 1998).

The Hetl panel was issued from a factorial mating design
between two unrelated heterotic groups, whereas Het2 was
issued from a diallel mating design between admixed Dent-
Flint lines. By construction, Het2 hybrids showed variable
levels of inbreeding (Roth et al. 2022) and were expected to
display a larger proportion of dominance variance than Het1.
This dominance variance is partially "fixed" within the Hetl
panel, whereas the Het2 panel was developed to unleash this
fixed variance. Consistently, we observed higher dominance
variance components in Het2 than in Hetl, especially for
grain yield, which shows large heterosis.

The relative importance of additive and dominance
QTLs

Our GWA studies revealed QTLs associated with additive
and non-additive effects (Table 3). Flowering traits and grain
moisture presented numerous additive QTLs, consistent with
previous analyses that showed that most of the loci controlling
flowering time were additive (Buckler et al. 2009). Some of
the QTLs we detected have been repetitively found in other
studies. It is the case of the vgt1-vgt2 region on chromosome 8
for the flowering traits (Chardon et al. 2004; Salvi et al. 2007;
Ducrocq et al. 2008; Buckler et al. 2009; Bouchet et al. 2013,
2017; Castelletti et al. 2014; Rincent et al. 2014a, b; Rio et al.
2019; Mayer et al. 2020). We identified these QTLs in both
panels and in all environments, highlighting the high stability
of their effects across environmental conditions. Beyond this
region, it would have been interesting to compare our QTLs
with the ones found in previous studies and look for candi-
date genes. Such comparisons were beyond the scope of this
study and were limited by the large size of our QTLs intervals
(from few centimorgans to more than 10 centimorgans) which
could contain multiple potential candidate genes, especially
for integrative traits such as grain yield.

In addition to additive QTLs, several dominance QTLs
were also found for the flowering traits in Het2. We hypoth-
esize that inbreeding leads to a delay in reproductive organ
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growth and, therefore, in the anthesis or silking date. A large
number of dominance QTLs was found as well for grain
yield, which is known for being highly impacted by inbreed-
ing depression. For all traits, all the detected dominance
QTLs showed overdominant effects (Table S16). Several
other studies pointed out the importance of the contribu-
tion of overdominance QTLs to heterosis (Lippman and
Zamir 2007), particularly in the centromeric regions with
low recombination rates, leading to hypothesize that mostly
pseudo-overdominance is involved (Lariépe et al. 2012). In
this study, we suspect a lack of detection power to identify
partial dominance QTLs compared to overdominance (or
pseudo-overdominance) QTLs due to a lower amplitude of
the QTL effects. Also, the number of recombination events
between Hetl and Het2 panels was too low to break the
tight linkage disequilibrium between dominance QTLs in
repulsion, which favored the identification of pseudo-over-
dominance QTLs. At the hybrid level, dominance QTLs con-
tribute to the hybrid performance by generating heterosis.
Moreover, unbalanced allelic frequencies between the Dent
and Flint population favored the expression of heterosis,
especially in the DF background generating a complemen-
tarity between the heterotic groups.

We observed a difference between the results of the vari-
ance partition and the number of QTLs identified as hav-
ing dominance or additive effects. For example, for grain
yield, the additive variance was more important than the
dominance variance (in mono and multi-environments),
whereas the GWAS revealed mostly dominance QTLs for
this trait. This discrepancy can be explained by two rea-
sons. First, the effects tested in the variance partition and
the GWAS model differed. The variance partition is based
on the statistical QTL effects (breeding value @ and domi-
nance deviation 6, tested in the Gad model) that depend on
both the biological additive and dominance effects (a and d)
and the allelic frequencies in the population (Fisher 1918;
Falconer et al. 1996; Lynch and Walsh 1998), whereas the
Gso GWAS model is based on biological additive and domi-
nance effects (a and d). Huang and Mackay (2016) reported
that variance components do not provide information on the
average gene action and alarmed about the false inference of
genetic architecture based on variance decomposition, which
tends to overestimate the contribution of additivity. Variance
partition is nevertheless helpful for estimating the propor-
tion of the phenotypic variance associated with the breeding
values. Secondly, the detected QTLs explained only part of
the genetic variability. We hypothesize that many QTLs with
minor effects were not detected due to statistical limitations,
even though they contributed to the overall genetic varia-
tion. This phenomenon is known as the "missing heritability
problem" (Maher 2008). For example, according to the find-
ings of Xiao et al. (2017), the numerous QTLs for flowering
time identified by Buckler et al. (2009) and Tian et al. (2011)
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only account for a small proportion (less than 7.5%) of the
total genetic variance of these traits.

Stability of QTLs across environments

We investigated GxE interactions with two approaches: an
analysis of the variance partition at a multi-trial scale and a
study of the stability of the QTLs identified in GWAS across
environments. First, we showed in both panels that variance
partitions differed from one environment to another, con-
firming the role of GXE across environments. Interestingly,
additivity and dominance did not interact in the same way
with the environment. The comparison between the main
genetic variance and the GXE variances revealed the impor-
tant contribution of the additivity to the main genetic vari-
ance, whereas the dominance displayed a higher amount of
GxE variances (Table S8) as shown by Buckler et al. (2009),
Romay et al. (2013) Peiffer et al. (2014) and Rogers et al.
(2021). In particular, in Het2, we identified important dom-
inance-by-environment variances for grain yield.
Differences in QTL effects between environments are
expected in the presence of GXE interactions. Bernardo
(2008) suggested that GXE interaction is one of the princi-
pal explanations for the inconsistency between the results
of GWAS analysis of complex traits. For all traits and in
both panels, we showed that most detected QTLs were spe-
cific to one single environment. In particular, almost all the
dominant QTLs for grain yield were identified in only one
environment. In addition to the presence/absence of detected
QTLs between environments, we also observed variation
in the amplitude or the sign of the effects (as illustrated in
Fig. S6 in DD genetic background). Boer et al. (2007) found
similar results, showing that GXE QTLs represent a signifi-
cant part of the QTLs identified for yield and grain moisture.

The benefits and drawbacks of hybrid admixed
panels

To evaluate the interest of admixed panels in GWAS, we
compared two hybrid panels, one obtained from a classical
factorial crossing design between heterotic groups and one
obtained from a diallel crossing design between admixed
lines. These panels were related to each other since they
were both issued from the same founder lines. The related-
ness between the two panels and the use of the Gso model
based on biological effects should have led to the detec-
tion of some common QTLs in the two panels. However,
all the QTLs detected with an FDR of 0.05 were specific to
one of the two panels. This can be explained by a limited
detection power in both panels, leading to the detection in

each of a limited set of QTLs. Indeed, by relaxing the FDR
level at 0.2, we found more QTLs shared by the two panels
(Table S19), including an additive QTL corresponding to
well-known flowering time QTLs vgtl and vgt2 on chromo-
some 8. As Hetl only displayed Dent-Flint genotypes, i.e.,
four genotype classes, the number of observations in each
genotypic class was higher than in Het2, where the total
number of observations was split into ten genotypic classes.
Therefore, for the contrasts that can be detected in both pan-
els, the detection power was expected to be higher in Hetl
than in Het2. In addition to this power issue, the panels were
evaluated in different environments and in different years.
We showed previously that different environments could
lead to different QTL results (Fig S6), whatever the panel
and this effect might be even stronger when comparing two
different panels. Lastly, an essential difference relied on the
ability to test unique effects with the Gso model in Het2.
The admixture within the hybrid genotypes allowed us to
test the effects according to the genetic background and of
the origin effect itself.

Beyond their relevance for GWAS, admixed inbred lines
raise issues in terms of hybrid breeding since they devi-
ate from the heterotic patterns used by breeders. Het2
hybrid indeed had on average lower performances than
Hetl hybrids for grain yield, which can be explained by the
potential inbreeding depression associated with Dent/Dent
or Flint/Flint segments. Creating lines from commercial
hybrids, which typically leads to admixture, is nevertheless
a frequent practice in developing countries to complement
these created from open pollinated varieties (Guo et al.
2013). Admixed inbred lines developed from commercial
hybrids can provide an interesting source to enrich diversity
and sustain genetic gain. In this context, using our GWAS
approach in a hybrid admixed panel might be helpful to dis-
tinguish haplotype blocks to introduce in a given breeding
pool from those that should be discarded as they may con-
tribute inbreeding depression in hybrids with the comple-
mentary pool.

The benefits and limits of the Gso model for QTL
detection

We compared the Gso GWAS and a more traditional Gad
GWAS, not accounting for the allelic ancestry (Table 2,
Figs. 5 and 6). We found several QTLs shared by the two
models, in particular in Hetl. Nevertheless, most QTLs
were detected with only one of the two models. The first
difference between the two models was the way effects were
defined. In the Gso model, they were defined as a linear
combination of the estimated value of the Gso genotypic
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classes. This approach allowed testing any possible effect
after orthogonalization for other effects. Nevertheless, a
drawback was the need to estimate all Gso genotypic class
parameters. The number of observations was split between
all Gso genotypic classes, and some were more frequent than
others by construction. In Het2, the DF background had a
higher frequency (50% of the individuals at a given locus
on average) than FF and DD backgrounds (25% each). The
SNP allelic frequencies also affect the probability of obser-
vation of each genotypic class. The limited representation
of genotypic classes reduced the precision of estimation and
the detection power for effects to the point where it was
impossible to test certain effects involving such classes. In
the Gad model, the effects were tested as a regression over
the number of SNP alleles for the additivity and a deviation
due to the heterozygous SNP genotype for the dominance.
a and a tests (or 6 and d) were not completely equivalent
(correlation of 0.92 was estimated between the Gad and Gso
effect estimates for additivity on average across traits and
environment, 0.90 for dominance, see Table S20). There-
fore, the number of estimated parameters differed between
Gad and Gso models, with 2 parameters for Gad and 4 to 10
(respectively, for Hetl and Het2) in Gso. The exploitation
of all the degrees of freedom available in the Gso model
allows testing effects (within genetic background, compari-
son test, origin...) unavailable in the Gad model (see part
"Gso effects: an indicator of the heterotic group complemen-
tarity and differentiation").

QTLs only with the Gad model can be due to the lower
power of the Gso model in case of lower representation
of genotypic class in the Gso model compared to the Gad
model or QTLs, which are strongly differentiated between
the heterotic groups. In this last case, the QTLs cannot be
tested with the Gso model due to the filter on the genotypic
classes. By testing effects overall the genetic backgrounds,
the Gad model is more parsimonious in terms of estimated
parameters allowing a gain of detection power compared
to effects nested within genetic backgrounds (Rebai and
Goffinet 1993; Jannink and Jansen 2001; Bardol et al. 2013;
Giraud et al. 2014). However, ignoring the levels of com-
plexity brought by the genetic background may have a cost
in detection power when allelic effects vary (Jannink and
Jansen 2001; Rio et al. 2020). Several authors suggested to
use of models integrating local genetic background infor-
mation (Tang et al. 2010; Pasaniuc et al. 2013; Zhang and
Stram 2014; Aschard et al. 2015; Skotte et al. 2019), and a
model using SO alleles was proposed by Rio et al. (2020) on
admixed DH lines. In this study, we proposed an adaptation
of Rio et al. (2020) method to identify background QTLs in
the context of hybrid populations.

@ Springer

Gso effects: an indicator of the heterotic group
complementarity and differentiation

In this work, we presented a new GWAS strategy for eval-
uating the variations of QTL effects according to allele
group origin. To our knowledge, there is no other already
available GWAS model allowing one to account for group
origin effects and dominance effects. Some software, such
as rrBLUP (Endelman 2011) account for additive kinship
and non-additive Gaussian kernels but only test additive
effects of the markers in GWAS. The software TASSEL
(Bradbury et al. 2007) tests additive and dominance
marker effects and any kinship matrices can be speci-
fied. It also proposes to use contrast tests for the marker
effects, but only relies on SNP genotypes. Other methods,
like the one implemented in R/qtl2 (Broman et al. 2019),
includes the possibility of estimating founder effects but
does not make it possible to model group origin effects
and dominance effects. These methods were not suitable
for our specific application case as they do not account for
the population origin of the alleles and admixed hybrid
panels.

We proposed to use the Gso model to identify several
effects: within background, additive or dominance effect of
the origin. A within background QTL indicates a particular
interaction between the SNP effects and the local genetic
background surrounding the marker due to: (i) a different
linkage disequilibrium (LD) between SNPs and QTLs across
groups, (ii) within group genetic mutations in QTL regions
and/or (iii) local epistatic interactions between QTLs and
other loci that have differentiated allele frequencies between
groups.

Previous articles reported within genetic background
QTLs (Charcosset et al. 1994; Rebai et al. 1997; Blanc et al.
2006; Giraud et al. 2014; Rio et al. 2020). We reported a
dominance QTL in the DF background (dp) for the grain
yield on chromosome 10 (20-70 Mbp) with a P value of
10e-8 that coincides with previous findings for genetic
background interaction (Blanc et al. 2006). Dominance
QTLs in the DF background with unbalanced frequencies
(Fig. S5) between the heterotic groups contribute to the
complementarity between the heterotic groups. We revealed
another important region for a within background additive
effect (ap, and app) on the chromosome 8. Previous
studies (Buckler et al. 2009; Rio et al. 2020) pointed out
that this region surrounding two major QTLs for flowering
time (vgtl and vgr2) shows unbalanced allelic frequencies
between heterotic groups, underlying the differentiation of
the heterotic groups.

Different patterns of within background QTLs appeared
between the traits (Table 3). Significant additive effects were
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found in all three genetic backgrounds (ap, app and apy)
for the flowering traits, but mainly in the DF background
for FloF. Grain moisture presented mostly QTLs in the FF
backgrounds (ayp and dpf). Grain yield showed dominance
QTLs only in the DF background (dj;). One explanation
to these differences in behavior may correspond to varia-
tions of expression of intra- or inter-group epistatic effects
(Gonzélez-Diéguez et al. 2021).

We highlighted only a few QTLs for the comparisons
between within background effects (z,, s,,, #; and s,), in particu-
lar between the additivity in the DF background and the DD
and FF backgrounds for the grain yield. These QTLs marked
the differentiation of effect between heterotic groups. The low
number of QTLs associated with these tests despite the number
of within background QTLs can be explained by the lack of
detection power in the Het2 panel. The test A, ;, comparing the
two double SNP and origin heterozygous genotypes (1DOF and
OD1F) was mostly found significant for the female flowering
time in Het2, but the majority of the QTLs identified were
unstable across panels and environments.

In addition to within background QTLs, we identified
numerous QTLs with an effect of the origin for all traits
except grain moisture (Table 3). The length of these QTL
intervals varied greatly, from a few centimorgans up to the
size of a chromosome (o, effect on chromosome 8 for the
male flowering time). The large size of these QTLs can be
explained by the limited resolution of the origin information
in Het2. For male flowering, the genetic structure in heter-
otic groups is not completely reshuffled in Het2 due to the
low number of recombination events on each chromosome
between Hetl and Het2. Some large chromosomic segments
shared the allelic origin information. Whenever a segment
is associated with the phenotypic variation, most markers
within the segment stood out as significant, leading to a large
number of positive results.

Major regions for the additive effect of the origin (o0,)
were identified for the male flowering time, in particular
on the chromosome 8 (with effect values up to 2.2 days) in
the vicinity of the known region for SNP effects (13-170
Mbp). Other regions were found on chromosomes 1, 2, 7
and 10. Grain yield displayed mostly dominance effect of the
origin (04) with a strong QTL on chromosome 4 (187-231
Mbp) of 11.4 qtx/ha. Origin dominance effects contribute to
the superiority of the inter-group hybrids, i.e., the comple-
mentarity between heterotic groups. Suppose a locus with
completely differentiated allelic frequencies between the
groups and a dominance effect. It cannot be tested through
the Gso dominance effects in Het2 due to filtering on the
genotypic classes (see above). But testing the origin effect
of another locus with balanced frequencies in the vicinity
is equivalent to testing the hidden SNP dominance effect
of the causal locus. An origin dominance effect, therefore,
indicates the proximity of highly differentiated QTLs with

dominant effects that are involved in the complementarity
between heterotic groups.

Compared to other traits, grain moisture did not reveal
any effect of the origin. As the Dent group is known for hav-
ing delayed silking and anthesis dates (Rebourg et al. 2003;
Dubreuil et al. 2006; Unterseer et al. 2016) and quicker des-
iccation (Hunter et al. 1979) compared to the Flint group,
we hypothesize that both phenomena compensate each other,
resulting in no group difference in allele effect for the grain
moisture measured at harvest and therefore no correlation
between the origin and the phenotype.

Conclusions

This study introduced a new GWAS method to describe the
genetic architecture underlying hybrid performance for agro-
nomic traits, the differentiation and the complementarity
between heterotic groups. We identified the main additive
QTLs for the flowering traits and emphasized the importance
of dominance in the hybrid performance, in particular for
grain yield. We showed that most of all dominance QTLs
exhibit overdominance, or more likely, pseudo-overdom-
inance QTLs. Such genomic regions justify maintaining
locally differentiated heterotic groups to fix the favorable
form in the hybrid population but are responsible for the
limitations of the transfer of these regions from one group
to another. Dominance QTLs, in addition to unbalanced
frequencies between heterotic groups, are one of the major
factors of heterotic group complementarity. Thanks to the
Gso model disentangling the effect of the allele from the
effect of the origin and the use of admixed lines between
the heterotic groups, we highlighted new QTLs, usually
hidden in the regular factorial hybrid panel such as Hetl.
We identified within background QTLs in the Dent, Flint
and Dent-Flint backgrounds for the additive and the domi-
nance effect. These QTLs are the result of the differentiation
between the heterotic groups. In addition, we found as well
several regions with an effect of the allelic origin itself in
Het2. In particular, the dominance effect of the origin can
detect the presence of closed dominance loci with unbal-
anced frequencies involved in the complementarity between
heterotic groups.
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