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Chapter 1: General introduction

Chapter 1: General introduction
Impact of Fusarium diseases on wheat and maize production

The global agricultural productivity is negatively affected by increasing temperature averages,
uncertainty in rainfall patterns, frequent drought events and higher pressure of abiotic and
biotic stressors (Raza and Bebber, 2022). Comprehensive research and development efforts are
required to produce enough quality food and feed for guaranteed food and nutritional security
to the growing populations. Wheat (Triticum aestivum L.) and maize (Zea mays L.) are two
major cereal crops cultivated worldwide based on production areas and grain production as
well as their utilizations globally. In developed countries, wheat is cultivated for consumption
and feeding, whereas maize is cultivated for feeding and ethanol production. Both crops are
largely cultivated for human consumption across developing countries, including sub-Saharan
African countries (Grote et al., 2021).

Despite their importance as staple food crops, wheat and maize production is hindered by
several factors, of which the most important is pest and diseases pressure, which is expected to
worsen with the changing climate (Miedaner and Juroszek, 2021a; Miedaner and Juroszek,
2021b). This increased plant disease pressure can counteract efforts to increase grain yield
(Raza and Bebber, 2022), resulting in high yield gaps across regions. In Northwestern (NW)
Europe, for example, considerable yield gaps have been reported for wheat and maize across
countries (Figure 1) (Schils et al., 2018).
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Figure 1: Importance of yield gaps for wheat (A) and maize (B) across Northwestern European
countries reported by Global Yield Gap Atlas (Schils et al., 2018)
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Chapter 1: General introduction

Among yield- and quality-impacting diseases, Fusarium head blight (FHB) and ear rots are the
most important diseases in wheat and maize, respectively. Fusarium head blight, also refered
to as “scab”, is caused by several toxigenic Fusarium species, of which Fusarium graminearum
(Schwein.) Petch. is the most important, but several others, like F. culmorum (Wm.G.Sm.)
Sacc. are often co-occuring across European countries (Bai and Shaner, 2004). The disease
severely affects wheat production by contaminating the kernels with mycotoxins and reducing
the yield (Figure 2).

Pictures by Miedaner T.

Gibberella ear rot (GER) or “red ear rot” and Fusarium ear rot (FER), also known as “pink ear
rot”, are the two most important maize ear rot diseases worldwide. Similar to FHB disease,
maize ear rots cause important yield loss, particularly with contamination of kernels with
mycotoxins (Figure 3). Recently, Dalla Lana et al. (2022) demonstrated that a GER severity of
about 62% in susceptible cultivars leads to more than 50% reduction in grain weight. Moreover,
high positive correlations were found between FER and GER diseases, indicating that
resistance to FER also implies resistance to GER, and vice-versa (Loffler et al., 2010a; Butrdn
etal., 2015).
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Figure 3: Gibberella ear rot symptoms on a maize

line under artificial inoculation in Germany

Fusarium ear rot is mainly caused by Fusarium
verticillioides (Sacc.) Nirenberg which is more
aggressive under warmer climatic conditions.
Gibberella ear rot on the other hand is caused by F.
graminearum species complex (FGSC), with F.

graminearum sensu strictu Schwabe (teleomorph

Gibberella zeae) representing the most predominant
(Figure 4) (Del Ponte et al., 2021). Despite its presence across all continents (Figure 4), F.
graminearum infection is considerably higher in cooler geographic regions, like Europe and
Canada. Other FGSC pathogens include F. meriodionale, F. cortaderiae , F. bothii, F.
asiaticum and F. acaciae-mearnsii which cause GER disease across South America, Africa
and Asia (Figure 4) (Beukes et al., 2018; Castafiares et al., 2019; Del Ponte et al., 2021;
Machado et al., 2022).
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Figure 4: Worldwide distribution of Fusarium graminearum species complex (FGSC) isolates
on cereal crops. Georeferenced data of the isolates were extracted from FGSC database (Del
Ponte et al., 2021)
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Fusarium species belong to the Ascomycota Phylum, Sordariomycetes Class and Nectriaceae
Family (Leslie and Summerell, 2008). Fusarium spp. are ubiquitous in the environment with
several plant-pathogenic strains (Arie, 2019). Generally, FHB and GER pathogens have a
hemibiotrophic lifestyle with a short biotrophic phase and a ramifying necrotrophic phase. The
latter, which is the most important phase, allows the fungi to inhabit crop residues (e.g. corn
stalks, wheat straw, and other host plants) which remain in or on the surface of the soil even
after harvest (Figure 5). The residues in or on the soil represent the primary inoculum for the
next cropping season. On the infected residues, when the conditions become favorable, the
fungi produce sexual spores which are dispersed to enable the species survival. Afterwards,
asexual spores are produced and spread to other plants through rain-splash and wind to
facilitate the infection. The sexual spores are called ascospores, while the asexual spores are
called macroconidia whose development is triggered by warm, humid, and wet conditions
(Figure 5) (Khan et al., 2020).
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In wheat, FHB infection occurs when the asexual and/or sexual spores land on extruded wheat
anthers during flowering time (Figure 5). Likewise, in maize, GER infection happens when the
spores penetrate the cob via silk channel or via wounds created by pests, agricultural tools or
machines and hails (Figure 5). FHB and GER infections generally exacerbate when the
environment is unfavorable (e.g. drought-prone environments) to the plant growth, making
these fungi opportunistic pathogens. The severity of FHB and GER diseases strongly depends
on the genetic resistance of the host plant and environmental factors such as precipitation,
humidity, temperature as well as their interactions which affects several Fusarium species
(Munkvold, 2003; Pfordt et al., 2020).

In both wheat and maize, FHB- and GER-causing pathogens produce various mycotoxins
including deoxynivalenol (DON), nivalenol (NIV) and zearalenone (ZON) which are
predominantly detected in the kernels (Logrieco et al., 2002; Schaafsma et al., 2008; Dalla
Lana et al., 2021; Righetti et al., 2021). These mycotoxins represent a major thread to public
health, considering their ability to render kernels toxic for human consumption and animal
feeding (Johns et al., 2022). To reduce health problems resulting from mycotoxins in food, the
European Union has set maximum safety limits of 1250 pg/kg and 1750 ug/kg DON in wheat
and maize, respectively, and 100 pg/kg and 350 ug/kg ZON in wheat and maize, respectively
(European Commission, 2017; Johns et al., 2022).

Current FHB and GER disease management strategies include agronomic/cultural practices,
biological control as well as chemical control using several fungicides (Wegulo et al., 2015).
The use of different plant species as cover crops was also suggested as a strategy to reduce
infections by Fusarium species such as F. verticillioides in maize (Ray et al., 2022). Agronomic
management options include the tillage to bury crop residues after harvest of plant host, crop
rotation incorporating non-host plants as well as water management through an appropriate
irrigation system during the anthesis (Dill-Macky and Jones, 2000; Wegulo et al., 2015). The
biological management strategy lies in the use of biocontrol agents which are bacterial and
fungal species exerting an antagonistic activity against the pathogens. Most popular bacterial
antagonists include Bacillus spp. (Zhao et al., 2014), Pseudomonas spp. (Schisler et al., 2006),
Lysobacter enzymogenes (Jochum et al., 2006), Streptomyces spp. (Palazzini et al., 2007),
while fungal antagonists are Cryptococcus spp., Trichoderma spp. (Matarese et al., 2012),
Clonostachys rosea (Xue et al., 2014) and Aureobasidium pullulans (Wachowska and
Gtlowacka, 2014). However, these management strategies do not provide a full control of FHB

and GER diseases. In addition, existing mycotoxins reducing technologies are considerably
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expensive and might not have a durable effect on wheat and maize production (Logrieco et al.,
2021). Therefore, the sustainable cereal production and reduction of mycotoxin contaminations
in kernels require additional strategies focusing on intensive efforts to improve plant host

resistance to FHB and ear rot diseases in wheat and maize, respectively.

Resistance to Fusarium head blight disease in wheat

Resistance to FHB disease in wheat was classified by Schroeder and Christensen (1963) into
two types, namely: resistance to initial infection referred to as type | resistance, and resistance
to spread of symptoms within the spike also referred to as type Il resistance. Three other types
were later reported including Type 111 (resistance to DON accumulation), Type IV (resistance
to kernel damage) and Type V (tolerance) (Mesterhazy et al., 1999). Despite tremendous
breeding efforts that have been deployed over the last decades, no significant progress has been
achieved in Europe. In Germany, based on 158 winter wheat varieties registered after year
2000, Miedaner et al. (2023) demonstrated an absence of breeding progress for FHB resistance
for the last 20 years. Breeding for FHB resistance in wheat is mainly challenged by the complex
nature of the trait which is quantitatively inherited, and its complex interactions with the
environment and morphological traits, like plant height and anther retention. Extensive
investigations have been conducted to demonstrate the existence of moderate to high negative
correlations between FHB resistance and plant height (Buerstmayr and Buerstmayr, 2016;
Buerstmayr et al., 2020; Ruan et al., 2020). As implication, semi-dwarf wheat genotypes
generally exhibit higher FHB severity. This represents a challenge for FHB resistance breeding
considering the high proportion of the semi-dwarfing allele Rht-D1b within high yielding

varieties as reported in Germany and Austria (Miedaner et al., 2023).

Meanwhile, in commercial wheat production, semi-dwarf genotypes are mainly preferred to
tall genotypes by farmers because of their lodging resistance, increased fertilizer use efficiency,
higher grain yield and land-use efficiency (Loddo and Gooding, 2012; Wang et al., 2021; Zhao
etal., 2022). This is mainly evidenced by a global increase in wheat yield after the introduction
of reduced height (Rht) genes such as Rht-B1 (formerly known as Rht-1) and Rht-D1 (Rht-2)
as drivers of the “Green Revolution” of 1960s and 1970s (Hedden, 2003). Considering this
opposed interaction between the traits, appropriate breeding strategies are required to improve

FHB resistance in commercial wheat cultivars with semi-dwarf alleles.
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Resistance to Gibberella ear rot disease in maize

Depending on the infection mode, two types of resistance have been reported including silk or
silk channel resistance (fungal spores enters the cob via the silk channel) and kernel resistance
(fungal spores penetrates the kernel via wounds on the cob) (Mesterhazy et al., 2012). The
existence of phenotypic correlations between the two types of resistance was reported by
Kebebe et al. (2015) and Chungu et al. (1996). European germplasm resources encompass large
genetic variation for GER resistance as shown on Figure 6. As the backbone of resistance
breeding, this high genetic variation represents an opportunity which indicates that there is
room for improvement of GER resistance as demonstrated by Gaikpa et al. (2021).

Figure 6: Variation of Gibberella
ear rot severity (0-100%) among
highly  resistant to  highly
susceptible  maize lines in

Germany

However, high vyielding maize
varieties with durable resistance to
GER disease are not available to
farmers to effectively tackle the

disease. The European flint

landraces have been identified as

an important source of resistance
genes to GER disease (Han et al., 2018; Gaikpa et al., 2021). Gaikpa et al. (2021) evaluated
500 doubled haploid (DH) lines from two flint landraces, namely “Kemater Landmais Gelb”
(KE) and “Petkuser Ferdinand Rot” (PE) across four locations in Germany, and identified lines
with moderate to strong resistance to GER disease. In NW Europe, the flint pool represents a
major class of maize which is established in production systems across different countries. The
transfert of GER resistance genes from these landraces into elite materials could contribute to
sustainably improving maize production. The successful introgression of GER resistance genes
into elite materials, from non-adapted maize populations, using bi-parental crosses combined
with doubled haploid technology, was recently demonstrated by Galiano-Carneiro et al. (2021)

for Brazilian landraces. However, this needs to be explored for the European flint landraces



Chapter 1: General introduction

since the success of gene introgression depends on the germplasm and the level of genetic

variation within the breeding program (Li et al., 2022).

Genomics-based breeding methods for Fusarium resistance

In wheat, more than 500 quantitative trait loci (QTL) have been reported and recently clustered
in 65 meta-QTL with unique and refined genomic regions by Venske et al. (2019). From these
QTL, Fhbl, Fhb2 and Fhb5 have been identified from Chinese germplasms as major genomic
loci conferring resistance to FHB disease in wheat. Miedaner et al. (2019) indicated that Fhbl
and Fhb5 were able to reduce FHB susceptibility by 6.5 and 11.3 percentage points,
respectively, suggesting their potential use in commercial wheat breeding programs.

Fhbl is extensively used through marker-assisted selection (MAS) in breeding programs
outside Europe (Anderson et al., 2001; Anderson et al., 2007; Zhu et al., 2019; Hao et al.,
2020). Although these major non-adaptive FHB resistance QTL have been widely used in
breeding programs, they only confer partial resistance and attempts for their introgression into
foreign germplasms have not been successful across all genetics backgrounds (Brar et al.,
2019). In addition, these foreign sources of resistance carry undesirable agronomic traits which
are also a major bottleneck to their introgression into susceptible cultivars (Li et al., 2016).
Therefore, there is a need to identify locally adapted resistance loci while taking into
consideration the complex interactions of FHB resistance with morphological traits as
described earlier in this chapter.

Recently, the existence of FHB-neutral Rht genes, such as Rht24 has been revealed by Herter
et al. (2018) from a European bi-parental population. In addition, Miedaner et al. (2022) have
analysed 420 European wheat cultivars and demonstrated that Rht24 does not affect FHB
resistance. However, given the complex relationships of FHB resistance with morphological
traits, it is worth exploring possible effects of Rht24 on these traits. Moreover, Buerstmayr and
Buerstmayr (2022) evaluated near-isogenic lines with contrasting backgrounds and
demonstrated that background resistance reduced the negative effect of Rht-1 gene on FHB
resistance. Therefore, understanding the potential applications of genomic background

resistance is necessary to ultimately reduce FHB disease in semi-dwarf wheat varieties.

Similarly, GER resistance is a complex polygenic trait which is quantitatively inherited with
both additive and dominance gene effects. About 131 QTL for GER resistance have been
reported, using low-density technologies such as single sequence repeats (SSR), restriction

fragment length polymorphisms (RFLP) and random amplified polymorphic DNA (RAPD),
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and high-throughput technologies, like single nucleotide polymorphisms (SNP) (Table 1).

However, in their current state, the incorporation of reported QTL by individual studies into

breeding programs may not be as effective as expected. A comprehensive analysis of all loci

is required to render them more useful and facilitate their integration into breeding strategies.

QTL were identified in diverse populations sourced from various geographic origins such as
Brazil, Argentina, Canada, USA, China and Europe. Furthermore, for both FHB and GER
resistances, given the high number of reported QTL and the polygenic nature of the traits, an

appropriate exploitation of these loci requires the application of advanced molecular breeding

strategies such as genomic selection as indicated by Miedaner et al. (2020) and Gaikpa and

Miedaner (2019).

Table 1: Genomic loci reported for resistance to Gibberella ear rot using diverse mapping

populations in maize

Source(s) of resistance  Origin Number Range of Reference

of QTL PVE
Brazilian tropical line Brazil 3 0.04-0.11 Galiano-Carneiro et al.
(T3) (2021)
LP4637 Argentina 4 0.03-0.13  Giomi et al. (2016)
UHO006, UH025 Europe 13 0.02-0.10 Han etal. (2016)
C0O441 Canada 10 0.02—0.09  Kebede et al. (2016)
C0441 Canada 10 0.02-0.06 Kebede et al. (2016)
JivV203, Dan598, ZW18, China 22 0.05-0.42 Wen et al. (2020)
Cheng351
IBMSyn10 USA 1 0.33 Yuan et al. (2020)
DH4866 China 11 0.01-0.10  Zhou et al. (2021)
Kemater Landmais Gelb  Europe 8 0.00-0.12  Gaikpa et al. (2021)
UHO007 x UH006 Europe 6 0.04-0.13 Martin et al. (2011)
D152 x UH007 Europe 3 0.05-0.06  Martin et al. (2012)
UHO009 x UH006 Europe 3 0.08-0.12  Martin et al. (2012)
UHO009 x UH007 Europe 8 0.02—0.07  Martin et al. (2012)
CG62 x CO387 Canada 11 0.07-0.33  Alietal. (2005)
CG62 x CO387 Canada 18 0.07-0.35 Alietal. (2005)

PVE = phenotypic variance explained, QTL = quantitative trait loci, USA = United States of

America
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Objectives

Overall objective

This work aims to improve resistance to Fusarium head blight (FHB) and Gibberella ear rot

(GER) diseases in wheat and maize, respectively, through the exploitation of an European

winter wheat diversity panel from Germany and flint maize landraces from Austria.

Specific objectives

Specifically, the work aims to:

a)

b)

d)

Elucidate the complex interaction between FHB resistance and morphological traits
such as plant height and anther retention and assess the effect of Rht24 on traits which
are highly correlated with FHB resistance;

Assess the contribution of genomic background resistance to reducing FHB severity in
semi-dwarf wheat genotypes possessing Rht-D1b, and discuss strategies for its
application in commercial breeding programs;

Conduct a comprehensive meta-analysis of reported quantitative trait loci (QTL) to
identify refined and stable QTL harboring candidate genes which confer resistance to
ear rot diseases and mycotoxin contaminations in maize;

Evaluate the efficiency of the introgression of GER resistance genes from two European
flint landraces such as “Kemater Gelb Landmais” (KE) and “Petkuser Ferdinand Rot”
(PE) landraces into two susceptible and adapted elite materials;

Evaluate the accuracy of the use of line performance as a predictor of hybrid
performance for GER resistance, thereby accelerating the development of GER-

resistant hybrid maize cultivars.

Research hypotheses

We hypothesized that:

a)

b)

FHB resistance is influenced by variations in morphological traits such as plant height
and anther retention, and Rht24 does not affect morphological traits correlated with
FHB resistance;

Semi-dwarf wheat genotypes possessing Rht-D1b allele with higher genomic
background resistance have lower FHB severity compared to other semi-dwarf
genotypes;

10
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c) Several refined and stable quantitative trait loci harbor promising candidate genes
controlling resistance to maize ear rot diseases and mycotoxin contaminations;

d) Bi-parental populations derived from KE and PE landraces have lower GER severity
than their corresponding elite lines;

e) Parental line performance is a good predictor of hybrid cultivars for Gibberella ear rot

resistance.

Outline of the dissertation

This dissertation is composed of six chapters as presented below:

Chapter 1: is a general introduction to the dissertation. This chapter presents the problem
statements, objectives and research hypotheses of the work.

Chapter 2: presents our first publication on “Separation of the effects of two reduced
height (Rht) genes and genomic background to select for less Fusarium head blight of short-
strawed winter wheat (Triticum aestivum L.) varieties”. It elucidates the complex
interactions between FHB resistance and morphological traits including plant height and
anther retention, and discusses the effect of Rht24 on traits correlated with FHB resistance.
The chapter also relates to the improvement of FHB resistance in short-strawed wheat
genotypes through the exploitation of genomic background resistance and FHB-neutral
genes such as Rht24.

Chapter 3: relates to our second publication entitled “Meta-analysis and co-expression
analysis revealed stable QTL and candidate genes conferring resistances to Fusarium and
Gibberella ear rots while reducing mycotoxin contamination in maize”. This chapter
depicts the molecular basis of maize ear rots resistances using meta-analysis method
coupled with co-expression analysis based on publicly available RNA-Seq data. Stable
QTL revealed by the meta-analysis were cross-validated by incorporating association
mapping studies, and thus depicting the genetic architecture of ear rots resistance.
Resistance- and susceptibility-promoting candidate genes were identified for use in ear rots
breeding programs.

Chapter 4: is our third publication on “Effectiveness of introgression of resistance loci for
Gibberella ear rot from two European flint landraces into adapted elite maize (Zea mays
L.)”. It focuses on the introgression of GER resistance genes from KE and PE landraces
into two elite flint materials. Three DH lines from KE and one DH line from PE, with

moderate to strong GER resistance were used as donors in bi-parental crosses with the two
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GER susceptible flint lines. Effectiveness of the introgression of the two landraces was
discussed as well as the genetic advance based on 5% selection intensity.

- Chapter 5: presents our fourth publication on “Variance components and correlations
between doubled haploid lines from two European flint landraces and their corresponding
testcrosses for Gibberella ear rot resistance, silking time, and plant height in maize”. This
chapter discusses the prediction accuracy of using 76 parental lines from KE and PE
landraces to predict performance of testcrosses. The genomic prediction accuracy using
parents as training set and testcrosses as validation set was also explored.

- Chapter 6: is a general discussion and conclusion of the dissertation. Key findings were
discussed in line with our objectives and hypotheses and subsequent implications for

improving FHB and GER resistances in breeding programs were highlighted.
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Abstract

Key message FHB resistance shared pleiotropic loci with plant height and anther retention. Genomic prediction
allows to select for genomic background reducing FHB susceptibility in the presence of the dwarfing allele Rht-D1b.
Abstract With the high interest for semi-dwarf cultivars in wheat, finding locally adapted resistance sources against Fusar-
ium head blight (FHB) and FHB-neutral reduced height (Rht) genes is of utmost relevance. In this study, 401 genotypes
of European origin without/with dwarfing alleles of Rht-D1 and/or Rht24 were analysed across five environments on FHB
severity and the morphological traits such as plant height (PH), anther retention (AR), number of spikelets per ear, ear
length and ear density. Data were analysed by combined correlation and path analyses, association mapping and coupling
single- and multi-trait genome-wide association studies (ST-GWAS and MT-GWAS, respectively) and genomic prediction
(GP). All FHB data were corrected for flowering date or heading stage. High genotypic correlation (r,=0.74) and direct
path effect (0.57) were detected between FHB severity and anther retention (AR). Moderate correlation (r,=— 0.55) was
found between FHB severity and plant height (PH) with a high indirect path via AR (— 0.31). Indirect selection for FHB
resistance should concentrate on AR and PH. ST-GWAS identified 25 quantitative trait loci (QTL) for FHB severity, PH
and AR, while MT-GWAS detected six QTL across chromosomes 2A, 4D, 5A, 6B and 7B conveying pleiotropic effects on
the traits. Rht-D1b was associated with high AR and FHB susceptibility. Our study identified a promising positively acting
pleiotropic QTL on chromosome 7B which can be utilized to improve FHB resistance while reducing PH and AR. Rht-D1b
genotypes having a high resistance genomic background exhibited lower FHB severity and AR. The use of GP for estimat-
ing the genomic background was more effective than selection of GWAS-detected markers. We demonstrated that GP has
a great potential and should be exploited by selecting for semi-dwarf winter wheat genotypes with higher FHB resistance
due to their genomic background.

Introduction (FHB) caused by numerous Fusarium species, with Fusar-
ium graminearum Schwabe and F. culmorum (W.G. Smith)

Wheat (Triticum aestivum L.) is one of the most cultivated  Sacc. being the most predominant in Central Europe. FHB
cereal crops worldwide and serves as a staple food for mil-  causes severe yield losses and contaminates the grains with
lions of people. However, the production of wheat is ham-  several mycotoxins including deoxynivalenol (DON) which
pered by several diseases, including Fusarium head blight  is one of the most frequently detected in wheat (Righetti
etal. 2021; Topi et al. 2021). DON makes the grain unsuit-
able for flour and malt and is also toxic for non-ruminant
animals (Windels 2000). Damages due to FHB in wheat are
04 Thomas Miedaner likely to increase with the rising temperatures and higher
miedaner @uni-hohenheim.de atmospheric carbon dioxide (CO,) caused by climate change
(Timmusk et al. 2020; Miedaner and Juroszek 2021; Hay
et al. 2022). Fungicides and DON-reducing technolo-
gies used as traditional measures to control FHB disease

Communicated by Hermann Buerstmayr.

State Plant Breeding Institute, University of Hohenheim,
Stuttgart, Germany

2 SGS INSTITUT FRESENIUS GmbH, TraitGenetics Section,

Am Schwabeplan 1b, 06466 Seeland OT Gatersleben increase production costs, with no significant positive
Germany return on grain yield (Wilson et al. 2018). Most effective
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and environmentally friendly strategies integrate appropriate
agronomic practices and enhanced host resistance.

Breeding for resistance against FHB in European winter
wheat faces several challenges related to the complex genetic
architecture of the trait (Jiang et al. 2015; Ruan et al. 2020)
and requires intensive breeding effort and accurate breed-
ing strategies (Buerstmayr et al. 2020). FHB resistance is
controlled by multiple medium- and small-effect quantita-
tive trait loci (QTL) which are vulnerable to the changing
environmental conditions due to QTL-environment interac-
tions (Miedaner and Juroszek 2021). To date, more than 500
QTL have been reported for FHB from different breeding
populations and were further clustered into 65 QTL with
unique physical positions through a recent meta-analysis by
Venske et al. (2019). Additionally, morphological traits such
as plant height and anther retention or extrusion were shown
to passively contribute to FHB resistance (Mesterhazy 1995;
Buerstmayr et al. 2020; Xu et al. 2020), and relationships
between FHB resistance and morphological traits have been
extensively reported using correlation coefficients (Buerst-
mayr and Buerstmayr 2015; Steiner et al. 2019b; Ruan et al.
2020; Xu et al. 2020). Although correlation analysis helps
measure the degree of association between two traits, it does
not explain causes and effects of the relationship (Dewey and
Lu 1959; Ozukum et al. 2019). In addition, the existence of
strong correlation between two traits might be due to the
presence of one or many other traits which strengthen the
complexity of the interactions. Understanding the complex
interactions between FHB resistance and morphological
traits requires the use of appropriate statistical approaches
like path analysis, also referred to as structural equation
modelling (SEM) or covariance structural equation model-
ling (CSEM).

Path analysis is a causal multivariate modelling approach
which complements simple correlation analysis by unravel-
ling the nature and magnitude of the observed relationships
among traits (Wright 1934). It exploits observed correlations
to estimate standardized direct and indirect effects contrary
to the standard multivariate modelling which ignores causal
relationships among variables and combines all effects
together (Valente et al. 2013). Path effects estimated using
correlations are unitless and interpreted as standardized
regression slopes, allowing for comparison of the relative
importance of different variables (Stage et al. 2010). There-
fore, a direct path effect of a particular morphological trait
on FHB resistance would indicate how much an increase
of one unit in the standard deviation of that trait directly
changes the standard deviation of FHB resistance. On the
contrary, an indirect path effect would indicate how much a
particular morphological trait changes the standard deviation
of FHB resistance depending on the presence of other mor-
phological traits. The selection for FHB resistance using the
indirect path of a trait requires the simultaneous integration
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of one or several other traits. Based on comparison between
the two types of effect, the breeder can decide which paths
and morphological traits are more important to be consid-
ered for improving FHB resistance using correlated traits
for higher genetic progress. Hence, a combined correlation
and path analysis has several advantages including setting
reliable criteria for multiple-trait selection, minimizing risks
of components compensation and guiding in planning of
experiments (Usman et al. 2017; Khan et al. 2022). Path
analysis was used by researchers to depict complex associa-
tions among yield and related traits in several crop species
including wheat (Baye et al. 2020; Hinson et al. 2022) and
maize (Toebe and Cargnelutti 2013).

Plant height in wheat is controlled by at least 150 QTL
scattered across the whole wheat genome (Mao et al. 2010),
and 25 Rht genes with more than 30 dwarfing alleles are
reported (Sanchez-Garcia and Bentley 2019). They became
very popular after their introduction during 1960s and 1970s
to initiate the “Green Revolution” in developing countries
(Hedden 2003) but also to breed short-strawed wheat in
industrial countries. Major Rht genes are Rht-B1 (syn. Rhtl),
Rht-D1 (syn. Rht2) and Rht24, located on chromosomes 4B,
4D and 6A, respectively (Wiirschum et al. 2017; Tian et al.
2022). The wild type is named “a” and the height-reducing
mutant “b”. Rht-DI1b and Rht24b were more frequently
found in Central European wheat germplasm than Rh¢-
BI1b. Rht genes have been widely used in commercial wheat
breeding to develop semi-dwarf varieties which are preferred
to tall genotypes because of their lodging resistance, higher
nitrogen fertilizer use efficiency, increased tillers, higher
harvest index and grain yield (Zhao et al. 2022).

Unfortunately, Rht-BI1b and Rht-DI1b were associated
with FHB susceptibility and lower anther extrusion (Lu et al.
2013; Hales et al. 2020). Miedaner et al. (2019) and Zhang
et al. (2021) suggested the use of major FHB-resistant QTL
through marker-assisted introgression to counterbalance the
negative FHB effect of semi-dwarf genotypes. Meanwhile,
it has also been demonstrated that major non-adapted FHB
resistance QTL (Fhbl, Fhb2, Fhb5) provide only a partial
resistance (Su et al. 2019), and their introgression was not
equally effective across different backgrounds (Brar et al.
2019) and requires considerable breeding efforts. Breeders
must also consider a larger number of medium- and small-
effect QTL in locally adapted cultivars for all traits analysed
here, so-called genomic background (Brar et al. 2019) in
order to aim for local, short-strawed wheat cultivars with
higher FHB resistance. The genomic background refers to all
locally adapted genes which are likely to influence the phe-
notype controlled by a particular gene of interest (Yoshiki
and Moriwaki 2006). In wheat, all genes of a genotype which
are capable of influencing the reduction effect of major Rht
genes on plant height can be considered as genomic back-
ground for the plant height in that genotype and similarly
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for FHB resistance and AR. Numerous medium- and small-
effect loci have been reported for FHB resistance and anther
retention, but their potential to counterbalance the negative
effect major Rht genes such as Rht-D1 and possible exploi-
tation in practical breeding have been poorly investigated.

Herter et al. (2018) evaluated segregating materials
derived from a biparental cross between two German winter
wheat cultivars, “Solitir x Bussard”, and demonstrated that
Rht24b was not associated with FHB resistance. This was
recently confirmed in a large European winter wheat germ-
plasm by Miedaner et al. (2022) who also found that Rht24b
did not affect FHB resistance. Therefore, strategies to
develop FHB-resistant varieties with semi-dwarfing alleles
should reconsider the choice of such Rht genes. This gives
the opportunity to develop marker arrays and strategies to
facilitate the exploitation of FHB-neutral RAt genes in breed-
ing programmes. However, given the complex interactions
among morphological traits and their passive contribution
to FHB resistance (Buerstmayr et al. 2020), a clear under-
standing of the effect of Rh#24b on morphological traits, like
anther retention or extrusion, is required. Furthermore, the
choice of Rht genes could also be driven by breeding objec-
tives and the extent to which FHB-neutral Rht genes reduces
the plant height compared with other genes.

In this study, we aimed to (i) describe the nature and
magnitude of the complex interactions between FHB resist-
ance and morphological traits, including plant height, anther
retention, number of spikelets per ear, ear length and ear
density using combined correlation and path analyses; (ii)
dissect the genetic architecture of FHB severity, plant height
and anther retention, thus uncovering the genetic basis of
the complex interactions among these traits through a joint
implementation of single- and multi-trait genome-wide
association study (GWAS), and genomic prediction (GP);
and (iii) separate for each trait, the effects of Rht genes and
genomic background (GB), evaluating the potential of GB
in selecting FHB-resistant genotypes with short Rht alleles
based on the single-trait GWAS and genetic estimated
breeding values (GEBV) from the GP. GB refers to all QTL
affecting the traits, except those associated with plant height
on chromosomes 4D and 6A corresponding to RhAt-D1I and
Rht24 genes, respectively.

Materials and methods
Plant materials and field experiments

The materials consisted of 401 winter wheat cultivars
from European origin (Table S1). These cultivars were
evaluated in Germany at three locations in 2020 and two in
2021, resulting in five environments (location X year com-
binations) in total. In 2020, the cultivars were evaluated
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in Hohenheim (HOH) near Stuttgart (9.12° E, 48.42° N;
400 m above sea level [a.s.1]), Oberer Lindenhof (OLI) near
Reutlingen (9.18° E, 48.28° N; 700 m a.s.l), and Wohlde
(WOH) near Bergen (9.98° E, 52.80° N; 80 m a.s.1). In 2021,
field experiments were conducted in HOH and OLI only.
At each location, the cultivars were randomized using an
incomplete lattice design with two replicates. Experimental
units were planted in double rows of 0.9 m length in WOH
and single rows of 1.2 m length in HOH and OLI. Experi-
ments were sown with a density of 40 kernels/row in WOH
and 60 kernels/row in HOH and OLI.

Artificial inoculations

Inoculum of the highly aggressive single-spore isolate FC46
(IPO 39-01) of F. culmorum (Snijders and Perkowski 1990)
was produced on autoclaved wheat kernels as described in
detail by Miedaner et al. (1995, 1996). Prior to inoculation,
the Fusarium suspension was diluted to a concentration of
2% 10° spores mL~!. Approximately 100 mL m~2 of the
diluted inoculum was applied using an adapted agricultural
sprayer (Hege 75, Waldenbuch, Germany). Inoculations
were repeated four to five times at intervals of two to three
days to inoculate each genotype at least once during mid-
anthesis. The first inoculations were done when early culti-
vars started flowering.

Phenotypic data collection

Eight traits were recorded: Fusarium head blight severity
(FHB severity, %), plant height (PH, cm), anther retention
(AR, %), ear length (EL, cm), number of spikelets per ear
(NS, spikelets ear™!), ear density (ED, spikelets cm™!), days
to flowering (DTF, days) and heading stage (HS). Days to
flowering, the number of days when 75% of heads showed
extruded anthers after May 1, was assessed in all environ-
ments except in WOH. Heading stage (1-9) was recorded
on one a single day (different dates in different environ-
ments) and is equal to BBCH stage 51-59 (Meier 2001).
Plant height was recorded for each plot after flowering. FHB
severity was rated as the percentage of infected spikelets
(0-100%) of each head, averaged across all plants of a plot.
The first rating started at the onset of symptom develop-
ment about 15-20 days after inoculation and was repeated in
intervals of three to five days until the first signs of ripening.
We rated each time the total number of infected spikelets per
plot. This rating approach at different stages in the develop-
ment of the plants under field conditions helped to evaluate
the combination of both type I (incidence) and type II (symp-
tom development) FHB resistance in one number (Nannuru
et al. 2022). Anther retention was assessed as percentage
of retained anthers per spike according to Atashi-Rang and
Lucken (1978). Five spikes per plot were harvested five to
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seven days after flowering and frozen in paper bags to do
the assessment in off-season. Retained anthers of two lateral
florets of eight central spikelets were counted on each of the
five spikes. In contrast to Atashi-Rang and Lucken (1978),
anthers located between the lemma and palea, and partially
extruded, were counted as retained. From the same spikes,
the number of spikelets per ear (NS,) was counted and ear
(spike) length (EL;, cm) was measured. Ear density ED; was
calculated as the number of spikelets per centimetre:

ED.— NS,
=L, )
AR, EL and ED were estimated plot-wise by averaging

values over the five spikes.

Genotyping and molecular analysis

DNA isolation and genotyping were done by SGS Institut
Fresenius, TraitGenetics Section (https://traitgenetics.com/
index.php/contact, Gatersleben, Germany) from seed sam-
ples of the 401 genotypes. Genotyping was done using an
[llumina 25 K Infinium single-nucleotide polymorphism
(SNP) array which produced a total of 24,145 SNP mark-
ers. About 58 and 14% of the markers overlapped, respec-
tively, with 90 K iSelect and 820 K Axiom® arrays, which
are publicly available at CerealsDB (http://www.cerealsdb.
uk.net/cerealgenomics/CerealsDB) (Wilkinson et al. 2020).
SNPs were filtered by removing markers with minor allele
frequency (MAF) <0.05 and call rate < 80%. This narrowed
down the marker data to 19,969 polymorphic and high-qual-
ity SNPs with a total of 0.7% of missing data. SNPs were
coded as — 1, 0 and 1 corresponding to AA, Aa and aa.
A represented the major allele, while a denoted the minor
allele. Heterozygous loci were replaced with missing val-
ues, and the data were imputed using the Wright’s equilib-
rium approach (Wright 1922). SNPs filtering, coding and
imputation were conducted using the raw.data function in
the snpReady R package (Granato et al. 2018). Start and
end physical positions (Table S6) of the markers sequences
were obtained by blasting against the International Wheat
Genome Sequencing Consortium (IWGSC) reference
sequence (IWGSC RefSeq) v.2.1 which is accessible at
the Research Unit in Genomics-Info (URGI) of the French
National Institute for Agriculture, Food and Environment
(INRAE) (https://wheat-urgi.versailles.inra.fr/Seq-Repos
itory/Assemblies) (Zhu et al. 2021).

Phenotypic data analysis
For each plot, arithmetic mean of repeated ratings of FHB

severity was calculated and included in the statistical analy-
sis as described by Mesterhazy (1995). Estimated individual
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value was validated when the corresponding coefficient of
variation of error was below 5%. Outliers were removed
from the data using the Bonferroni—-Holm method (Bernal-
Vasquez et al. 2016). Variance components, genetic coef-
ficient of variation, broad-sense heritability and best linear
unbiased estimations (BLUESs) were calculated for each of
the eight traits, based on a mixed linear model:

Vig =8+ €+ b+ rt+ gey+ e 2)
where y;;, is the phenotype of the ith genotype in the jth
environment within the kth block of the /th replicate; g; is the
effect of the ith genotype; e; is the effect of the jth environ-
ment; ge; is the effect of the interaction between the geno-
type and the jth environment; by is the effect of the kth
block; 7, is the effect of the /th replicate; and &, is the
residual error on the phenotype of the ith genotype in the
jth environment within the kth block of the /th replicate.
To adjust for the impact of repeated artificial
inoculations on early flowering genotypes (higher
inoculum dose after flowering), days to flowering was
added as a cofactor (fixed effect) to the mixed linear model
for calculating FHB severity. Because days to flowering
was not assessed in WOH, the model was further extended
by adding heading stage as a second cofac-tor in order to
correct FHB severity. This correction reduced the
correlation coefficient between FHB severity and days to
flowering from — 0.32 to — 0.16. Similarly, the correla-
tion between FHB severity and heading stage was reduced
from 0.29 to 0.11. The genotype was treated as fixed
effect, while block, replicate, environment and genotype-
environment interaction were included as random effects.
Variance components were firstly estimated for all
genotypes as one group. Secondly, genotypes were
grouped based on RhAt genes and variances components
were estimated to describe the extend of genetic variation
within each group for PH, FHB severity and AR. Prior to
genotypes grouping, a single-trait genome-wide association
study was conducted on each trait to identify significant
markers associated with PH on chromosomes 4D and 6A,
which correspond to Rht-D1 and Rht24 genes. Based on
the presence/absence of Rht-DIb and Rht24b, genotypes
were categorized into four Rht groups, namely NoRht,
Rht24b, Rht-DI1b and Rht24b + Rht-DI1b. NoRht was
composed of genotypes with tall alleles of both genes.
Rht24b included genotypes carrying RhAt24b only, while
Rht-D1b was constituted of genotypes with Rht-D1b only.
Similarly, Rht24b + Rht-DIb included genotypes pos-
sessing semi-dwarfing alleles of both genes. Dummy vari-
ables (0, 1) as described by Piepho etal. (2006) were
created to separate genotypes, and genotype-dummy
interaction was added to the model to estimate variance
components within each RAt group. For dummy = 1, the
interaction between genotype and dummy estimates
variance components within the respective group.
Significance of variance components
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was calculated using a likelihood ratio test (LRT) based on
factor-wise comparisons of a model with all factors and a
model without the respective factor (Stram and Lee 1994;
Morrell 1998). Environment-specific (heterogeneous) vari-
ances were fitted for replicate, block and residual effects.
Harmonic means of environment-specific residual variances
were calculated and reported. The mixed linear models were
fitted using the ASReml-R package v.4.1.0 (Gilmour et al.
2015). Only adjusted means (BLUESs) of the corrected FHB
severity and other traits across the five environments (loca-
tion X year combinations) were considered for further analy-
ses (Table S1).

Broad-sense heritability (H?) was estimated for each trait
following the procedure described by Piepho and Mo6hring
(2007):

2

2 _ G
H" = 5 SBLUE 3)
A
o, t 5
h 2 h : : =BLUE : h
whnere O'G 1S the genotyplc variance and VA 1S the mean

variance of the difference of two adjusted means (BLUEs).
The genetic coefficient of variation (CV ;) was calculated for
each trait as follows:

2
O
cvgy= Y2 “)

x

where aé is the genotypic variance and X is the mean of
BLUEs of the trait. Coefficient of variation of error (CV,)
was also calculated for each trait by replacing the genotypic

variance by the residual variance (o-f) in Eq. (4). All analyses
were performed in R software, v.4.1.3 (R Core Team 2021).

Correlation and path analysis

Genotypic correlations were calculated between pairs of
traits by fitting a bivariate mixed linear model as follows:

[ Yijki
/
Yiia

] =g+ ¢+ byt i+ gej+ €5y 5)
where y;;, is the phenotypic value of the first trait; y’;y, is
the phenotypic value of the second trait; g; is the effect of
the ith genotype; ¢; is the effect of the jth environment; ge;
is the effect of the interaction between the ith genotype
and the jth environment; by, is the effect of the kth block;
r; is the effect of the Ith replicate; and g, is the residual
error. Bivariate models were fitted with unstructured vari-
ance—covariance using the corh-option for the genotype,
environment and genotype by environment interaction and
diagonal variance—covariance for replicate and blocks.
In addition to genotypic correlations, Pearson’s product-
moment correlations analysis was performed based
BLUEs
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and the results plotted using the GGally package v.2.1.2.
Correlation coefficients were classified and interpreted as
described by Zou et al. (2003).

The genotypic correlations were used to perform path anal-
ysis between FHB severity, as response variable, and morpho-
logical traits such as PH, AR, EL and NS included as explana-
tory variables in agricolae R package v.1.3-5 (De Mendiburu
2016). The analysis was based on standardized partial regres-
sions which used observed genotypic correlations to estimate
direct and indirect path effects as illustrated diagrammatically
in detail in Fig. 1 (Wright 1918, 1934; Dewey and Lu 1959).
For simplicity, PH, AR, EL and NS were coded as 1, 2, 3, and
4, respectively. The path model was fitted as follows:

Y =X +e¢ (6)

where f is the standardized regression slope, representing
the direct effect estimators; Y is the vector of genotypic cor-
relations between FHB severity and morphological traits;
X is the genotypic correlation matrix among morphological
traits; and € is a vector of residual errors. To estimate the
direct effect of each exploratory variable on FHB severity,
we minimized the residual least squares and took its deriva-
tive with respect to /3, creating a system of normal equations
as described by Toebe and Cargnelutti (2013):

Pis
Pas
P3s
Pas

p=[xx]"'x'y =

1 = Plant height
2 = Anther retention
3 = Ear length

5 = FHB severity

X = Residual factors

pre= Residual effect

r;; = Genotypic correlations

pi; = Direct path effects

rijpi; = Indirect path effects

Fig. 1 Representation of the nature of the interactions among traits.
a=path diagram illustrating direct and indirect effects; b =simultane-
ous structured equations matrix showing relationships between cor-
relations and path coefficients. Double-arrowed lines indicate mutual
association as measured by genotypic correlations (r;), and single-
arrowed lines represent direct path effects (p;)
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where X’ and X~/ are the transpose and inverse of the cor-
relation matrix X, respectively; p;s, pss. P35 and p,s are the
direct path effects of PH, AR, EL and NS on FHB sever-
ity, respectively. Afterwards, the indirect path effects were
estimated using structured equations (Dewey and Lu 1959)
linking the correlation coefficients and the direct path effects
as follows:

Tis =Pis + z TikPks (®)
where r;5 is the genotypic correlation coefficient between the
ith trait and FHB severity; p;s is the direct path effect of the
ith trait on FHB severity; and Xr;p,; is the summation of
indirect path effects of the ith trait on FHB severity via all
other k traits. We obtained four structured and simultaneous
equations which defined a matrix of direct (diagonal ele-
ments) and indirect path (off-diagonal elements) effects of
morphological traits on FHB severity (Fig. 1b). Coefficient
of determination (R?) of the path model was estimated as:
R ©)
where rys, 1,5, 135 and r,5 are the genotypic correlations
between FHB severity and PH, AR, EL and NS, respectively.
The direct effect (p,.,) of the residual factors was calculated
as the part of the variation of FHB severity which was not
explained by PH, AR, EL and NS (Toebe and Cargnelutti
2013). That is,

Pres = VI_R2

= I'isD1s T TpsDas t+ T3sD3s5 + TysDas

10)

The residual factors referred to all other variables
which contribute to the variation of FHB severity and
were not included in the path model. Similar to the
standard multivariate modelling, the existence of high
multicollinearity among exploratory variables can lead
to significant biases in the estimates of path effects and
result in a wrong interpretation of existing causal rela-
tionships among the variables (Stage et al. 2010; Toebe
and Cargnelutti 2013). Therefore, we investigated the
multicollinearity among exploratory variables by calcu-
lating the variance inflation factor (VIF). In doing this,
a linear regression was fitted for each variable on other

variables, and the respective multiple R? (anuh) was used
to calculate VIF as:
VIF = 1
-1 _ w2 (11)
mult

Multicollinearity was considered as high, if VIF>5
(Olivoto et al. 2017).
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Population structure and genome-wide association
studies

Polymorphic and high-quality SNP markers obtained after
the filtering were used to investigate the population struc-
ture of the 401 genotypes, using the snpdgsPCA() function
available in SNPRelate R package v.1.26 (Zheng 2015).
Scatter plots illustrating the structure of the population
were built for the first two principal coordinates using the
ggplot2 package v.3.3.5 (Wickham et al. 2021).

To dissect the genetic architecture of FHB sever-
ity, PH and AR, single genome-wide association study
(ST-GWAS) analysis was performed based on all 19,969
SNP markers with MAF > 0.05 to identify significant
marker—traits associations (MTAs), using the Bayesian-
information and Linkage-disequilibrium Iteratively Nested
Keyway (BLINK) method available in the Genomic Asso-
ciation and Prediction Integrated Tool (GAPIT) R package
v.3.1.0 (Wang and Zhang 2021). BLINK is a multi-locus
GWAS method which was demonstrated to outperform
in both speed and statistical power other methods such
as the fixed and random model circulating probability
unification (FarmCPU) and mixed linear model (MLM)
(Huang et al. 2019; Wang and Zhang 2021). In contrary to
FarmCPU, BLINK works directly on the markers instead
of bins, thereby removing the assumption that causal loci
are evenly distributed across the genome. BLINK includes
two fixed effects models (FEM,; and FEM,) and one filter-
ing process, which are performed iteratively (Huang et al.
2019). The filtering process consists in sorting all markers
and selecting the first  most significant markers referred to
as pseudo-quantitative trait nucleotides (QTNs) (based on
indicated threshold) that are not in linkage disequilibrium
(Pearson’s correlation < 0.7) as covariates. Based on this,
the two FEMs can be written as follows:

FEM; @ y; = Syby + Spby + Spbs + .. + Syby + Syd; + ¢
12)

FEM2 . yi = Silbl + Si2b2 + SﬂbB + ... + Sikbk + Ei
13)

where y; is the BLUE across environments of the ith geno-
type; S;;, Si, -... Sy, are the genotype scores of k pseudo-
QTNs, initiated as an empty set; b;, b, ..., b, are the respec-
tive effects of the pseudo-QTNs; §;; is the genotype score
of the ith genotype and jth marker; d. is the corresponding
effect of the jth marker; and e¢; is the residual with e; ~ N(0,
65 ). In FEM,, S;d; represents a testing markers term where
all remaining markers are tested one at a time. In FEM,, all
t pseudo-QTNs selected after the filtering are re-examined
together using the Bayesian information content (BIC) as
an optimization criterion. Afterwards, k out of the ¢ pseudo-
QTN s with the best BIC values are selected and included in
FEM, as covariates to test the remaining markers.
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As BLINK method does not automatically make a clear
separation between major- and small-effect QTL (pseudo-
QTNs selected are retested together and some are also
removed in FEM,), we implemented two ST-GWAS analy-
ses (ST-GWAS, and ST-GWAS,) on each of the trait. In
ST-GWAS,, all markers were included in the analysis, while
in ST-GWAS, significant MTAs identified on chromosomes
4D (Rht-D1I) and 6A (Rht24) from ST-GWAS, were used as
covariate variable to increase the detection of small-effect
markers. In wheat, the use of Rht markers as covariate vari-
ables in BLINK was reported to increase the number of sig-
nificant markers (Merrick et al. 2022). Significant MTAs
were identified based an exploratory threshold of —1og10 (p
value) =6 and a Bonferroni-corrected threshold of — log10
(p value) =6.30. The corrected Bonferroni threshold (p
value) was determined as follows:

value = ——
p Me 14)
where a=0.01 is the type 1 error and Me is the number of
markers included in the analysis. The total proportion of
genetic variation (p;) explained by significant markers for
each trait was determined as follows (Utz et al. 2000):

2

Radj

T as)

PG =

where Ri i is the adjusted R? and H? is the broad-sense herit-

ability of the trait. The adjusted R’ was estimated by fitting
a multiple linear regression model as follows:

y = snp; + snp; + ... + snp; + € (16)

where y is the BLUEs and snp,, snp;, and snp, are the
SNP markers identified by ST-GWAS with threshold of
snp;>snp;> ... >snp; (Gaikpa et al. 2020). Individual p
values were calculated using the sum of squares (SS) from
the analysis of variance of the linear model (Wiirschum et al.
2015) as:

__ Sw x 100 (17)
Pe Sstotal X H?
where SS is the sum of squares of individual SNP and
SSiota 18 the total sum of squares of the model. The sum of

squares was estimated using the SS type II to avoid changes
in the estimates due to SNPs order in the model. Additive
effects were estimated by fitting individual SNP in the linear
model one at a time as described by Gaikpa et al. (2020).
Additionally, pleiotropic loci between FHB severity,
PH and AR were investigated by performing a multi-trait
GWAS (MT-GWAS) using the multi-trait mixed-model
(MTMM) method proposed by Korte et al. (2012). MT-
GWAS was implemented in ASRemL-R package v.4.1.0

20

between FHB severity and PH (FHB vs PH), FHB severity
and AR (FHB vs AR) and PH and AR (PH vs AR). For
each pair of traits, the MTMM was:

o

where y; and y, are the phenotypes of the first and second
traits, respectively; S; is a vector of 1 for all values belong-
ing to the ith trait; y; is a vector of fixed effects including
the mean of the ith trait; X is the vector of SNP markers; f
is the vector of common effects between the two traits; « is
the vector of interaction effects; and v is a random variable
capturing both the error and genetic random effects such as
the kinship matrix (K). To identify causal loci with common
effects (COM) as well as opposite/interaction effects (IE)
on each pair of traits, we performed three generalized least
squares (GLS) F tests (Korte et al. 2012). Firstly, the full
model was tested against a null model where =0 and a=0
in order to identify the combination of both COM and IE
loci. Secondly, COM loci were detected by testing the model
with a=0 against the null model. Thirdly, the model with
p=0 was tested against the full model to identify IE loci.
Significant effects were identified based on the same explor-
atory and Bonferroni-corrected threshold used in ST-GWAS.
This helped to further reduce potential false positives due to
inflation of p values from F tests as found by Merrick et al.
(2022). The genotypic correlation between traits pertaining
to each pleiotropic locus (ry,,) was estimated by fitting the
significant markers as fixed effects in the bivariate model
described in Eq. (5). Markers were fitted consecutively one
after the other starting from the highest p value to the lowest;
that is, threshold of snp;> snp;> ... > snp,. In that order, the
genetic correlation attributable to the jth SNP was the differ-
ence between the correlation of the model after fitting the ith
SNP and the one detected after the jth SNP. Furthermore, the
proportion of genetic correlation explained by each pleio-
tropic locus was calculated as:

V1

2
; = D S+ Xp+ X + S)a + v
2

i=1

(18)

r snpi

x 100

Pci = (19)

I’g
where p.; is the proportion of genotypic correlation
explained by the ith SNP and r, is the total genotypic cor-
relation obtained from Eq. (5).

For both ST-GWAS and MT-GWAS, the genomic rela-
tionship matrix was estimated using the kinship algorithm,
VanRaden (2008) in GAPIT v.3.1.0. The kinship matrix
(K) was fitted as covariate variable in each GWAS model.
Quantile—quantile (Q—Q) plots were used to evaluate the
power of the model in controlling false positives and nega-
tives. Q—Q plots having a straight line, close to 1:1 on
the diagonal, with a sharp upward deviated tail, indicate
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a good control of both false positives and negatives by
the model and confirm the existence of true MTAs (Kaler
et al. 2020). Q—Q and Manhattan plots were drawn using
the R package CMplot v.4.0.0 (Yin et al. 2021). Moreover,
linkage disequilibrium (LD) patterns were also investi-
gated by calculating R? values between pairs of significant
markers to identify chromosomal positions of unmapped
SNP markers. Markers were considered to be in LD when
R*>0.70.

Genomic prediction and marker-assisted selection

Genomic prediction analysis was performed using the mixed
linear ridge regression model in the rrBLUP package v.4.6.1
(Endelman 2011). The model (GP,) included all markers as
random effects and was fitted as follows:

Y=f+Zu+e¢ (20)

where Y is the vector of BLUEs; £ is a vector of fixed effect
such as the grand mean; Z is the design matrix; u~N(0, A
af) is the vector of random markers effects; A is a relation-
ship matrix and the residuals are normal with constant vari-
ance; and ¢ is a vector of residual errors. GP; model was
validated using the fivefold cross-validation approach where
the training and validation sets were constituted by splitting
the phenotypic and genotypic data into five sets, consisting
of 80-81 genotypes each (Gaire et al. 2022). Sampling was
repeated 50 times, and GP; model was run for each set to
determine the genomic prediction ability (ry,;) and accuracy
(ryem) for each of the traits. Genomic prediction ability
was the Pearson correlation coefficient between predicted
and observed phenotypes for each of the five validation sets
(Ould Estaghvirou et al. 2013). Moreover, the prediction
accuracy was determined for each validation set as described
by Ould Estaghvirou et al. (2013):

- _rMG
MG/H™
A /H2

where H? is the broad-sense heritability of the trait. rMG
and YMG/H values were averaged over the five validation
sets to obtain the prediction ability and accuracy of each GP,
model. Additionally, we evaluated the potential of marker-
assisted selection (MAS) using only significant markers
from ST-GWAS which explained at least 5% of the genetic
variation. MAS prediction was done based on the markers
effects deducted from the GP; model, and the prediction
accuracy was calculated.

ey
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Estimation of genomic background effect for PH,
FHB severity and AR and selection of resistant
genotypes with Rht-D1b

Based on the ST-GWAS, we evaluated the contribution of
GB to FHB severity, PH and AR using the additive effects
and estimates of total genetic variation (p; values) explained
by GB and RAt markers. p; values were estimated sepa-
rately for GB and Rht markers by fitting a linear regression
model and using the adjusted R as described in Eq. (15).
In addition, a second genomic prediction model (GP,) was
built and the prediction ability (ry,g) and accuracy (ryg)
were evaluated following the fivefold approach. Training
and validation sets were the same as described for GP,. In
GP,, significant MTAs for PH on chromosomes 4D and 6A
were used as covariates, and the prediction accuracy was
estimated for each trait based on small-effect markers only.
GP, was fitted as follows:

Y=Xp+Zu+¢ (22)

where Y is the vector of BLUESs; f is the vector of fixed
effects of the covariates; X and Z are the design matrices;
u~N(0, A ‘752) is the vector of random markers effects; A
is a relationship matrix and the residuals are normal with
constant variance; and ¢ is a vector of residual errors. Fur-
thermore, we selected the ten best genotypes with low FHB
severity and Rht-D1b allele based on the calculation of
genetic estimated breeding values (GEBV) using the effects
of random markers from the GP, model as:

Yy = Zyu (23)

where Y, and Z, are the vectors of GEBV and design matrix
of the genotypes, respectively. The correlation between
the GEBV-based approach and stacking of additive effects
(SAE) of GB markers from ST-GWAS was also determined
in order to check the relative effectiveness of GWAS for
exploiting genomic background. SAE was calculated only
for GB markers which explained at least 5% of genetic
variation.

Results

Considerable genetic variation was found for FHB
severity and morphological traits

Genetic coefficients of variation (CV ;) were low for DTF,
HS, EL, NS and ED and moderate to high for PH, FHB
severity and AR (Table 1). The higher CV observed for
AR was due to the considerable existing genetic variation
among the genotypes. The coefficient of variation due to
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Tab]e 1 Descriptive statistics, Trait  Unit Mean Range CV;(%) CV,(%) Variance components H?

variance components and broad-

sense heritability estimates for o2 7. o’

all traits
PH cm 9140 5242 10.80 3.31 97.40 5.89 9.13 097
FHB % 37.78 5829  29.53 11.81 12443 3558 1990 0.92
DTF  Days 43.58 7.60 3.49 1.56 2.31 0.31 046 091
HS BBCH stage 5341 12.64 4.93 2.26 6.94 1.41 1.46 094
AR % 5572 89.10  39.70 11.41 489.39  80.70 4043  0.95
EL cm 10.55 5.40 8.26 3.79 0.76 0.06 0.16  0.95
NS Spikelets ear™!  22.46 8.39 6.30 1.99 2.00 0.09 020 097
ED Spikelets cm™! 2.15 1.28 8.06 0.00 0.03 0.02 0.00 0.96

PH plant height, FHB Fusarium head blight severity, DTF days to flowering, HS heading stage, AR anther
retention, EL ear length, NS number of spikelets per ear, ED ear density, CV;, CV, genetic and error coef-
ficient of variation, respectively, 62, o and o2 refer to genotypic and genotype X environment interaction
and residual variances, respectively, H-=broad-sense heritability. All variance components were signifi-

cant at p < 0.001

error (CV,) was low for all traits (Table 1). Genetic vari-
ances ranged from 0.03 to 6.9 for DTF, HS, EL, NS and ED
and were higher (97.4-489.4) for PH, FHB and AR. The
genotype—environment interaction (GEI) was significant and
generally lower than the genetic variance. Depending on the
trait, GEI variance was 1.5-22.2-fold lower than the genetic
variance. Broad-sense heritability estimates were very high
(>0.9) for all traits.

Correlations and path coefficients depict
the contribution of morphological traits to FHB
severity

Density plots of BLUEs across environments showed
nearly normal distribution for all traits (Fig. 2). Linear
relationships with significant phenotypic correlations
were observed among traits. FHB severity was positively
and highly correlated with AR (r,=0.70) and nega-
tively and moderately correlated with PH (r,=— 0.62).
The outlying point in the scatter plot FHB severity/AR
belongs to the cleistogamic cultivar “Anapolis” that has
a very high AR (99.6%) and a low FHB severity (20.9%).

Fig.2 Pearson’s product-
moment correlation analysis PH FHB AR EL NS ED
among traits *, **, #¥¥gjg_ 008
: 0.04
ooz osr oare oz 0o |3
height, FHB =FHB severity, 0.0
AR =anther retention, EL =ear n
length, NS =number of Sp.ike— 0.70 *** 0. 24%%x -0.21%** 0.08 T
lets per ear, ED =ear density. us)
p Yy
-0.04 0.10*  -003 |Z
Py
*kk sxx| [T1
0.39 -0.71*++ M
037 &
. 32 '.‘o m
0 A D
70 80 90 100110120 20 40 60 25 50 75 100 8 10 12 200 225 250 20 24 28
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PH was negatively and moderately correlated with AR
(rp= — 0.53), while NS showed positive and low cor-
relation with EL (r,=0.39) and ED (r,=0.37). Highly
negative phenotypic correlations were detected between
EL and ED (r,=— 0.71) (Fig. 2). Phenotypic correla-
tions between FHB severity and EL and NS were sig-
nificant, but low. At the genetic level, the correlations
were negative and moderate between FHB severity and
PH (r,=—0.64), PH and AR (r,=— 0.55) and negatively
high between ED and EL (r,=— 0.70). Genotypic correla-
tions were positively high between FHB severity and AR
(rg= 0.74) and low between NS with EL (rp= 0.38) and
ED (r,=0.37) (Table 2).

The causal system formed by PH, AR, EL and NS
explained 67.04% of the variation of FHB severity
(Table 3). Path effect due to residual factors was 0.56.
The direct effect of AR (0.57) was 3.3-fold higher than
its indirect paths and similar to the residual effect. The
indirect effect of PH via AR (— 0.31) was slightly higher
than its direct effect (— 0.28), but both effects were lower
than the residual effect. Direct and indirect effects of EL
were considerably lower than the residual effect, while
effects of NS were not significant. Inflation due to mul-
ticollinearity among PH, AR, EL and NS was negligible
(VIF < 2), showing that estimates of direct and indirect
effects and coefficient of determination were accurate
(Table 3).

Several marker-trait associations (MTAs) were
detected by genome-wide association (GWA) studies

The first two principal coordinates (PCs) indicated that the 401
genotypes included in the study were not structured (Fig. S1).
Therefore, we corrected in the GWAS for relatedness among
genotypes using the kinship matrix and did not include PCs.
The ST-GWAS was performed to depict the genetic architec-
ture of FHB severity, PH and AR (Table S2). Considering
all traits, a total of 25 significant MTAs were identified, of
which seven were specific to ST-GWAS, seven to ST-GWAS,
and eleven common to both models (Fig. 3a, b). The use of
Rht markers as covariate variables in ST-GWAS, identified
additional small-effect MTAs for all traits. Particularly, the
number of small-effect MTAs increased from four to seven
for AR, while two new MTAs were identified for FHB sever-
ity. In total, eight, eleven and nine MTAs were identified for
PH, FHB severity and AR, respectively (Table S2). One MTA
was common to PH and FHB severity, one to PH and AR and
two to FHB severity and AR. MTAs explained 69.7, 60.7 and
44.2% of total genetic variation for PH, FHB severity and AR,
respectively. Markers rs20873 on chromosome 4D linked to
Rht-D1 and rs10110 on chromosome 6A linked to Rht24 were
major MTAs for PH (Fig. 3a, b), which explained 45.2 and
10.8% of genetic variation, respectively. In addition, 7s20873
conveyed the largest reduction effect of — 7.02 cm on PH. For
FHB severity, major MTAs were rs20873, rs5192 on chromo-
some 7B and rs3647 on chromosome 5A. Likewise, rs20873

Table 2 Genotypic correlation

. . Traits FHB severity PH AR EL NS ED

coefficients among traits,

excluding days to flowering and  EHB severity ~0.64 0.74 -0.30 —0.24 0.09
heading stages that both were PH 0.03 ~ 055 0.18 0.24 0.02
used as covariates (rg, above

diagonal), and corresponding AR 0.02 0.04 —-0.05 —-0.11 -0.03
standard errors (SE, below EL 0.05 0.05 0.05 0.38 -0.70
diagonal) NS 0.05 0.04 0.05 0.04 0.37

ED 0.05 0.05 0.05 0.02 0.04

PH plant height, FHB Fusarium head blight, AR anther retention, EL ear length, NS number of spikelets
per ear, ED ear density. All correlation coefficients were significant at p <0.001

Table 3 Direct and indirect path

. ; Traits r VIF Direct effects Indirect effects
effects of morphological traits &
on FHB severity PH AR EL NS
PH - 0.64 1.47 —0.28%* -0.31 —-0.04 -0.01
AR 0.74 1.40 0.57%#3%* 0.15 0.01 0.01
EL -0.30 1.19 —-0.21* -0.05 -0.03 -0.01
NS —-0.24 1.21 -0.03 -0.07 - 0.06 -0.08

Residual effect (f,,) =0.56

Coefficient of determination (R?)=0.67

PH plant height, AR anther retention, EL ear length, NS number of spikelets per ear, FHB Fusarium head
blight; r, genotypic correlation, VIF variance inflation factor

* Rk kEESionificant at p < 0.05, 0.01 and 0.001, respectively
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was the major MTA identified for AR, explaining 22.7% of
genetic variation. 7520873 increased FHB severity and AR by
about 6 and 12%, respectively. The false discovery rates were
very low (FDR < 0.05) for identified MTAs.

The MT-GWAS identified a total of six pleiotropic loci
distributed on chromosomes 2A, 4D, 5A, 6B and 7B. All
six were detected between FHB severity and PH (Table 4a),
four between FHB and AR (Table 4b) and three between
PH and AR (Table 4c). In comparison with the ST-GWAS
from BLINK, the marginal trait from the MT-GWAS iden-
tified three additional MTAs on chromosomes 4D, 6B and
5A for FHB severity, one on chromosome 5A for PH and
one on chromosome 4D for AR. However, the MT-GWAS
identified three MTAs for FHB severity, one for PH and
three for AR, which were also detected by ST-GWAS. Three
out of the six MTAs detected for FHB versus PH exhibited
positive contribution to the genotypic correlation and thus
exerted common effects on FHB severity and PH (Table 4a).
Inversely, the remaining three MTAs showed negative geno-
typic correlations, revealing their opposite effects on both
traits. Marker rs9660 on chromosome 4D was associated
with FHB severity only, but it exerted an opposite effect
on the two traits. Similarly, all common effects MTAs were
associated with FHB severity only. Common effect MTAs
explained 6.3-26.6% of the genotypic correlation between
FHB severity and PH, while 3.1-6.3% of the correlation was
attributable to interaction effects MTAs (Table 4a). For FHB
versus AR, all four MTAs identified by the full model had
common effects with 1.4—14.9% of the genotypic correla-
tion explained between FHB severity and AR (Table 4b).
Although marker rs5192 on chromosome 7B was specific
to FHB severity, it had a common effect on both traits. For
PH versus AR, two out of the three MTAs identified by the
full model had opposite effects with 5.5-56.4% of the geno-
typic correlation explained between the two traits (Table 4c).
Marker rs7788 that was specific to AR had a common effect
on both PH and AR with 10.9% of the genotypic correlation
explained.

In both ST-GWAS and MT-GWAS, the inspection of
Q-Q plots of the two GWAS revealed a good control of
false positives and negatives, demonstrating the existence
of true MTAs controlling the genetic architecture of each
trait as well as their interactions (Figs. S2—-S5). The linkage
disequilibrium analysis revealed strong linkage (R*=0.9)
between markers rs/9377 and rs13973 located on chromo-
some 5B for PH (Fig. S6). Very low R* values were observed
among all other MTAs.

Significant differences were observed
among groups of genotypes

NoRht, Rht24b, Rht-D1b and Rht24b + Rht-D1b repre-
sented, respectively, 23.7, 27.7, 14.9 and 33.7% of our

24

materials (Table 5). Furthermore, considerable genetic
variation was observed within each group for PH, FHB
severity and AR (Table 5). For PH, the genetic variance
was 2.5-6.1-fold higher in NoRht compared with other
groups. The lowest genetic variance was observed in Rht-
D1b for PH. However, in FHB severity, the genetic vari-
ance was 1.3—1.3-fold higher in Rht-D1b than in NoRht
and Rht24b. The genetic variance was also 1.5-1.6-fold
higher in Rht24b + Rht-D1b compared with NoRht and
Rht24b which had similar variation for FHB severity.
Genetic variance was high and similar among groups for
AR. Genotype—environment interactions were signifi-
cant and relatively low for the three traits in all groups.
Comparative analysis among the four groups revealed
statistically significant differences for all traits (Fig. 4).
Genotypes were on average shorter in Rht24b + Rht-D1b
and taller in NoRht. In Rht24b, genotypes were taller than
those in Rht-D1b and Rht24b + Rht-D1b. Contrary to PH,
FHB severity was on average lower in NoRht and RAt24b
than in Rht-D1b and Rht24b+ Rht-D1b. FHB severity
was statistically identical between NoRht and Rht24b,
and Rht-D1b and Rht24b 4+ Rht-D1b, respectively. Simi-
lar to FHB severity, the average AR was lower in NoRht
and Rht24b compared with Rht-D1b and Rht24b + Rht-
D1b, respectively. No significant difference was found for
AR between NoRht and Rht24b, as well as Rht-D1b and
Rht24b + Rht-D1b. The reduction effect of Rht alleles on
PH was moderately correlated with FHB severity and AR.
Highly negative reduction effect was associated with high
FHB severity and AR.

Genomic prediction (GP) exhibited high prediction
ability (rMG) and accuracy (rMG/H) for FHB severity,
PHand AR

Genomic prediction ability and accuracy averaged over
the five validation sets were greater than 0.7 depending on
the trait (Table S3). FHB severity and AR showed similar
and lower prediction accuracy than PH. Genotypes with
Rht-D1b and Rht24b alleles were distributed across all
the validation sets, showing a good representation of the
genetic variation in each set (Table S4). This guaranteed
the accurate estimation of both ryg and ryg/y. resulting
in low standard errors of the estimates across validation
sets (Table S3). In contrary, the prediction accuracy of
marker-assisted selection based on SNP markers with
P> 5% was moderate for all traits, with the lowest value
(0.4) observed in AR (Fig. 5). GP, including all available
markers increased the prediction accuracy by about 0.2,
0.3 and 0.2 for FHB severity, AR and PH, respectively.
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«Fig. 3 Manhattan plots highlighting significant marker—trait associa-
tions (MTAs) for single-trait genome-wide association studies (ST-
GWAS): a=ST-GWAS, including all markers and b=ST-GWAS,
without markers linked to plant height on chromosomes 4D (Rht-D1)
and 6A (Rht24). The blue dotted line corresponds to an exploratory
threshold of — Log 10(p) =6, while the red plain line represents the
Bonferroni-corrected threshold cut-off of alpha=0.01 (color figure
online)

Genomic background affects PH, FHB severity
and AR

The contribution of GB to the genetic variation was differ-
ent among the three traits (Fig. 6). The total proportion of
genetic variation explained by GB markers was higher for
FHB severity than PH and AR (Fig. 6a). Contrary to PH,
GB markers had higher contribution to the genetic varia-
tion of FHB severity and AR than RAt markers (Fig. 6a).
Ten, eight and six GB markers were found for FHB severity,
AR and PH, respectively (Fig. 6b). Non-Rht markers which
explained at least 5% of the genetic variation were rs5192,
rs3647 and rs13165 for FHB severity, rs3629 and rs8776
for AR and rs13233 for PH (Fig. 6b). Reduction effects
exerted by GB markers were relatively high for all traits
(Fig. 7a—c). The cumulative reduction effect (CRE) calcu-
lated from markers with p;>5% was — 5.7 cm, — 11.2% and
— 14.3% for PH (Fig. 7a), FHB severity (Fig. 7b) and AR
(Fig. 7¢), respectively. CRE was about twofold lower than
the additive effects of Rht markers for PH. Inversely, the
CRE exerted by GB markers on FHB severity and AR was
1.3—-1.9-fold higher than the increase effect of Rhr markers
(Fig. 7b, c). Results of the second genomic prediction (GP,)
implemented using Rht markers as covariates showed mod-
erate prediction accuracy for the three traits (Table S5). This
showed that the estimated contribution of GB was higher in
the three traits with GP, compared with GWAS. The high-
est accuracy was observed for AR, while the lowest value
was obtained in PH, confirming the trend revealed by the
GWAS. Standard errors were also low for GP,, indicating a
high consistency of the prediction accuracy among the five
validation sets.

Genotypes with low FHB severity in the presence
of Rht-D1b were selected using genomic
background

Depending on Rht groups, GEBV from GP was positively
correlated (r=0.64-0.77) with stacking of additive effects
(SAE) of GB markers with p;>5% (Fig. 8). However, sev-
eral genotypes with same SAE (i.e. — 14.42) exhibited dif-
ferent GEBV. The phenotypic performances of the ten best
genotypes selected based on GEBV from the genomic pre-
diction (GP,) in Rht-D1b and Rht24b + Rht-D1b groups are
summarized in Table 6. The negativity and size of the effects
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of GB markers as measured by GEBV describe the degree
of resistance GB for FHB severity. Thus, highly negative
GEBYV for FHB severity indicates higher resistance GB,
whereas positive GEBV indicates low GB or susceptibil-
ity GB. Genotypes with the lowest observed FHB severity
exhibited negatively high GEBV for FHB severity carry-
ing Rht-D1b allele only (e.g. Faktor and Anapolis), or the
combination Rht24b+ Rht-D1b alleles (e.g. Kranich and
Kamerad) (Table 6). More resistant genotypes within each
Rht group also showed negatively high GEBV with lower
observed AR, except Anapolis which had a highly positive
GEBYV for AR and the highest observed AR at all. Taller
genotypes had positive GEBV for PH.

Discussion

Through a combined correlation and path analysis, we pro-
vided a first insight into the nature and magnitude of the
complex interactions between FHB resistance and morpho-
logical traits including plant height and anther retention.
ST-GWAS, MT-GWAS and genomic prediction were imple-
mented to depict the genetic architecture of FHB severity,
anther retention and plant height and understand the effect
of alternative Rht genes on FHB resistance. Additionally,
multi-trait GWAS was conducted to identify positively and
negatively pleiotropic loci controlling complex interactions
among traits. The ST-GWAS and genomic prediction helped
to evaluate for the first time the contribution of genomic
background to each trait and its potential to improve FHB
resistance in wheat genotypes with semi-dwarfing allele
Rht-D1b.

Existence of high path effects set criteria
for effective indirect selection for FHB resistance

FHB severity exhibited high positive correlation with anther
retention and moderate negative correlation with plant height
at both phenotypic and genotypic levels. Similar observa-
tions were reported by Buerstmayr and Buerstmayr (2015);
Steiner et al. (2019b) and Ruan et al. (2020). Buerstmayr
and Buerstmayr (2015) reported that FHB severity was posi-
tively correlated with anther retention (0.63) and negatively
with plant height (— 0.39). Previous investigations on anther
extrusion, the opposite of anther retention, also highlighted
negative correlation of — 0.45 to — 0.64 (Lu et al. 2013) and
— 0.55 to — 0.74 (Xu et al. 2020). Recently, Nannuru et al.
(2022) also reported negative moderate correlations between
FHB severity with anther extrusion (— 0.48) and plant height
(= 0.43) in Nordic spring wheat. Our results confirmed that
anther retention was negatively correlated with plant height,
indicating the existence of shared genetic control between
the two traits in winter wheat in contrary to Nannuru et al.
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Table 4 SNP markers

_ , Marker Chr  Pos UA/FA FAF COM IE  FULL Y, Y, r, Pe (%)

associated with common P

(COM), interaction effects (IE) a. FHB severity (Y,) versus PH (Y,)

gll‘:nihlfeiﬁg‘gtrafg;} }E"I;I%leé)vgﬁty 1520873 4D 1919 G/T 049 200 29.08 2937 3021 1675 —0.17 2656

and anther retention (AR) from 9660 4D 19524 G/A 015 075 9.3 840 792 120 -004 625

MT-GWAS rs9869 6B  459.72 T/G 0.22 7.09 2.52 8.15 6.92 0.02 0.04 6.25
rs22296 S5A  681.46 T/C 0.40 1.45 6.47 6.61 7.45 701 -0.05 7.81
rs5192 7B 661.18 A/G 0.66 6.00 1.54 6.00 7.00 2.44 0.02 3.12
rs7788 2A  419.17 A/G 0.36 6.39 0.72 6.00 10.82 2.50 0.04 6.25
b. FHB severity (Y1) versus AR (Y,)
rs20873 4D 19.19 G/T 0.49 17.60 0.47 16.75 16.75 12.62 0.11 14.86
rs9660 4D 195.24 G/A 0.15 8.38 0.34 7.62 7.92 6.08 0.03  4.05
rs7788 2A  419.17 A/G 0.36 6.00 0.57 6.55 7.19 7.19 0.01 1.35
rs5192 7B 661.18 A/G 0.66 7.00 2.71 6.20 6.44 0.70 0.03  4.05
c. PH (Y;) versus AR (Y,)
rs20873 4D 19.19 G/T 0.49 2.65 3042 3131 3021 12.62 —0.31 56.36
rs22296 SA 68146 T/C 0.40 1.67 6.50 6.83 7.45 211 —-0.03 545
rs7788 2A  661.18 A/G 0.36 6.11 1.31 6.14 0.82 8.19 0.06 10.91

Chr chromosome, Pos physical position on the wheat reference genome RefSeq v.2.1, UA/FA unfavourable
allele /favourable allele, FAF favourable allele frequency, Y| =first trait, Y, =second trait, FHB =Fusarium

head blight, ry,,

=genotypic correlation between Y, and Y, pertaining to each marker, p.=proportion of

genotypic correlation explained by each marker. Values highlighted in bold are negative logarithm of p
value [— Log 10(p)] which were higher than the Bonferroni-corrected threshold cut-off of 6

Table 5 Genotype grouping

. Group Size PH (cm) FHB severity (%) AR (%)

using Rht markers and

within-group genotypic (c7) o2 o2 o2 o2 o o2

and genotype X environment

interaction (o-éE) variances NoRht 95 212.55 9.88 103.45 31.44 531.18 96.74
Rht24b 111 84.57 8.63 100.55 34.04 448.51 82.80
Rht-DI1b 60 34.65 2.64 131.26 35.69 449.92 80.42
Rht24+ Rht-D1b 135 71.96 2.58 160.05 39.66 51241 67.74

PH plant height, FHB Fusarium head blight, AR anther retention. All variances were significant at

p<0.001

(2022) who found a lower correlation (0.16) between plant
height and anther extrusion. The differences in the strength
of the correlations across studies are an evidence that inter-
actions among the traits are also affected by environment and
breeding material characterized by diverse genetic factors.
The causal system formed by morphological traits includ-
ing anther retention and plant height explained up to 67%
of the phenotypic variation of FHB severity in this study.
This confirms the importance of morphological traits in the
passive resistance mechanism against FHB disease in winter
wheat (Mesterhazy 1995; Buerstmayr et al. 2020; Xu et al.
2020). The effect due to residual factors was high (0.56)
and can be attributed to specific unshared local genetic fac-
tors which had considerable influence on FHB severity. The
existence of high direct path of 0.57 between FHB severity
and anther retention indicates that any increase by 1% in
the standard deviation of anther retention implies a direct
increase of 0.57% in the standard deviation of FHB severity
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independently from other traits. This finding exhibits anther
retention as a major indicator trait to be included in multiple-
trait breeding strategies to aim for FHB-resistant cultivar
development in wheat. Particularly, when the breeder’s inter-
est is not in other traits, an indirect selection using anther
retention is likely to yield FHB-resistant cultivars (Fer-
nandes et al. 2018; Moreno-Amores et al. 2020). However,
path effects between plant height and FHB severity were
lower than the residual and the direct effect of anther reten-
tion, indicating that plant height as a sole trait does not have
considerable contribution to the variation of FHB sever-
ity. It is worth noting that the indirect path effect of plant
height via anther retention was higher than its direct effect
on FHB severity, and this can be explained by the associa-
tion between plant height and anther retention and under-
lying genetic factors. A decrease of 1 cm in the standard
deviation of plant height in a cultivar would cause a direct
increase of 0.28% in the standard deviation of FHB severity
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and an indirect increase 0.31% via anther retention. This
demonstrates firstly that the moderate correlation detected
between plant height and FHB severity was mainly due to
anther retention, and secondly that plant height per se has

FHB Sleverity Plant II-Ieight

B er [ was

a high impact on FHB severity, even when the experiments
are inoculated from above like in this study. As implication,
plant height should therefore be considered simultaneously
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for the development of semi-dwarf FHB-resistant cultivars. ~ major Rht genes and novel pleiotropic loci for plant
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Frequency distributions (Fig. 2) already indicated that all
traits analysed here were quantitatively inherited, i.e. by

many loci of varying effects. Indeed, a total of eight loci
that control plant height were identified, with corresponding
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Table 6 Ten.best Sen,li'dwarf Genotype Rht group FHB severity (%) AR (%) PH (cm)
genotypes with the highest
resistance genomic background GB BLUE GB BLUE GB BLUE
(GB) and low FHB severity
Faktor Rht-D1b —15.48 20.30 —38.98 20.21 10.34 100.05
Anapolis Rht-D1b —-11.75 20.86 30.82  99.63 -5.75 79.30
Kranich Rht24b+ Rht-D1b -1279  23.12 —11.10  48.67 —-2.28 82.85
Kamerad Rht24b+ Rht-D1b —10.28 25.40 832 7287 —-5.26 80.70
Toras Rht24b+ Rht-D1b —10.01 27.66 —19.33  48.82 3.16 89.46
Esket Rht24b+ Rht-D1b -9.31 28.09 -9.35 55.69 2.68 87.22
Opal Rht24b+ Rht-D1b -9.22  28.09 -9.50  51.86 4.17 88.68
Pamier Rht24b+ Rht-D1b -9.55 29.34 -5.15 58.25 -2.63 81.77
Mikon Rht-D1b -9.20  29.69 —34.97 23.39 9.02 92.92
Profilus Rht24b+ Rht-D1b —-9.61 30.45 —-146  50.52 -2.07 81.15

AR anther retention, FHB Fusarium head blight, PH plant height

genomic regions on chromosomes 2A, 3A, 3B, 4D, 5B and
6A. Genomic regions of 4D and 6A were attributed to the
presence of Rht-D1b and Rht24b (Wiirschum et al. 2015,
2017; Herter et al. 2018; Khadka et al. 2021; Tian et al.
2022), respectively, explaining 45.31% and 10.81% of the
total genetic variation of plant height. This supports findings
of Wiirschum et al. (2017), Herter et al. (2018) and Tian
et al. (2017), who found that Rht24 was the second most
important Rht gene in Central European and worldwide com-
mercial wheat breeding programmes. Rht-D1 and Rht24 are,
respectively, gibberellin-insensitive (De Velde et al. 2021)
and gibberellin-sensitive (Tian et al. 2022) genes responsible
for reduced plant height in wheat. The other genomic regions
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were also enriched with several medium- and small-effect
QTL which contribute to plant height. Those small-effect
QTL represent the genomic background which explains
existing genetic variation of plant height within RhAt groups.

In addition to Rht-D1, a larger number of small-loci
controlling FHB severity were identified on other genomic
regions such as 2A, 2B, 4A, 5A, 6A, 6B and 7B, which were
considered as genomic background contributing the varia-
tion of FHB severity among semi-dwarf genotypes. Several
FHB resistance QTL were also reported on chromosomes
2A (He et al. 2016a; Gadaleta et al. 2019), 2B (Sari et al.
2018; Ollier et al. 2020), 4A (He et al. 2016a; Zhang et al.
2021; Nannuru et al. 2022), 5A (Steiner et al. 2019a; Ruan
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et al. 2020; Sari et al. 2020; Nannuru et al. 2022), 6A (Ruan
et al. 2020), 6B (Cuthbert et al. 2007; Ollier et al. 2020)
and 7B (Sari et al. 2018; Ollier et al. 2020). In addition,
FHB resistance QTL on chromosomes 5A and 7B explained
more than 7% of the genetic variation each and can be con-
sidered as important locally adapted QTL to improve FHB
resistance in European winter wheat. The QTL on chromo-
some 5A was linked to marker (AX-158558712) at position
521 Mbp (Table S6). This falls within the QTL region Qfhb.
nmbu.5A.1 (480-552 Mbp) which was reported through a
meta-QTL analysis by Venske et al. (2019) and recently
detected in the European wheat panel by Nannuru et al.
(2022). For anther retention, in addition to Rht-D1b, several
medium- and small-effect QTL were detected in genomic
regions including chromosomes 2A, 3A, 4A, 5A and 7A.
Previous studies also identified QTL for anther retention on
chromosomes 3A (Mugqaddasi et al. 2019), 4A (Buerstmayr
and Buerstmayr 2015) and 5A (Buerstmayr and Buerstmayr
2015; Steiner et al. 2019a; Sari et al. 2020; Xu et al. 2020).
These QTL, representing the genomic background, contrib-
ute to the adjustments of anther retention, particularly within
Rht genes groups.

In contrary to Rht24b, Rht-D1b exerted an opposite or
interaction effect on both plant height and FHB severity.
Rht-D1b explained more than 26% of the observed nega-
tive genotypic correlation between the two traits. The link-
age disequilibrium analysis revealed an absence of close
association between QTL identified for the different traits.
This exhibits Rht-DI as a major gene conveying a nega-
tively pleiotropic effect on FHB resistance. As indicated
by Raherison et al. (2020), alleles of negatively pleiotropic
loci exert favourable effects on one trait and unfavour-
able effects on the other trait depending on the breeding
objectives. In commercial wheat breeding, the reduction
effect of Rht-D1b on plant height represents a favourable
effect, while its increase effect on FHB severity or sus-
ceptibility is perceived as an unfavourable effect. Several
studies also found that Rht-D1b was highly associated
with FHB susceptibility (Srinivasachary et al. 2008; Mao
et al. 2010; Lu et al. 2013; Buerstmayr and Buerstmayr
2016; He et al. 2016b; Prat et al. 2017; Hales et al. 2020;
Zhang et al. 2020). Two other interaction effect loci were
also identified in other regions of chromosomes 4D and
5A between plant height and FHB severity. The second
causal locus on chromosome 4D with linked marker Bob-
White_rep_c48828_217 at position 195 Mbp was associ-
ated with FHB severity only, demonstrating the existence
of mediated negatively pleiotropic loci that contribute to
the negative correlation between FHB resistance and plant
height. Mediated pleiotropy as described by Hackinger and
Zeggini (2017) represents a situation where a causal locus
controls one trait, which in turn causes a second trait,
resulting in significant association between the two traits

@ Springer

31

as detected by correlation/covariance analysis. Moreover,
our results also revealed that the small-effect loci identi-
fied for FHB severity on chromosomes 2A and 7B by the
ST-GWAS and another locus on chromosome 6B conveyed
a common effect on both FHB resistance and plant height.
Although associated with FHB severity only, these QTL
exhibited positive contribution to the interactions between
the traits with about 16% of the genotypic correlation
explained. Ghimire et al. (2022) also reported five stable
and pleiotropic QTL associated with FHB resistance and
related traits such as DON accumulation and plant height
in red winter wheat. Similarly, Schulthess et al. (2017)
reported the existence of genomic regions inducing pleio-
tropic effects on grain yield and related traits in wheat.
Our study revealed the existence of positively pleiotropic
loci which changes (increase or decrease) FHB severity
and plant height in the same direction. These positively
pleiotropic QTL can be exploited in breeding programmes
to reduce FHB severity (i.e. improve FHB resistance) and
plant height simultaneously. Most importantly, the QTL on
chromosome 7B linked to marker AX-158601365 at posi-
tion 661 Mbp, explaining more than 7% of the genetic var-
iation of FHB severity and exerting a positively pleiotropic
effect on both FHB severity and anther retention represents
a novel promising QTL which could be integrated into
multiple-trait breeding strategy for higher FHB resistance
in European winter wheat. Breeder-friendly KASP mark-
ers can be developed to facilitate the integration of this
QTL into marker-assisted selection.

The high positive correlation and direct path effect
observed between FHB severity and anther retention were
controlled by the pleiotropic loci identified between FHB
severity and plant height, particularly RAz-D1 and the three
QTL distributed on chromosomes 4D, 2A and 7B. All pleio-
tropic loci exerted common effects on FHB resistance and
anther retention with about 24% of genotypic correlation
explained in total. This firstly supports the existence of
shared small-effect QTL between FHB resistance and anther
retention (Lu et al. 2013) and secondly demonstrates that
shared QTL may have positively pleiotropic effects on the
two traits. Moreover, this positive pleiotropy can be either
direct or mediated as the causal pleiotropic locus on chro-
mosome 7B was specific to FHB severity, while others were
associated with both traits. Existence of positive pleiotropy
between FHB severity and anther retention offers the oppor-
tunity of utilizing genomics-assisted breeding to improve
both FHB resistance and anther retention in winter wheat.
Considering that the identified pleiotropic loci were small-
effect QTL, except Rht-D1, the efficient exploitation of posi-
tive pleiotropy for improving FHB severity and anther reten-
tion could be achieved by implementing multi-trait genomic
prediction as reported by Gaire et al. (2022) for FHB-related
deoxynivalenol accumulation in wheat.
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Furthermore, the moderate negative correlation observed
between plant height and anther retention was controlled
by Rht-D1 and the two pleiotropic loci on 2A and SA. Rht-
DI and QTL on 5A exhibited negatively pleiotropic effects
on plant height and anther retention, while the QTL on 2A
exerted a mediated positively pleiotropic effect on the two
traits. Rht-D1 explained more than 56% of observed cor-
relation between these traits, indicating that Rht genes had
a major impact on anther retention and supporting that Rht-
D1b was associated with high anther retention as recently
reported by Buerstmayr and Buerstmayr (2022).

Rht24b has no effect on FHB severity and anther
retention

The combination of RhAt-D1b and Rht24b was more frequent
in our cultivars as previously reported within European
wheat germplasm (Wiirschum et al. 2017; Tian et al. 2019).
The similar FHB severity observed between Rht24b and gen-
otypes with tall alleles (NoRht) is an indication that Rht24b
did not affect FHB resistance (Herter et al. 2018; Miedaner
et al. 2022). Similarly, our results also revealed that Rht24b
did not significantly contribute to anther retention. Accord-
ingly, no marker was found that co-segregates with the other
morphological traits (Fig. 3). This offers the possibility of
developing semi-dwarf genotypes with improved FHB
resistance and low anther retention. However, the effect of
Rh124b allele (— 3.42 cm) on plant height was about twofold
lower than the effect of Rht-D1b (— 7.85 cm, Fig. 7a), show-
ing that Rht24b exerted a lower reduction effect on plant
height compared with other Rht genes (Tian et al. 2017;
Herter et al. 2018). In addition, the high genetic variation for
FHB severity observed among genotypes with Rht24b indi-
cates the random existence of FHB-susceptible genotypes
within this group. With this, alternative sources of resist-
ance including locally adapted loci could also be explored
to develop FHB-resistant genotypes within each Rht gene
group, depending on breeding objectives.

Genomic background has the potential to improve
FHB resistance in genotypes with Rht-D1b

Considerable genetic variation was observed for FHB sever-
ity and anther retention among genotypes with Rh#-D1b and
Rht24b + Rht-D1b alleles, demonstrating that there is room
for the development of FHB-resistant cultivars with the
Rht-D1b allele. This large genetic variation in semi-dwarf
genotypes can be attributed to the effects of genomic back-
ground distributed across several genomic regions. A key
implication is that the genomic background has the ability
to counterbalance the negative effect of Rht-D1b on FHB
resistance and anther retention as explained by Buerstmayr
and Buerstmayr (2022) who demonstrated by backcrosses
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with four near-isogenic lines (NILs) that the background
resistance of the lines reduced efficiently the effect of semi-
dwarfing alleles on FHB severity in spring wheat. Brar et al.
(2019) also found that the genomic background and epistatic
interactions had a significant impact on the expression of
FHB resistance in hard red spring wheat. The more negative
the genomic background effect, referring to higher resist-
ance genomic background, the lower the FHB severity and
anther retention. This offers a great opportunity to exploit
the genomic background for improving FHB resistance in
dwarf genotypes.

Effects of the genomic background on FHB severity and
anther retention can be efficiently evaluated by calculating
the genomic estimated breeding values (GEBV) of geno-
types based on the effects of all loci, except Rht genes in our
case (Bonnett et al. 2022). Several studies have suggested
the stacking of additive effects or favourable alleles of QTL
from genome-wide association study as an efficient approach
to improve FHB resistance and related traits (Miedaner et al.
2006; Sidhu et al. 2020; Ghimire et al. 2022; Nannuru et al.
2022). However, our results showed that despite the exist-
ence of moderate to high correlations (r>0.6) between
the GEBV-based and stacking of additive effects (SAE)
approaches, many genotypes with similar additive effects
from GWAS exhibited different GEBV and FHB severity.
This shows the limitations of SAE to accurately discrimi-
nate among genotypes based on their genomic background
contrary to the GEBV-based approach and hence confirms
the superiority and efficiency of the genomic prediction over
fixed effects selection methods as reported by several previ-
ous studies (Juliana et al. 2017, 2022; Sandhu et al. 2021).
In addition, the higher accuracy observed for the genomic
prediction compared with marker-assisted selection based
on the effects of QTL with pg>5% from the ST-GWAS
(Fig. 5) is another indication that genomic prediction would
help to better exploit genomic background than GWAS.
This poor performance of GWAS can be explained by the
quantitative nature of FHB resistance and anther reten-
tion (Liu et al. 2019; Ruan et al. 2020), and that genomic
background is constituted of several medium- and small-
effect QTL. However, the genome-wide association study
(GWAS) can identify only a small number of those minor
QTL, not regarding the remaining which are also part of the
genomic background and could have together a significant
contribution to the phenotype. Moreover, using the GEBV-
based approach, the best two genotypes with Rht-D1b had
a FHB severity of 20.3 and 20.8%, respectively (Table 6).
The best two genotypes without dwarfing alleles (Carimulti,
Helmond, Table S1) had a FHB severity of 12.4 and 12.8%,
respectively. Hence, Rht-D1b still has a penalty for FHB
resistance of about 40% of increase in disease severity
compared to genotypes without this semi-dwarfing allele.
This illustrates the necessity to use alternative Rht alleles
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including Rht24b, boosted by a short genomic background
or other FHB-neutral Rht dwarfing alleles.

Furthermore, the GEBV approach would select Anapolis
as one of the best genotypes which exhibited the highest
anther retention (99.6%). This is a typical cleistogamous
genotype which possesses a structural floral barrier for
pathogens, resulting in low FHB severity (Kubo et al. 2010;
Tang et al. 2020; Buerstmayr et al. 2021; Zajaczkowska et al.
2021). Similar observations were made in barley by Kawada
and Kubo (2008) who found that cleistogamous genotypes
had high FHB resistance and low mycotoxin accumulation.

Concluding remarks

A clear understanding of the complex interactions between
FHB severity and morphological traits and their genetic
architecture can significantly contribute to addressing the
needs for semi-dwarf wheat genotypes with high FHB
resistance. The existence of high direct and indirect path
effects between FHB severity and morphological traits
demonstrates that multiple indirect trait selection for FHB
severity has a great potential and should always integrate
anther retention and plant height as important secondary
traits. Positively direct and/or mediated pleiotropic loci con-
trolling complex interactions between traits could be inte-
grated into breeding programmes for an efficient multiple-
trait selection for higher FHB resistance in wheat. Genomic
background (GB) explained a high proportion of the genetic
variance of FHB severity and anther retention and has the
potential to increase FHB resistance in genotypes with Rht-
D1b. Depending on the breeding goals, the development
of FHB-resistant cultivars should consider Rht24b which
was not linked to FHB susceptibility and exploit the GB for
higher FHB resistance to counterbalance the negative effect
of Rht-D1b. Similarly, PH could be further reduced in the
Rht24 group by the exploitation of GB. Strategies to effi-
ciently exploit existing interactions among traits and the GB
in breeding programmes to develop FHB-resistant cultivars
with Rht-D1b should include the selection of: (i) taller geno-
types within the Rht-D1b group as long as they have a high
(negative) FHB-related resistance GB (e.g. Faktor, Mikon,
Table 6), (ii) genotypes having the lowest anther retention,
exploiting the high direct path and positively pleiotropic
loci between FHB severity and anther retention, and/or (iii)
genotypes with anther retention higher than 95% indirectly
taking advantage of the contribution of cleistogamy to pas-
sive FHB resistance (e.g. Anapolis). Such genotypes could
be most efficiently detected by using genomic estimated
breeding values for FHB severity.
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Table S2: SNP markers associated with plant height, FHB severity and anther retention from

single trait genome-wide association study (ST-GWAS) models

Model>  Marker Chr Pos(Mbp) UA/FA  FAF -LOG10(p) pc(%)  Additive effect FDR(p)

PH

1 rs20873 4D 19.19 GIT 0.49 68.79 45.21 -7.02 3.3E-65
1 rs10110 6A 398.61 AlG 0.61 14.26 10.81 -3.93 2.2E-06
1&2 rs13233 2A 628.21 T/C 0.94 9.51 5.54 5.72 1.6E-06
1&2 rs11421 3B 850.79 AlG 0.13 10.11 3.11 0.03 5.2E-07
1&2 rs23089 3A 63.46 A/lC 0.66 11.13 2.74 -2.02 7.5E-08
1&2 rs8777 5B 6.42 CIT 0.13 8.25 1.83 -1.99 8.6E-03
2 rs19377 5B 21.97 G/IA 0.31 8.13 0.40 1.52 3.2E-05
1&2 rs13973 5B 21.76 T/C 0.70 7.33 0.05 1.60 1.6E-04
Total 69.69

FHB severity

1 rs20873 4D 19.19 T/G 0.51 15.42 26.36 5.97 7.6E-12
1&2 rs3647 5A 521.42 G/IA 0.60 9.43 7.07 4.15 1.1E-03
1&2 rs5192 7B 661.18 AlG 0.66 6.83 7.03 5.27 2.2E-03
1&2 rs13165 2B 19.47 AlG 0.94 9.00 5.00 1.76 1.0E-05
1&2 rs7788 2A 419.17 AlG 0.36 8.62 3.83 -1.13 1.2E-05
1 rs11875 6A 2.73 T/IC 0.84 8.15 3.41 2.67 2.8E-04
2 rs4867 6B 695.72 AlG 0.58 7.85 2.42 3.52 7.1E-05
1 rs17561 2B 54.19 T/IC 0.93 10.44 1.84 2.01 1.1E-03
2 rs14988 2B 65.86 G/IA 0.11 7.47 1.66 -3.89 1.4E-04
1 rsg8786 4A 748.35 AlG 0.18 8.00 1.16 -1.41 2.2E-03
1 rs1410 4A 11.72 G/IA 0.51 8.75 1.02 -1.99 1.2E-05
Total 60.74

AR

1 rs20873 4D 19.19 T/G 0.51 8.17 20.96 12.00 3.9E-03
1&2 rs3629 4A 712.25 G/IA 0.16 8.76 8.47 -8.22 1.2E-05
2 rsg8776 3A 521.92 AlG 0.83 8.04 5.07 6.12 3.6E-05
1&2 rs7788 2A 419.17 AlG 0.36 10.43 3.21 -2.72 7.4E-07
2 rs7921 3A 700.86 AT 0.20 10.20 3.12 -7.86 3.1E-07
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Model? Marker Chr Pos(Mbp) UA/FA FAF -LOG10(p) pec (%) Additive effect  FDR(p)

1 rsl7724 7A 694.67 AIG 0.16 9.48 2.21 -8.75 3.3E-06
1&2 rs18356 A 207.68 G/A 0.54 8.40 0.71 1.02 2.0E-03
2 rs10472 5A 21.20 AIG 0.75 7.53 0.22 4.99 6.6E-04
2 rs19553 TA 654.74 CIT 0.42 7.32 0.20 0.71 1.6E-04
Total 4417

& 1 = ST-GWAS: model where all markers were included, 2 = ST-GWAS; without markers
linked to plant height on chromosomes 4D (Rht-D1) and 6A (Rht24); Chr = chromosome, Pos
= physical position from the wheat reference genome RefSeq v.2.1, UA/FA = unfavourable
allele /favourable allele, FAF = favourable allele frequency, -LOG10(p) = negative logarithm
of p-value, pc = proportion of genotypic variance explained, FDR (p) = false discovery rate p-
value, PH = plant height, and AR = anther retention. Only -LOG10(p) and FDR (p) of ST-
GWAS; were reported for significant markers which were common to both models

Table S3: Genomic prediction ability (rMG) and accuracy (rMG/H) for the five cross-
validation sets including all markers

Sets PH (cm) FHB severity (%) AR (%)
rMG rMG/H rMG rMG/H rMG rMG/H

1 0.78 0.79 0.66 0.69 0.63 0.65
2 0.76 0.77 0.67 0.70 0.76 0.78
3 0.87 0.88 0.77 0.80 0.71 0.73
4 0.74 0.75 0.67 0.70 0.69 0.71
5 0.71 0.72 0.73 0.76 0.70 0.72
Mean 0.77 0.78 0.70 0.73 0.70 0.72
SE 0.06 0.06 0.05 0.05 0.05 0.05

PH = plant height, FHB = Fusarium head blight, AR = anther retention, SE = standard error;
average prediction ability and accuracy are highlighted in red. Prediction ability and accuracy
were significant at p<0.001

Table S4: Distribution of Rht genotypes within cross-validation sets

Sets NoRht Rht-D1b Rht24b Rht-D1b+Rht24b Set size
1 30 11 21 18 80
2 20 11 20 29 80
3 16 17 16 31 80
4 11 10 30 29 80
5 18 11 24 28 81
Total 95 60 111 135 401
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Table S4: Genomic prediction ability (rMG) and accuracy (rMG/H) for the five cross-
validation sets based on genomic background only

Sets PH FHB severity AR

rMG rMG/H rMG rMG/H rMG rMG/H
1 0.48 0.48 0.51 0.53 0.52 0.54
2 0.45 0.45 0.54 0.56 0.68 0.70
3 0.42 0.42 0.61 0.64 0.64 0.66
4 0.52 0.53 0.43 0.45 0.55 0.57
5 0.58 0.59 0.56 0.58 0.57 0.59
Mean 0.49 0.49 0.53 0.55 0.59 0.61
SE 0.06 0.07 0.07 0.07 0.07 0.07

SE = standard error; average prediction ability and accuracy are highlighted in red. Prediction
ability and accuracy were significant at p<0.001

Table S6: Significant markers sequences and physical positions of candidate genes. Available
online at: https://static-content.springer.com/esm/art%3A10.1007%2Fs00122-022-04219-4/
MediaObjects/122 2022 4219 MOESM1 ESM.xlIsx

Supplementary Figures
0.2

Principal Coordinate 2 (3.10%)

010 -005 000 005  0.10

Principal Coordinate 1 (5.85%)
Fig. S1: Principal coordinate analysis of the 401 wheat genotypes included in the study
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Fig. S2: Quantile-Quantile (Q-Q) plots showing the existence of true marker-trait associations
(MTAs) from single trait genome-wide association studies (ST-GWAS): a = ST-GWAS;
including all markers and b =ST-GWAS; without markers linked to plant height on
chromosomes 4D (Rht-D1) and 6A (Rht24)
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Fig. S3: Manhattan and Q-Q plots highlighting significant marker-trait associations (MTAS)
for multi-trait genome-wide association studies (MT-GWAS): a = Manhattan plots of full
model (FULL), common effects (COM), interaction effects (IE) between FHB severity and
plant height; and b = Q-Q plots of full model (FULL), common effects (COM), interaction
effects (IE) between FHB severity and plant height. The blue dotted line corresponds to an
exploratory threshold of -LOG10(p) = 6 while the red plain line represents the Bonferroni
corrected threshold cut-off of alpha = 0.01
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Fig. S4: Manhattan and Q-Q plots highlighting significant marker-trait associations (MTAS)
for multi-trait genome-wide association studies (MT-GWAS). a = Manhattan plots of full
model (FULL), common effects (COM), interaction effects (IE) between FHB severity and
anther retention; and b = Q-Q plots of full model (FULL), common effects (COM), interaction
effects (IE) between FHB severity and anther retention. The blue dotted line corresponds to an
exploratory threshold of -LOG10(p) = 6 while the red plain line represents the Bonferroni-
corrected threshold cut-off of alpha = 0.01
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Fig. S5: Manhattan and Q-Q plots highlighting significant marker-trait associations (MTAS)
for multi-trait genome-wide association studies (MT-GWAS). a = Manhattan plots of full
model (FULL), common effects (COM), interaction effects (IE) between plant height and
anther retention; and b = Q-Q plots of full model (FULL), common effects (COM), interaction
effects (IE) between plant height and anther retention. The blue dotted line corresponds to an
exploratory threshold of -LOG10(p) = 6 while the red plain line represents the Bonferroni-
corrected threshold cut-off of alpha = 0.01
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Meta-analysis and co-
expression analysis revealed
stable QTL and candidate genes
conferring resistances to
Fusarium and Gibberella ear rots
while reducing mycotoxin
contamination in maize

Félicien Akohoue and Thomas Miedaner*

State Plant Breeding Institute, University of Hohenheim, Stuttgart, Germany

Fusarium (FER) and Gibberella ear rots (GER) are the two most devastating
diseases of maize (Zea mays L.) which reduce yield and affect grain quality
worldwide, especially by contamination with mycotoxins. Genetic
improvement of host resistance to effectively tackle FER and GER diseases
requires the identification of stable quantitative trait loci (QTL) to facilitate the
application of genomics-assisted breeding for improving selection efficiency in
breeding programs. We applied improved meta-analysis algorithms to re-
analyze 224 QTL identified in 15 studies based on dense genome-wide single
nucleotide polymorphisms (SNP) in order to identify meta-QTL (MQTL) and
colocalized genomic loci for fumonisin (FUM) and deoxynivalenol (DON)
accumulation, silk (SR) and kernel (KR) resistances of both FER and GER,
kernel dry-down rate (KDD) and husk coverage (HC). A high-resolution
genetic consensus map with 36,243 loci was constructed and enabled the
projection of 164 of the 224 collected QTL. Candidate genes (CG) mining was
performed within the most refined MQTL, and identified CG were cross-
validated using publicly available transcriptomic data of maize under
Fusarium graminearum infection. The meta-analysis revealed 40 MQTL, of
which 29 were associated each with 2-5 FER- and/or GER-related traits.
Twenty-eight of the 40 MQTL were common to both FER and GER
resistances and 19 MQTL were common to silk and kernel resistances.
Fourteen most refined MQTL on chromosomes 1, 2, 3, 4, 7 and 9 harbored a
total of 2,272 CG. Cross-validation identified 59 of these CG as responsive to
FER and/or GER diseases. MQTL ZmMQTL2.2, ZmMQTL9.2 and ZmMQTL9.4
harbored promising resistance genes, of which GRMZM2G011151 and
GRMZM2G093092 were specific to the resistant line for both diseases and
encoded “terpene synthase21 (tps21)" and “flavonoid O-methyltransferase?2
(fomt2)", respectively. Our findings revealed stable refined MQTL harboring
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promising candidate genes for use in breeding programs for improving FER and
GER resistances with reduced mycotoxin accumulation. These candidate
genes can be transferred into elite cultivars by integrating refined MQTL into
genomics-assisted backcross breeding strategies.

KEYWORDS

Candidate genes, FUM and DON contaminations, Fusarium and Gibberella ear rots,
genomic selection, QTL meta-analysis, type of resistance, Zea mays L.

Introduction

Maize (Zea mays L.) is the most important cereal crop in
terms of grain production volume worldwide, and is set to
become the first commercial crop in the coming decade
(Shiferaw et al., 2011; Erenstein et al., 2022). The increase in
production over the past quarter century was supported by more
than 46 and 50% increase in area expansion and grain yield,
respectively (Erenstein et al., 2022). Despite this remarkable
progress and intensive research and development efforts
deployed, maize production is still threatened by many biotic
stress factors which are expected to worsen with the changing
climate (Grote et al., 2021). About 38 pests and diseases were
recently reported to cause 19-41% grain losses in maize on the
global scale (Savary et al., 2019). Among these, Fusarium and
Gibberella ear rots represent major yield- and quality-impacting
maize diseases which occur across regions and countries (Eckard
etal., 2011; Beukes et al., 2018; Ma et al., 2019; Perincherry et al.,
2019; Machado et al., 2022).

Fusarium ear rot (FER) or “pink ear rot” is mainly caused by
the Fusarium fujikuroi species complex with F. verticillioides
(Sacc.) Nirenberg being the most harmful pathogen distributed
across all continents with higher aggressiveness in warmer
climatic regions (Boutigny et al, 2011; Tsehaye et al., 2017;
Ncube et al,, 2020). Meanwhile, Gibberella ear rot (GER), also
known as “red ear rot” or “red fusariosis”, is one of the most
important maize ear rots in cooler climate zones, which is
associated with the F. graminearum species complex with F.
graminearum sensu strictu Schwabe (teleomorph Gibberella
zeae) as the most dominant causal agent reported in North
America, Australia, China and Europe (Gromadzka et al., 2016;
Beukes et al., 2018; Castafares et al., 2019; Crippin et al., 2020;
Pfordt et al., 2020; Dalla Lana et al., 2021; Machado et al., 2022).
With the global changing climate and local weather variability
and cultivation systems, both FER and GER are also frequently
found on maize ears in the same locations with varying degrees
of severity (Scauflaire et al., 2011; Schjoth and Sundheim, 2013;
Shala-Mayrhofer et al., 2013; Pfordt et al., 2020; Czarnecka et al.,
2022). Depending on the Fusarium species, different types of
harmful mycotoxins are produced, of which fumonisins (FUM)
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and deoxynivalenol (DON) are the most predominant for FER
and GER, respectively. FER and GER significantly reduce maize
production and the accumulated mycotoxins can make the
grains toxic for human consumption and animal feeding
(Battilani and Logrieco, 2014; Logrieco et al., 2021).

Disease management practices such as tillage, crop rotation
and fungicide application have minor effects on FER and GER
severity and do not significantly increase the grain yield
(Andriolli et al., 2016; Scarpino et al., 2018; Pfordt et al,
2020). In addition, available mycotoxin reduction technologies
are labor- and cost-prohibitive, leading to a low adoption by
farmers (Logrieco et al.,, 2021). Effective management strategies
of FER and GER diseases and associated mycotoxins should
consider integrating not only improved and environmentally
friendly practices, but also improving plant resistance to
the pathogens.

Several studies have reported germplasms with different
levels of resistance to FER and GER worldwide (Reid et al.,
2001a; Reid et al., 2001b; Reid et al., 2003; Gaikpa et al., 2021;
Galiano-Carneiro et al., 2021). In Europe, Gaikpa et al. (2021)
evaluated two European flint landrace populations (“Kemater
Landmais Gelb” and “Petkuser Ferdinand Rot”) and identified
resistant lines which can be used for developing high-yielding
hybrid cultivars with improved resistance to GER. In Canada,
inbred lines with high resistance to FER and GER have been
reported by Reid et al. (2001a; 2001b; 2003). Similarly, potential
sources of resistance to FER were identified in China (Guo et al.,
2020) and tropical regions including southern, western and
central Africa (Tembo et al, 2022). The exploitation of
existing resistance sources in breeding programs requires a
clear understanding of the genetic architecture of FER- and
GER-related traits, and underlying molecular mechanisms. FER
and GER resistances are complex traits which were reported to
be quantitatively inherited and are thus controlled by numerous
quantitative trait loci (QTL) (Martin et al, 2012a; Butron
et al., 2015).

More than 300 QTL were reported for both FER and
GER resistances and related traits in different mapping
populations by applying both low-throughput technologies,
namely single sequence repeats (SSR), restriction fragment
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length polymorphisms (RFLP) and random amplified
polymorphic DNA (RAPD) (Ali et al., 2005; Robertson-Hoyt
et al., 2006; Li et al., 2011; Martin et al.,, 2011; Martin et al.,
2012b), and dense genome-wide high-throughput technologies
such as single nucleotide polymorphisms (SNP) (Giomi et al.,
2016; Han et al.,, 2016; Kebede et al., 2016; Han et al., 2018; Wen
et al., 2020; Yuan et al., 2020a; Gaikpa et al., 2021; Galiano-
Carneiro et al., 2021; Zhou et al,, 2021). This impressive amount
of QTL reported through diverse studies offers a possibility for
the application of genomics-assisted breeding strategies to
efficiently and accurately improve ear rot resistances in maize.
However, due to the complex nature of the traits, the application
of these loci in breeding programs remains challenging and
limited. Therefore, in order to make reported QTL more useful
and facilitate their successful incorporation into breeding
programs, a comprehensive and in-depth analysis of these loci
needs to be carried out using appropriate statistical approaches
like meta-analysis. QTL meta-analysis is an efficient approach
which was developed by Goffinet and Gerber (2000) and has
constantly improved during the past decade (Salvi and Tuberosa,
2015). The analysis allows the compilation of QTL observed in
independent studies which are projected onto a consensus map
in order to verify whether they represent a common genomic
region on the genetic map or whether they correspond to
different loci (Venske et al., 2019). This approach enables the
identification of more refined and stable “real” QTL, also
referred to as meta-QTL (MQTL), which are mostly involved
in the variation of the traits. Moreover, in resistance breeding,
the application of meta-analysis would help to identify refined
(i.e. smaller in length) genomic regions which confer multi-
disease resistances in crops. Furthermore, refined MQTL
facilitate the identification and validation of candidate genes
that are effectively involved into the variation of the traits. QTL
meta-analysis has been successfully implemented to depict
genetic architecture of different traits including Fusarium head
blight (FHB) resistance and abiotic stress traits in wheat
(Triticum aestivum L.) (Venske et al., 2019; Soriano et al,
2021), maize streak disease and low temperature tolerance in
maize (Emeraghi et al., 2021; Yu et al, 2022) and nitrogen use
efficiency in rice (Oryza sativa L.) (Sandhu et al., 2021).

To date, three QTL meta-analyses based on SSR and RFLP
markers have been conducted on ear rot diseases in maize
(Xiang et al.,, 2010; Xiang et al, 2012; Mideros et al., 2014).
These authors included only one GER-related study by Ali et al.
(2005), while the others were on FER- and Aspergillus flavus-
caused ear rots. Moreover, SSR, RFLP and RAPD are low-
throughput and complicated marker technologies which are
unable to precisely identify the number and locations of genes
controlling the traits, thereby leading to large QTL intervals (Yu
et al,, 2011; Venske et al., 2019). In addition, the identified
MQTL lacked precision on flanking markers and genomic
positions to enable identification of promising candidate genes
to be targeted in breeding programs. With this, these studies can
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be considered as preliminary and more informational QTL
meta-analyses on ear rot diseases.

In the subsequent years after these studies, there has been a
revolution concerning genotyping technologies which led to the
development of high throughput technologies for SNP including
maizeSNP50 and Affymetrix microarray CGMB56K (Ganal
et al.,, 2011), maizeSNP3072 (Tian et al., 2015) and GenoBaits
maizelOK (Guo et al,, 2019) SNP arrays, as well as genotype-by-
sequencing (GBS) technology (He et al., 2014) which can assess
thousands of SNP at once. This has enabled the implementation
of various QTL mapping studies, resulting in the accumulation
of relevant information on QTL for FER and GER resistances
and related traits, which should be jointly re-analyzed and
updated to inform maize breeding strategies.

This study aims to (i) re-analyze and refine quantitative trait
loci (QTL) reported by independent SNP-based QTL mapping
studies for FER and GER silk resistance, kernel resistance,
fumonisins and deoxynivalenol accumulation, kernel dry-
down rate and husk coverage by applying a meta-analysis
approach for identifying refined MQTL with precise genomic
positions, thus revealing colocalization of genomic regions
among the traits; (ii) identify candidate genes and (iii) describe
the molecular mechanisms underlying resistance/susceptibility
to FER and GER by analyzing the transcriptomic profiles of two
contrasting maize lines (resistant vs. susceptible). To effectively
identify most refined and stable MQTL, only SNP-based QTL
mapping studies were included in the meta-analysis.

Materials and methods
Search strategy

To address our research questions, a paper-wise search was
performed following the procedure described by Venske et al.
(2019) and the updated guideline for systematic reviews and
meta-analysis by Page et al. (2021). Searches were implemented
in SCOPUS web-based, Web of Science (WoS) and Google
Scholar (GoS) databases. To optimize search output, we used a
combination of search terms and Boolean operators as follows:
“ear rot” AND QTL AND (maize OR corn). Searches were done
within the title, abstract and authors” keywords in SCOPUS and
WoS, and within the title in GoS. Afterwards, the search results
were firstly exported as Research Information System (RIS) and
Comma-Separated Values (CSV) formats and merged to remove
duplicates. Secondly, all unique publications were considered for
a first screening based on the publication language, type, subject
area, focus of the study, content, marker type and data
availability (Table 1). Thirdly, publications that satisfied the
inclusion criteria were further screened to collect relevant
information about the reported QTL. For each QTL, key
information was collected on: (i) traits; (ii) sources of
resistance; (iii) type and size of the mapping populations; (iv)
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logarithm of odds (LOD) score; (v) proportion of phenotypic
variance explained by the QTL as measured by R% (vi) most
closely flanking or single markers for interval mapping and
single marker analysis, respectively; (vii) peak position and 95%
confidence interval (CI) of the QTL (Supplementary File 1).
LOD score was considered equal to 3 for single marker analysis
where the exact LOD value was not reported. For studies which
reported the genotypic variance explained (pg) by QTL, we
estimated the corresponding phenotypic variance (PVE) as
follows:

PVE =p; xH 1)

where H? is the heritability reported for the trait by the respective
study. QTL with PVE<10%, 10%<PVE<20% and PVE>20% was
considered as having minor, medium and major-effect on the trait,
respectively. From the QTL mapping studies, six FER- and GER-
related traits were collected and included in our meta-analysis:
fumonisin accumulation (FUM), deoxynivalenol accumulation
(DON), husk coverage (HC), kernel dry-down rate (KDD),
kernel resistance (KR) and silk resistance (SR). FUM and DON
were specific to FER and GER, respectively.

Consensus map construction

To project all the QTL collected from the diverse studies, a
consensus map was constructed based on a linear programming
algorithm in the LPmerge R package (Endelman and Plomion,
2014) which efficiently minimizes the error between markers’
positions on the consensus map and the individual linkage maps.
Based on the sequencing technology used in the original studies,
a total of eight high-quality genetic maps which harbored a large
number of SNP markers were selected and included in the
analysis. For chip-based SNP markers, high-resolution
consensus maps were obtained from Ganal et al. (2011); Liu
et al. (2015) and Wen et al. (2020) for Illumina maizeSNP50,
IBM Synl10 and GenoBaits maizel0K SNP arrays, respectively.
For GBS technology, we included the genetic map from Kebede
etal. (2016). In addition, four linkage maps used by Giomi et al.

TABLE 1 Inclusion and exclusion criteria.

Criteria

10.3389/fpls.2022.1050891

(2016); Chen et al. (2016); Maschietto et al. (2017) and Zhou
etal. (2021) were also included in the analysis. In the procedure,
markers were assigned to bins based on their co-segregation, and
the maximum interval between bins was set to k = 1-3. Thus,
one consensus map was produced for each k value. The best k
and corresponding consensus map were selected based on the
root-mean-squared error (RMSE) between the consensus map
and the linkage maps. The lower the RMSE, the higher the
resolution of the respective consensus map. Spearman rank
correlation analysis was performed to evaluate the degree of
preservation of marker order between the consensus map and
the individual genetic maps as well as the collinearity between
the consensus map and the physical map B73 RefGen_v2. The
proportion of markers which were arranged in the same order
with those on the corresponding chromosomes on the physical
map was also estimated. All analyses were conducted using R
software v4.1.0 (R Core Team, 2021).

Meta-analysis of quantitative trait loci

QTL were projected onto the consensus map previously
developed to identify MQTL on each linkage group. All
projected QTL had their flanking markers information on at
least one of the individual maps used to generate the consensus
map. Prior to the projection, the confidence interval (CI) at 95%
was estimated for each QTL using the following empirical
formula described for each mapping population by Darvasi
and Soller (1997) and Guo et al. (2006):

530
F,:CI = 2
2:C Nx R )
287
Double haploid (DH):CI = ——

ouble haploid (DH) : C N< R (3)

. . . 163
Recombinant inbred lines (RIL) : CI = 3 (4)

NxR

where N is the number of lines and R* is the phenotypic variance
explained by the QTL.

Inclusion

Publication language English and/or French
Document type
Subject Agricultural and Biological Sciences

Focus Fusarium ear rot (FER) in maize

Gibberella ear rot (GER) in maize
Search string
Content
Marker technology Single nucleotide polymorphisms (SNP)

Data

Frontiers in Plant Science

“ear rot” AND QTL AND (maize OR corn)

04

50

Original research articles, books or book chapters

Mapping of quantitative trait loci (QTL) conferring resistance to Fusarium ear rot (FER) and Gibberella ear rot (GER) in maize.

Availability of sufficient information to enable proper meta-analysis of QTL associated with FER and/or GER

frontiersin.org


https://doi.org/10.3389/fpls.2022.1050891
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Akohoue and Miedaner

Afterwards, the calculated confidence intervals, original LOD
score, R, QTL most likely position (middle point), as well as start
and end positions (Supplementary File 1), were projected onto the
consensus map using the Veyrieras two-step clustering procedure
based on a Gaussian mixture model which parameter estimates
were obtained by applying the expectation-maximization (EM)
algorithm in BioMercator V4.2.3 software (Arcade et al., 2004;
Veyrieras et al,, 2007; Sosnowski et al,, 2012). Considering the
known correlations among the traits, the QTL were analyzed
together as one trait referred to as DT (Chungu et al.,, 1996;
Loffler et al., 2010a; Kebebe et al., 2015; Kebede et al., 2016). In
the first step (1/2), the projected QTL were clustered on each
chromosome or linkage group assuming varying numbers of
MQTL or “real QTL” (k). The maximum number of MQTL
(kmax) was the total number of QTL on the linkage group minus
one QTL. For example, on a linkage group with 20 QTL, kmax was
set to 19. The number of random starting points and convergence
threshold for the EM algorithm were set to 50 and le®, respectively.
MQTL model with the best k was the one showing the lowest value
and the highest weight for at least three of the following parameters:
Akaike Information Criterion (AIC), corrected Akaike Information
Criterion (AICc and AIC;), Bayesian Information Criterion (BIC)
and Average Weight of Evidence (AWE). In the second step (2/2),
the k MQTL were displayed according to the chosen model
(Veyrieras et al., 2007). Each MQTL was represented by at least
two original QTL with overlapping confidence intervals, and shared
no QTL with other MQTL on the same chromosome (Yu et al.,
2022). With this, original QTL which overlapped with two or more
MQTL were discarded from the analysis. The position of the MQTL
was determined based on the mean of the original QTL distribution
maximizing the likelihood. The phenotypic variance explained by
each MQTL was calculated as the mean R* of the original respective
QTL (Yu et al, 2022). Furthermore, the meta-analysis was
compared with marker-trait associations (MTA) studies by
identifying the number of MTA reported for each trait, which
were located within identified MQTL.

Candidate genes mining and
expression analysis

From the meta-analysis, we selected the most refined MQTL
which were considered for candidate genes (CG) mining and
transcriptomic analysis. MQTL were selected using the criteria
described by Venske et al. (2019) and Soriano et al. (2021) as
follows: (1) the selected MQTL was constituted by at least two
overlapping original QTL; (2) CI (95%) of the MQTL was lower
than the average CI of the respective QTL; (3) MQTL was
shorter than 20 Mbp in physical distance; (4) and phenotypic
variance explained by the MQTL was equal or greater than 10%.
Candidate genes within each of the selected MQTL were mined
based on the physical positions of flanking markers by surveying
the maize annotation browser of the reference genome (B73
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RefGen_v3) which is available from the MaizeGDB database
(Lawrence, 2007) (https://www.maizegdb.org/gbrowse/maize_
v3). Physical positions of flanking markers were obtained from
Unterseer et al. (2016); Kebede et al. (2016) and Liu et al. (2015).
Low confidence genes and transposable elements were excluded.

To identify which of these CG were differentially expressed
when challenged with F. graminearum, we conducted a
transcriptional expression analysis based on RNA-Seq data for
Gibberella ear rot published by Kebede et al. (2018) available from
the NCBI Gene Expression Omnibus (GSE92448) (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92448). The authors
evaluated over two years (2004 and 2006) the transcriptomic
profiles of two maize lines; CO441 (FER and GER resistant) and
B37 (FER and GER susceptible) under control conditions (mock)
and after inoculation with F. graminearum. Inoculation was done
11 days after controlled pollination using the kernel inoculation
method (Reid et al., 2002; Kebede et al., 2018). Maize ears were
collected one and two days after inoculation (DAI) and RNA was
extracted in bulk per testing year from developing kernels (Kebede
etal.,2018). Gene expression levels were determined based on mock
vs. Fusarium comparisons by calculating transcripts per million
(TPM) as follows:

RPKM; x 10°

TPM =
SRPKM

(©)
where RPKM, is the reads per kilobase million of the i gene/
transcript, and # is the total number of genes/transcripts. RPKM
was estimated for each gene based on the total exon reads (ER),
mapped reads (MR, in millions) and exon length (EL, in kb) as:

ER

RPKM = ——
MR x EL

(6)

According to Kebede et al. (2018), genes were considered as
differentially expressed if the respective corrected False discovery
rate (FDR) p-value was equal or lower than 0.05, fold change>2
and TPM=>5. The differentially expressed genes identified
through the transcriptomic analysis where further searched for
protein evidence against the MaizeGDB (Lawrence, 2007) and
the Nation Center for Biotechnology Information (NCBI,
https://www.ncbinlm.nih.gov/) to identify corresponding
annotations and ontology terms.

Results

Identification and screening of
relevant publications for FER-
and GER-related traits

Based on the search terms indicated previously, a total of 153
papers were identified from SCOPUS (64), WoS (55) and GoS
(34) as described by the preferred reporting items for systematic
review and meta-analyses (PRISMA) flow diagram available in
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Supplementary File 2. From this, 43 unique publications were
obtained with publication year ranging from 1993 to 2022 after
removing duplicates (89), review articles and meta-analyses (11)
and publications related to trait inheritance (1), gene expression
(8) and FER resistance on seedlings (1). One paper published in
Chinese was removed (Wen et al., 2021a). Five (9.3%)
publications were solely focused on Aspergillus ear rot
(Busboom and White, 2004; Willcox et al., 2013; Smith et al.,
2019) and one publication on Diplodia ear rot (Baer et al., 2021),
and were therefore excluded. This resulted into 37 papers which
focused on deciphering the genetic architecture of FER- and
GER-related traits in maize. Fifteen of these papers concentrated
on QTL identification based on low-throughput technologies
such as SSR, RFLP, and RADP markers (P¢ et al., 1993; Ali et al.,
2005; Martin et al., 2011; Martin et al., 2012b), and validation of
QTL reported in previous studies (Martin et al., 2012¢; Brauner
et al,, 2017). In addition, one SNP-based QTL mapping
publication was excluded due to missing information on QTL
genetic position, flanking markers as well as LOD score and PVE
(Morales et al, 2019). Finally, 22 publications satisfied our
inclusion criteria and were therefore considered for full text
screening. Fifteen publications were SNP-based QTL mapping
studies which were used to collect relevant information required
for the QTL meta-analysis (Supplementary File 2) (Chen et al,
2016; Giomi et al., 2016; Han et al., 2016; Kebede et al., 2016;
Maschietto et al., 2017; Han et al., 2018; Galic et al., 2019; Wen
et al.,, 2020; Yuan et al., 2020a; Galiano-Carneiro et al., 2021;
Giomi et al., 2021; Wen et al.,, 2021b; Zhou et al.,, 2021; Feng
et al, 2022; Guo et al, 2022). Seven papers were related to
genome-wide association study and used to cross-validate the
meta-analysis (Butron et al., 2019; Samayoa et al,, 2019; Wu
et al., 2020; Gaikpa et al., 2021; Gesteiro et al., 2021; Liu et al,,
2021; da Silva et al., 2022).

Characterization of QTL reported based
on high-throughput SNP technologies
for FER- and GER-related traits

From the 15 SNP-based QTL mapping studies, a total of 224
QTL were reported for FER- and GER- related traits (Table 2,
Supplementary File 1). QTL were identified using three types of
populations such as recombinant inbred lines (RIL), double-
haploid (DH) and F, populations. Resistant parental lines used
in the different studies were sourced from a wide distribution
range including Argentina, Brazil, Canada, China, Europe,
United States of America (USA), and the International Maize
and Wheat Improvement Center (CIMMYT).

Considering the three FER-related traits, 121 QTL were reported
and distributed across all chromosomes (Figure 1A). Thirteen QTL
were reported for FUM on all chromosomes except for chromosomes
2, 8 and 10, while 97 QTL were identified for KR on all chromosomes.
Eleven QTL were identified for SR across chromosomes 2, 3, 5, and 6
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(Figure 1A). Twelve and one QTL for FUM exhibited minor
(PVE<10%) and medium (10%<PVE<20%) effects, respectively
(Figure 1B). 32 and six QTL for KR had medium and major effects
(PVE=>20%), respectively. In addition, nine and one QTL for SR
exerted minor and medium effects on the trait, respectively (Figure 1B).
For the five GER-related traits, 103 QTL were identified across
all chromosomes (Figure 1C). A total of 17 QTL were reported for
DON on all chromosomes except for chromosomes 6 and 8, while
21 QTL were identified for KR on all chromosomes except
chromosome 6. 53 QTL were reported for SR across all
chromosomes. Six QTL were identified for HC across
chromosomes 1, 4, 6, 7 and 9, while six QTL were reported for
KDD on chromosomes 1, 3, 6 and 8 (Figure 1C). Seven and one
QTL for DON had medium and major effects, respectively, while
most QTL for KR (20 QTL) exhibited minor effects (Figure 1D).
Similarly, 18 and four of the 53 QTL for SR had medium and major
effects, respectively. Most QTL for HC (5 QTL) and all QTL for
KDD had minor and medium effects on the traits (Figure 1D).

High-resolution consensus map
generated for QTL projection

The consensus map was composed of SNP markers and
generated based on eight genetic linkage maps. The map was of
high resolution and presented a total of 36,243 loci with a total
length of 3,132.48 cM (Table 3). The Spearman rank correlation
analysis revealed strong correlations (average p = 0.86-0.99)
between marker order on the consensus and individual genetic
maps (Table 3). Each chromosome was, on average, 313.25 cM long
and composed of 3,624 SNP markers. The average genetic distance
between adjacent markers ranged from 0.15 to 0.28 cM depending
on the chromosome (Table 3). Attempts to increase the number of
loci and length of the map through the inclusion of additional
genetic maps resulted in several conflict orders. A comparison of
the consensus map with physical map obtained from the reference
map B73 RefGen_v2, showed high collinearity with strong
correlations (p = 0.73-0.91). On average, 72% of markers were
arranged in the same order with those on the corresponding
chromosomes of the physical map, indicating a high consistency
between the consensus map and the physical map B73 RefGen_v2.
This shows that the current consensus map generated in this study
was the best harmonious combination, and was therefore used as
the base for the QTL projection and meta-analysis. The consensus
map is made available through Supplementary File 3.

QTL colocalization and meta-QTL for the
FER- and GER-related traits based on
QTL mapping studies

From the total of 224 QTL, 164 QTL were projected on the
consensus map (Figures 2, 3). The remaining 60 QTL could not
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TABLE 2 Characteristics of SNP-based QTL mapping studies on resistance to Fusarium (FER) and Gibberella ear rot (GER) analysed in this study.

Donor Origin Type Size Disease
LP4637 Argentina RIL 298 GER
CO441 Canada RIL 410 GER
European flint Europe DH 114 GER
European dent Europe DH 130 GER
Cheng351 China F2 118 GER
Dan598 China F2 200 GER
Jiv203 China F2 175 GER
IBMSyn10 USA DH 298 GER
DH4866 China RIL 204 GER
T3 Brazil DH 266 GER
UHO006 and UH007 Europe DH 639 GER
CML495 CIMMYT DH 201 FER
CML449 CIMMYT F2 272 FER
CML492 CIMMYT F2 277 FER
CO441 Canada F2 188 FER
IBMSyn4 USA RIL 191 FER
LP4637 Argentina RIL 120 FER
Cheng351 China F2 117 FER
Dan598 China F2 200 FER
Jiv203 China F2 174 FER
DTMA165 CIMMYT F2 152 FER
8107 China F2 220 FER
B73xdiploperennis China RIL 215 FER
B73xparviglumis China RIL 113 FER
Zheng58xparviglumis China RIL 122 FER

Traits Number of QTL References
SR 8 Giomi et al.,, 2016
SR, KR, KDD, HC 32 Kebede et al., 2016
DON 6 Han et al., 2018
DON 2 Han et al., 2018
SR 3 Wen et al., 2020
SR 8 Wen et al., 2020
SR 11 Wen et al., 2020
SR 1 Yuan et al., 2020a
KR 11 Zhou et al., 2021
SR 3 Galiano-Carneiro et al., 2021
SR, DON 22 Han et al., 2016
KR 4 Chen et al,, 2016
KR 6 Chen et al,, 2016
KR 11 Chen et al.,, 2016
FUM, KR 24 Maschietto et al., 2017
KR 3 Galic et al., 2019
SR 7 Giomi et al., 2021
KR 5 Wen et al., 2021b
KR 10 Wen et al., 2021b
KR 15 Wen et al., 2021b
KR 9 Guo et al., 2022
KR 8 Guo et al., 2022
KR 7 Feng et al., 2022
KR 3 Feng et al., 2022
KR 5 Feng et al., 2022

CIMMYT, International Maize and Wheat Improvement Center; RIL, recombinant inbred lines; DH, double haploid; DON, deoxynivalenol accumulation; FUM, fumonisin accumulation;

HC, husk coverage; KDD, kernel dry-down rate; KR, kernel resistance; SR, silk resistance.

be projected due to lack of information (markers’ names and
positions) on the flanking markers in the original studies (25
QTL) or the absence of the markers on the consensus map (35
QTL) generated in this study. For both FER and GER, the
projection showed that confidence intervals of QTL for different
traits overlapped on several chromosomes, indicating
colocalization of resistance QTL for the two diseases with two
or more traits. To refine MQTL, QTL with large confidence
intervals (CI 95%>80 cM) on chromosomes 1, 6 and 10 were
excluded from the meta-analysis. Likewise, QTL which
overlapped two or more independent MQTL on chromosomes
2,4,5,7 and 9 were also excluded from the analysis. A total of 40
MQTL were identified across all chromosomes and constituted
each by 2-10 overlapping original QTL (Supplementary File 4).
On average, 70-100% of CI of individual QTL contributed to the
definition of each MQTL. CI of identified MQTL were 1.4-36.4-
fold lower than the average CI of respective original QTL. 32 of
the 40 MQTL were constituted of original QTL from 2-7
different studies and populations (Supplementary File 4). The
highest number of MQTL was observed on chromosomes 1 and
3 (Figure 2), and the lowest on chromosomes 6 and 10
(Figure 3). From the 40 MQTL, seven and five MQTL were
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specific to FER and GER, respectively, while 28 MQTL were
common to both diseases.

Four and six MQTL were found for DON and FUM,
respectively, while KR and SR of FER were controlled by 30 and 6
MQTL, respectively (Supplementary File 4). Sixteen and 24 MQTL
were found for KR and SR of GER, respectively, while HC and KDD
were controlled by six MQTL each (Supplementary File 4).
Contrary to KR and SR, no specific MQTL where identified for
FUM, DON, HC and KDD. However, the analysis identified
individual QTL gFERI2 on chromosome 5 and qGERI2 on
chromosome 9 as independent specific QTL for FUM and DON,
respectively. Considering both diseases, several MQTL were shared
among the traits, with the exception of DON versus HC (Table 4).
Four MQTL were shared between KR and SR of FER, while 15
MQTL were common to KR of FER and SR of GER (Table 4).

Comparison of meta-analysis with
association mapping studies

Based on the seven association mapping studies on FER and
GER resistances, about 178 MTA were reported for FUM, KR of
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Original QTL reported from SNP-based mapping studies for Fusarium ear rot (FER) and Gibberella ear rot (GER). (A), distribution of QTL for FER
across chromosomes; (B), phenotypic variance explained (PVE) by QTL for FER; (C), distribution of QTL for GER across chromosomes; (D),
phenotypic variance explained by QTL for GER. DON, deoxynivalenol accumulation; FUM , fumonisin accumulation; HC, husk coverage; KDD,

kernel dry-down rate; KR, kernel resistance; SR, silk resistance.

TABLE 3 Characteristics of consensus map generated from eight high quality genetic maps composed of SNP markers.

Chr Length Number of Average DM Average p with  Range of p with  p with physical  Consistent

(cM) markers (cM) IGM IGM map proportion
(%)
1 450.72 5,839 020 0.88 0.82-0.95 0.80 0.68
2 316.00 4,001 0.28 0.97 0.91-1.00 0.86 0.71
3 463.30 4,074 028 0.98 0.96-0.99 0.85 0.70
4 319.29 3,876 0.24 0.99 0.99-0.99 0.87 0.73
5 31831 3,885 027 0.95 0.84-1.00 0.75 0.73
6 120.26 3,093 0.15 0.86 0.77-0.99 0.73 0.69
7 371.10 3,175 0.24 0.80 0.61-0.95 0.74 071
8 287.80 3,059 020 0.95 0.88-1.00 0.80 0.72
9 254.90 2,696 025 0.98 0.96-1.00 091 0.71
10 230.80 2,545 0.26 0.98 0.97-1.00 0.83 0.72
Genome  3,132.48 36,243 0.24 093 0.81 0.72

Chr, chromosome; DM, distance between markers; p, Spearman rank correlation coefficient; IGM, individual genetic maps used for the consensus map construction. Physical map was
obtained from the reference map B73 RefGen_v2. Consistent proportion is the proportion of markers arranged in the same order with those on the corresponding chromosomes of the

physical map.

FER and SR of GER using diverse germplasm collections and
breeding populations worldwide (Table 5). 170 MTA were
reported for FER-related traits such as FUM (81 MTA) and
KR (89 MTA). Depending on the traits, FER-related MTA were
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distributed across all chromosomes (Supplementary File 5). The
remaining eight MTA were exclusively reported by one GER-
related study (Gaikpa et al., 2021) for SR across chromosomes 2,
4,5, 6,and 9 (Supplementary File 5). Unlike QTL, a single MTA
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FIGURE 2

Colocalization of QTL for Fusarium ear rot (FER) and Gibberella ear rot (GER) and identification of meta-QTL (MQTL) on chromosomes 1-5. The
line in the middle of each QTL represents its LOD score in the original work. The longer this line, the higher the LOD score of the respective
QTL. DON, deoxynivalenol accumulation; FUM, fumonisin accumulation; HC, husk coverage; KDD, kernel dry-down rate; KR, kernel resistance;

SR, silk resistance.

does not have confidence interval, and was therefore considered
as a specific QTL location, but not as a whole QTL. A cross-
validation with the meta-analysis showed that physical positions
of 33 of the reported MTA were located within 16 MQTL
(Table 6). The proportion of MTA located within MQTL
ranged from 7.14% on chromosome 2 to 50% on chromosome
8.No MTA reported on chromosomes 5, 6 and 10 fell within our
MQTL (Table 6).

Differentially expressed candidate genes
within the most refined MQTL

From the 40 MQTL identified in this study, 14 MQTL
satisfied the four criteria defined earlier, and were therefore
selected as the most refined MQTL (Table 7). Selected MQTL
were distributed across chromosomes 1, 2, 3, 4, 7 and 9, with 2—7
overlapping original QTL. The CI was 2.65-14.80 cM, with an
average PVE of 10-29.67%. The distance between flanking
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markers of the respective MQTL was 0.63—-15.55 Mbp. Based
on the physical positions of the flanking markers, a total of 2,272
candidate genes, excluding transposable elements, were mined
within the confidence intervals of the selected MQTL (Table 7,
Supplementary File 6). For each MQTL, an average of 162 CG
were identified with the only exception of ZmMQTLI.2, where
only 10 CG were projected. The highest number of CG was
observed with ZmMQTL4.3 (342 CG, Table 7).

Gene expression analysis using RNA-Seq data from Kebede
et al. (2018), revealed that 59 of the CG were differentially
expressed based on mock vs. Fusarium comparisons at 1-2 DAI
(Supplementary File 7). Seven CG were specific to the resistant
line (CO441), 36 to the susceptible line (B37) and 16 common to
both lines. At 1 DAI, only genes GRMZM2G093092 and
GRMZM2G423331 were differentially expressed in CO441,
while 15 genes were differentially expressed in B37
(Supplementary File 7). Comparing to the respective controls
(mock), all CG were upregulated in both lines, with the
exception of GRMZM2G135617, GRMZM2G164340 and
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FIGURE 3

Colocalization of QTL for Fusarium ear rot (FER) and Gibberella ear rot (GER) and identification of meta-QTL (MQTL) on chromosomes 6-10.
The line in the middle of each QTL represents its LOD score in the original work. The longer this line, the higher the LOD score of the
respective QTL. DON, deoxynivalenol accumulation; FUM, fumonisin accumulation; HC, husk coverage; KDD, kernel dry-down rate; KR,

kernel resistance; SR, silk resistance

GRMZM?2G126732, which were specifically downregulated (Fold
change = -3.3 to —5.7) in B37 at 2 DAL Expression levels of line-
specific genes were 19.6-387.6 TPM in CO441 and 4.6-481.9
TPM in B37 (Supplementary File 7). For the common CG, the
expression levels were 6.2—-128.5 TPM in CO441 and 6.0-168.4
TPM in B37 (Figure 4). At 2 DAL the expression of common CG
GRMZM2G342033, GRMZM2G323943, GRMZM2G423331
were 1.5-2-fold higher in CO441 than B37.

Functional categories of 46 of the 59 differentially expressed
CG were summarized in Figure 5. The remaining 13 CG, of
which seven B37-specific CG, two CO441-specific CG
(GRMZM2G337191 and GRMZM2G703858) and four
common CG, were annotated as “uncharacterized protein”
(Supplementary File 8). Annotated CO441-specific CG were
GRMZM2GO011151, GRMZM2G093092, GRMZM2G156785,
GRMZM2G340656 and GRMZM2G472643, which were mainly
involved in binding, kinase and transferase activities, signal
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transduction, secondary metabolism, cell wall metabolism and
defense response (Figure 5, Supplementary File 8). Regarding the
most important common CG (mostly expressed in CO441),
GRMZM2G342033 encoded “S-norcoclaurine synthase2” which
was involved in lyase activity and defense response
(Supplementary File 8). In addition, GRMZM2G423331
encoded “flavonoid O-methyltransferase4 (fomt4)” which
catalyzed sakuranetin (phytoalexin) biosynthesis and cell wall
metabolism. Contrary to CO441-specific CG, no B37-specific
CG was involved in defense response, signal transduction and
secondary metabolites biosynthesis (Figure 5). Ethylene
biosynthesis were catalyzed by “I-aminocyclopropane-1-
carboxylate synthase2 (acs2)” encoded by GRMZM2G164405.
Similarly, GRMZM2G146108 encoded “small auxin up RNAI1I
(saurl1)” which was involved in auxin biosynthesis. However,
this gene was only highly expressed at 1 DAL In addition,
GRMZM2G067402 encoded “hemoglobinl (hbl)” which was
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TABLE 4 Number of meta-QTL shared among the evaluated traits.

Trait Fusarium ear rot

FUM KR SR
Fusarium ear rot:
KR 3 -
SR 1 4 -
Gibberella ear rot:
DON 1 2 1
HC 2 6 1
KDD 1 5 2
KR 0 13 1
SR 3 15 5

DON

10.3389/fpls.2022.1050891

Gibberella ear rot

HC KDD KR SR
1 -
3 3 -
4 4 11 -

DON, Deoxynivalenol accumulation; FUM, fumonisin accumulation; HC, husk coverage; KDD, kernel dry-down rate; KR, kernel resistance; SR, silk resistance. Each meta-QTL was

common to different pairs of traits.

TABLE 5 Characteristics of association mapping studies on resistance to Fusarium (FER) and Gibberella ear rot (GER) used in this study for validation.

Donor Type Size Disease Trait Number of MTA References
Worldwide panel IL 270 FER FUM 38 Samayoa et al,, 2019
EPS21 MAGIC population RIL 352 FER KR 13 Butron et al., 2019
BT-1 RIL 250 FER KR 18 Wu et al,, 2020
Kemater Landmais Gelb landrace DH 250 GER SR 8 Gaikpa et al., 2021
CMLs, DTMA AM panel and SYN_DH 1L 874 FER KR 58 Liu et al., 2021
EPS21 MAGIC population RIL 339 FER FUM 24 Gesteiro et al., 2021
Embrapa’s panel IL 205 FER FUM 19 da Silva et al,, 2022

RIL, recombinant inbred lines; IL, inbred lines; DH, double haploid; FUM, fumonisin accumulation; KR, kernel resistance; SR, silk resistance.

involved in cell death under infection. Other B37-specific CG
encoded many proteins which were involved in unspecific
activities like ATP, ion and pyridoxal binding, oxidation-
reduction process, transport and kinase activity (Figure 5,
Supplementary File 8).

Discussion

Based on dense genome-wide SNP technology, 224 QTL, of
which 121 and 103 QTL for FER- and GER-related traits,
respectively, have been reported during the last two decades in
maize. These loci were jointly re-analyzed and clustered into a
total of 40 more refined MQTL controlling one or more traits
like DON, FUM, HC, KDD, KR and SR. Contrary to meta-
analyses by Xiang et al. (2010); Xiang et al. (2012) and Mideros
et al. (2014) based on low-throughput markers (RFLP, SSR and
RAPD), and which included only one GER-related study, the
MQTL identified in this study were more refined with precision
on the locations and flanking markers to facilitate their
integration into breeding programs. Since the available
algorithms did not allow a direct integration of association
studies in the meta-analysis, we further superimposed physical
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positions of 178 GWAS-detected MTA with the MQTL
intervals. Depending on the chromosome, about 7-50% of
MTA from six independent studies fell within different MQTL
(Table 6). This firstly shows the high quality of our MQTL
analysis, and secondly suggests the need for new bioinformatic
tools that can integrate association mapping studies in meta-
analysis to better elucidate genetic basis of FER- and GER-
related traits, and find interesting loci that might be included in
trait introgression strategies. Furthermore, FER and GER
resistance- and susceptibility-promoting genes, and underlying
molecular mechanisms were also discussed within 14 most
refined MQTL through a transcriptomic analysis using
recently published RNA-Seq data by Kebede et al. (2018). We
will include in the discussion also results from relevant papers
that could not be included in the meta-analysis because they did
not fulfil the basic requirements.

Co-inheritance of Fusarium and
Gibberella ear rot resistances in maize

Our results revealed that the most refined MQTL
ZmMQTL1.5 (243.46-259.01 Mbp) and ZmMQTL2.2
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TABLE 6 Number of marker-trait associations (MTA) located within identified meta-QTL (MQTL).

Tropical maize germplasm, heterotic Tangsipingtou

Source of resistant alleles References

Wau et al., 2020; Liu et al.,

and Reid

Tropical maize germplasm

Tropical maize germplasm

Kemater Landmais Gelb

Tropical maize germplasm
EPS21 MAGIC population
Tropical maize germplasm

Worldwide panel

EPS21 MAGIC population, CMLs, DTMA AM panel

and SYN_DH
EPS21 MAGIC population
Tropical maize germplasm

EPS21 MAGIC population

EPS21 MAGIC population
Tropical maize germplasm

Tropical maize germplasm

2021

Samayoa et al., 2019; Liu
et al., 2021

Liu et al., 2021

Gaikpa et al., 2021

Liu et al., 2021
Butron et al., 2019
Liu et al., 2021

Samay()a et al., 2019

Butron et al., 2019; Liu et al.,
2021

Butron et al.,, 2019
Liu et al., 2021

Gesteiro et al., 2021

Butron et al., 2019
Liu et al.,, 2021

Liu et al., 2021

MQTL? Physical position Trait and MTA
(Start-End, Mbp)  number of proportion
MTA® (%)
FER GER
ZmMQTLI.1 7.09-9.68 KR (2) 22.72
ZmMQTLL5 243.46-259.01 KR (1)
ZmMQTLL.6 280.22-287.9 KR (2)
ZmMQTL2.2 13.30-20.58 SR 7.14
1
ZmMQTL3.3 164.70-168.68 KR (1) 20.00
ZmMQTL3.6 211.85-215.42 KR (1)
ZmMQTL3.7 219.19-229.39 KR (4)
ZmMQTL4.1 2.10-5.24 FUM 17.24
@)
ZmMQTL4.4 173.55-180.3 KR (2)
ZmMQTL7.1 17.98-27.83 KR (1) 20.00
ZmMQTL7.2 137.54-143.29 KR (1)
ZmMQTL7.3 159.73-160.48 FUM
®3)
ZmMQTL8.1 4.11-12.94 KR (1) 50.00
ZmMQTL8.2 20.80-81.7 KR (2)
ZmMQTL9.2 113.95-129.03 KR (4) 44.44
ZmMQTL9.3 137.29-141.47 KR (4) SR
1)

Kemater Landmais Gelb, Tropical maize germplasm

Gaikpa et al., 2021; Liu et al.,
2021

CI, confidence interval; FER, Fusarium ear rot; GER, Gibberella ear rot; FUM, fumonisin accumulation; KR, kernel resistance; SR, silk resistance.
“Meta-QTL name referred to Zea mays abbreviated as Zm, followed by MQTL, the corresponding chromosome, and identification number on the chromosome.
"Values in parentheses are the number of MTA for each trait, which are located within corresponding MQTL.

“Proportion of reported MTA per chromosome, which were located within MQTL.

(13.3-20.58 Mbp) with PVE>10% were specific to FER and GER,
respectively (Figure 2, Table 7). This confirms that Fusarium and
Gibberella ear rots are two different types of maize ear rots, and
breeding for resistance to these diseases can be implemented
separately. In contrast, 28 of the 40 MQTL identified in this
study were common to both FER and GER resistances and were
distributed across all chromosomes. This impressive number of
common genomic loci offers a great opportunity to breed for
multiple resistance to ear rots, particularly in maize production
areas prone to both FER and GER. Previous meta-analysis by
Xiang et al. (2010) also revealed 15 MQTL conferring resistance
to both FER and GER. In addition, Giomi et al. (2016), also
reported four QTL for both FER and GER using a multi-trait
multiple interval mapping in an Argentinian mapping
population. Furthermore, the relationship between FER and
GER has been phenotypically investigated by Loffler et al.
(2010a) who found flint and dent genotypes which were
resistant to both diseases. Depending on the testing years,
Schaafsma et al. (2006) found moderate to strong correlations
(r = 0.40-0.75) between FER and GER resistances in different
sets of Canadian commercial hybrid cultivars. Butron et al.
(2015) also reported a highly significant correlation (r = 0.71)
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between FER and GER resistances. These authors concluded that
breeding for resistance to FER would more likely affect resistance
to GER and vice versa. These findings emphasize that improving
multiple resistance to FER and GER is feasible and can be
efficiently achieved through the integration of identified
common MQTL into breeding programs.

Meta-QTL and types of ear rot resistance

For both FER and GER, the existence of specific MQTL for
SR (e.g. ZmMQTL3.1 and ZmMQTL9.1) and KR (e.g.
ZmMQTL1.5, ZmMQTL2.4) (Figures 2, 3, Supplementary File
4) demonstrates that silk and kernel resistances represent two
major types of active resistance reactions to ear rot diseases in
maize as previously reported by Reid et al. (1996a); Chungu et al.
(1996); Plienegger and Lemmens (2002); Mesterhazy et al.
(2012) and Kebebe et al. (2015). Reinprecht et al. (2008) also
demonstrated that silk and kernel resistances were two different
traits to be considered when breeding for GER resistance in
maize. The main difference between the two types resides in the
inoculation techniques used, mimicking different pathogen entry

frontiersin.org


https://doi.org/10.3389/fpls.2022.1050891
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Akohoue and Miedaner

10.3389/fpls.2022.1050891

TABLE 7 Selected meta-QTL (MQTL) and corresponding candidate genes (CG).

MQTL?
Populations
FER GER

ZmMQTLI.2 5 KR KR, SR 4
ZmMQTL1.4 5 KR HC, KR, SR 5
ZmMQTLL5 2 KR 2
ZmMQTLL.7 2 KR DON 2
ZmMQTL2.1 4 SR DON, SR 3
ZmMQTL2.2 2 KR, SR 2
ZmMQTL2.3 7 KR KR, SR 5
ZmMQTL3.3 3 KR, SR SR 2
ZmMQTL4.3 2 KR SR 2
ZmMQTL4.4 5 KR KR 2
ZmMQTL7.1 5 KR SR 2
ZmMQTL7.3 3 FUM SR 2
ZmMQTL9.2 5 KR SR 3
ZmMQTL9.4 2 FUM  DON 2

Number of QTL Disease and trait Number of PVE (%) CI 95% (cM) Physical distance (Mbp) Number of CG

10.60 4.72 3.04 10
14.00 5.85 7.00 146
11.50 14.80 15.55 331
11.00 8.00 7.28 226
11.75 3.02 0.63 30
13.00 9.74 7.28 201
10.00 2.65 6.18 68
10.00 3.75 3.98 77
17.00 11.51 14.50 342
13.40 8.89 6.75 155
15.20 7.75 9.85 143
29.67 3.89 0.75 37
10.40 8.00 15.08 304
13.50 11.71 5.94 202

CI, confidence interval; FER, Fusarium ear rot; GER, Gibberella ear rot; SR, silk resistance; KR, kernel resistance; DON, deoxynivalenol accumulation; FUM, fumonisin accumulation; KDD,

kernel dry-down rate; HC, husk coverage; PVE, phenotypic variance explained.

“Meta-QTL name referred to Zea mays abbreviated as Zm, followed by MQTL, the corresponding chromosome, and identification number on the chromosome.

modes (Chungu et al., 1996). Silk resistance occurs after
inoculation of the silk channel, while kernel resistance occurs
after inoculation in the middle of the ear. Under natural
conditions, the fungus can enter the ear via the silk channel
(silk resistance), and directly through wounds created by hail,
insects or agricultural tools and machines (kernel resistance)
(Nerbass et al., 2016; Blandino et al., 2017).

Our study identified four MQTL for both silk and kernel
resistances of FER, and 15 MQTL for kernel resistance of FER
and silk resistance of GER. Eleven MQTL were also found to
control both silk and kernel resistances of GER (Table 4). This
finding indicates the existence of genomic regions with multiple
resistance which could be exploited in breeding programs
aiming to improve ear rot resistance in maize. Based on SSR,
RFLP and RADP markers, Ali et al. (2005) also reported one
genomic region located on chromosome 1 (BC373_650-S116_1)
and one on chromosome 7 (BC324_1400-umc1407) which
controlled both silk and kernel GER resistances. In addition,
the relationship between the two types of resistances was
investigated by Chungu et al. (1996) who found positive
strong phenotypic correlations (r = 0.77-0.89). Moderate
correlation (r = 0.66) was reported between the two traits by
Loffler et al. (2010b). Similarly, Kebebe et al. (2015) reported
moderate to very strong genotypic correlations (ry = 0.60-0.99)
between the two traits and demonstrated that both silk channel
and kernel inoculation techniques ranked genotypes in a similar
way. From the 19 MQTL, eight were identified as the most
refined MQTL explaining considerable phenotypic variance
(average PVE = 10-17%) with 2-7 overlapping QTL which
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were identified from 2—-5 populations evaluated across different
environments (Table 7). This firstly exhibits these MQTL as
important genomic loci controlling both types of resistance, and
secondly implies that the integration of these MQTL into
breeding programs is likely to improve stable multiple
resistances to FER and GER due to both silk channel and
kernel infections. Both resistance types are important for
environments where the European corn borer (Ostrinia
nubilalis) regularly occurs, because the insect-driven wounding
of the cob in the 2™ generation of the insect might result in
strong kernel infection additionally to silk infection that mainly
occurs when it rains during silking. With this, the use of insect
resistant genotypes under natural conditions (and without any
other wounding factors), would reduce fungal infection of the
kernels even if the genotypes are not resistant to the fungi. This
could lead to co-occurrence of resistance QTL for both diseases
although they have genetically nothing in common. So far, co-
localization of genomic regions for insect and fungal resistances
has not been established for maize ear rots.

Colocalization of genomic regions
controlling KR, SR and mycotoxin
accumulation

DON shared two MQTL with KR of FER and/or GER
(ZmMQTLI1.1 and ZmMQTLI1.7) and two MQTL with SR of
FER and/or GER (ZmMQTLI.1 and ZmMQTL2.1) (Table 4,
Supplementary File 4). Similarly, FUM shared three MQTL with
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FIGURE 4

Expression levels in transcripts per million (TPM) of the common candidate genes in resistant (CO441) and susceptible (B37) lines under control
conditions (mock) vs. F. graminearum (Fg) comparisons. Bar charts show the relative importance of the expression levels of each gene. MQTL,

meta-QTL; DAI, days after inoculation.
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KR of FER (ZmMQTL1.6, ZmMQTL3.7 and ZmMQTL6.1) and
three with SR of FER and/or GER (ZmMQTL4.1, ZmMQTL6.1
and ZmMQTL7.3). This indicates the existence of common
genomic regions between mycotoxin accumulation and the
two types of active resistance in maize. For GER, Martin et al.
(2011) using SSR markers to analyze 150 DH lines derived from
UHO007xUHO006, also found one QTL on chromosome 2 which
was common to DON accumulation and silk resistance. This was
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supported by the existence of a strong positive genotypic
correlation (r = 0.95) between the two traits (Martin et al.,
2011). In addition, Szabo et al. (2018) detected strong positive
correlations between GER severity and DON contamination
with correlations of r = 0.95 and r = 0.82 for F. graminearum
and F. culmorum, respectively. They concluded that GER
resistance is an important indicator of lower toxin
contamination. Genotypes with higher GER resistance would
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have lower DON accumulation as indicated by Bolduan et al.
(2009). Similar observations were made by Miedaner et al.
(2015) who found moderate to strong correlations (r =
0.60—0.90) between DON measured by immunotests and GER
severity, indicating that DON could be predicated by GER
severity. For FER, Butron et al. (2015) observed strong
correlations (r = 0.97) between disease severity and FUM.
Similarly, Cao et al. (2022) found strong genotypic correlation
(rg = 0.85) between FUM and FER severity after kernel
inoculation. Based on this, selection for FER-resistant lines
would indirectly reduce fumonisins accumulation (Maschietto
et al., 2017; Galic et al., 2019).

However, our analysis also revealed the existence of one
specific QTL for FUM (qFER12, PVE = 8%) on chromosome 5
(Figure 2) and one for DON (gqGERI12, PVE = 15%) on
chromosome 9 (Figure 3), which were identified as
independent MQTL for these traits. This implies that it would
be more relevant to consider evaluating DON and FUM as
separate traits from FER and GER severity, particularly if the
breeder targets those specific genomic regions. Although
resistant genotypes had generally low toxin contamination,
Reid et al. (1996b) and Dalla Lana et al. (2022) demonstrated
that the relationship between DON and GER severity was more
complex and non-linear. Genotypes with different disease
severity might exhibit similar mycotoxin concentrations. In
wheat, Wang et al. (2021) investigating the complex
relationship between FHB and DON, found individual
genotypes with low disease severity that exhibited high DON
accumulation. In the USA, Dalla Lana et al. (2021) analyzed
DON in maize ears over four years and showed that its
accumulation was affected by multiple weather conditions.
They indicated that from a total of 483 asymptomatic ears,
196 (about 41%) exhibited detectable level of 0.05 mg/kg for
DON accumulation, and 46 (approximately 10%) showed 1-5
mg/kg of DON. Moreover, Mesterhazy et al. (2022) evaluated 18
commercial maize hybrids from Hungary for different ear rots
including FER and GER, and observed a lack of phenotypic
correlations between ear rot resistance and toxins, indicating
that toxins analysis is necessary. Therefore, indirect selection for
DON or FUM using disease severity would be feasible and more
effective through the exploitation of identified common MQTL,
however, advanced lines should be further analyzed for DON
and/or FUM accumulation in a later stage of the selection cycle.
Furthermore, MQTL ZmMQTL9.4 (145.46-151.40 Mbp) on
chromosome 9 was common to FUM and DON. This firstly
demonstrates the existence of genomic regions with resistance to
multiple mycotoxin accumulation, and secondly indicates that
selection for resistance to one mycotoxin using this MQTL
would reduce accumulation of the other mycotoxin. The same
has been reported on the basis of phenotypic data by Miedaner
et al. (2015) for the co-occurrence of resistances to DON and
zearalenone, another mycotoxin produced by F. graminearum.
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Morphological traits and their association
with FER and GER infections in maize

Several MQTL for SR and KR of both FER and GER were
also detected in association with KDD (e.g. ZmMQTLI.1 and
ZmMQTL6.1), and HC (ZmMQTLI1.4, and ZmMQTL6.1)
(Table 4, Supplementary File 4). This indicates that
morphological traits such as kernel dry-down rate and husk
coverage may have a passive contribution to both silk and
kernel resistances in maize. Kernel dry-down rate and husk
coverage represent natural barriers which reduce infection by
blocking the pathogen entry into the ear or the kernel. Passive
resistance due to morphological traits was also reported for
FHB disease in wheat by several studies (Mesterhazy, 1995;
Buerstmayr and Buerstmayr, 2015; Buerstmayr et al., 2020;
Ruan et al,, 2020; Xu et al., 2020). Husk characteristics were
reported as important traits in protecting the ears from
pathogen infection (Warfield and Davis, 1996; Jiang et al,
2020). Butoto et al. (2022) found a low negative correlation (r =
—0.30) between husk coverage and FER severity. In addition,
moderate genotypic correlations (r = 0.39-0.61) were detected
between husk coverage and Diplodia ear rot severity due to
Stenocarpella maydis infection across three locations (Rossouw
et al., 2002). The positivity of the correlations found by
Rossouw et al. (2002) is explained by the fact that the
authors evaluated the husk coverage based on a scale
opposite to the previous paper. Therefore, the tighter the
husk over the ear, the lower the ear rot severity.

Common genomic regions were also reported by Xiang et al.
(2012) when investigating the relationships between grain
moisture content and ear rot resistance in maize. Depending
on the maturity stage of the kernels, Kebebe et al. (2015) found
in Canada moderate to strong negative genotypic correlations
between kernel dry-down rate and silk resistance (r = —0.58
to —0.90) and kernel resistance (r = —0.67 to —0.79) for GER.
Thus, genotypes with fast drying kernels would have relatively
lower GER severity. Substantially high selection efficiencies
(0.52-0.84) were observed by Kebebe et al. (2015) when
selecting for less kernel infection using kernel dry-down rate,
whereas lower selection efficiencies (0.29-0.32) were found for
silk channel infection. Since silk inoculation is usually earlier (5-
6 days post silking) than kernel inoculation (15-21 days post
silking), the infection through silk channel would have
significantly progressed before the onset of kernel dry-down.
This indicates that despite the existence of common genomic
loci between kernel dry-down rate and FER and GER resistances,
the use of kernel dry-down rate as an indirect trait to improve
ear rot resistance might not be as effective as the direct selection
for disease severity, especially for SR. Moreover, additional
investigations are required to elucidate the interactions
between kernel dry-down rate and grain yield and related
traits in maize.
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Resistance and susceptibility genes
controlling FER and GER in maize

Based on transcriptomic data reported by Kebede et al
(2018) for GER, 59 candidate genes harbored by 14 of the
MQTL identified in this study were differentially expressed in
one resistant line (CO441) and one susceptible line (B37) after
inoculation with F. graminearum (Supplementary File 7). This
emphasizes the importance of these MQTL as targets for
improving multiple resistance to ear rot diseases in maize.
Thirteen of these candidate genes were annotated as
“uncharacterized protein” (Supplementary File 8), and
therefore require further investigations to characterize
corresponding proteins to better elucidate their roles in the
resistance or susceptibility to ear rot in maize. GER-specific
MQTL ZmMQTL2.2 and the common MQTL ZmMQTL9.4
harbored two different defense response genes such as
GRMZM2G342033 and GRMZM2G423331, respectively.
Similarly, the common MQTL ZmMQTL9.2 (113.95-129.03
Mbp) harbored two defense response genes, namely
GRMZM2G011151 and GRMZM2G093092 which were specific
to CO441. In comparison to the susceptible line, the expression
levels of GRMZM2G342033 and GRMZM2G423331 at 2 DAl in
CO441 were constitutively stronger with TPM two-fold higher
than that in B37.

GRMZM2G342033 encoded “S-norcoclaurine synthase2”
which had about 71.3% of identity with “S-norcoclaurine
synthase” previously reported as a member of the
pathogenesis-related protein 10 (PR10) family (Lee and
Facchini, 2010; Nida et al., 2021). The PR10 family proteins
have been extensively reported for their antifungal activity (Xie
et al.,, 2010; Wu et al., 2016), and their crucial role in resistance
against GER pathogens (Mohammadi et al, 2011). Xie et al.
(2010) identified another PR10 gene (ZmPRI0.1) on
chromosome 10 which conferred resistance to Aspergillus ear
rot caused by Aspergillus flavus in maize. Similarly, in a previous
transcriptional analysis, Lanubile et al. (2014) also identified
GRMZM2G342033 as “S-norcoclaurine synthase-like” which was
involved in resistance to FER in maize.

GRMZM2G011151 was annotated as “ferpene synthase2l
(tps21)” which has been previously reported by Ding et al.
(2017) as a o/B-costic acid pathway candidate gene in maize.
tps21 enables the biosynthesis of 0/f3-selinene volatiles which are
in turn converted into 0/B-costic acids, promoting resistance to
fungal pathogen infections (Block et al., 2019). o/B-costic acids
are non-volatile diterpenoids which were demonstrated to
inhibit growth of several fungal species including F.
graminearum, F. verticillioides, Rhizopus microsporus,
Aspergillus parasiticus, and Cochliobolus heterostrophus (Ding
et al, 2017). Moreover, near-isogenic lines (NILs) lacking
functional copies of tps21 exhibited a high susceptibility to
Fusarium species compared to functional NILs (Ding et al,
2017). Lanubile et al. (2014) also identified GRMZM2G011151 as
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a defense response gene to FER which was specifically
differentially expressed in CO441 compared to another
susceptible line (CO354).

Similar to GRMZM2G011151, GRMZM2G093092 and
GRMZM2G423331 were reported as candidate defense
response genes to GER (Kebede et al, 2018), which encoded
the “flavonoid O-methyltransferase2 (fomt2)” and “flavonoid O-
methyltransferase4 (fomt4)” proteins, respectively. FOMT2 and
FOMT4 proteins catalyze the biosynthesis of sakuranetin, a well-
characterized flavonoid which negatively affected the
germination of fungal spores in rice (Kodama et al, 1992;
Hasegawa et al., 2014). GRMZM2G423331 was also identified
in a recent transcriptomic analysis by Forster et al. (2022) as a
FOMT4 gene which is involved in the flavonoid pathway related
to a general response to F. graminearum and F. verticillioides in
maize. Recently, Maschietto et al. (2017) found that
GRMZM2G093092 was uniquely expressed in CO441
compared to CO354 after infection with F. verticillioides. In
addition, FOMT2 and FOMT4 enable cell-wall reinforcement
and higher lignification which both inhibit fungus growth and
the development of the disease. These results suggest the
biosynthesis of different secondary metabolites or phytoalexins
(e.g. terpenoid and flavonoid) which occurs after initial infection
with FER- and GER-causing species. Moreover, Balcerzak et al.
(2012) indicated that during the infection, fungus-specific genes
like feruloyl esterase (FAE) are activated to enable the
biosynthesis of pathogen-associated molecule patterns
(PAMPs), like oligogalacturonides. These molecules firstly
degrade the cell wall to facilitate the infection, and secondly
are perceived as elicitors by pathogen recognition receptor
kinases. This results in successive oxidation-reduction
reactions leading to reaction oxygen species (ROS) production
(Kebede et al., 2018; Yuan et al.,, 2020b) and the activation of
defense response and phytoalexin-coding genes (Forster et al.,
2022). Given the specificity of genes GRMZM2G011151 and
GRMZM2G093092 to the resistant genotype, and the fact that
they were harbored by a common MQTL (ZmMQTL9.2) to FER
and GER, their incorporation into breeding programs would
efficiently improve a broad-based resistance to both Fusarium
and Gibberella ear rots in maize.

Furthermore, we also identified 36 candidate genes which were
uniquely differentially expressed in the susceptible line, suggesting
the existence of ear rot susceptibility genes in maize. The gene
GRMZM2G164405 harbored by ZmMQTL2.2 encoded the “I-
aminocyclopropane-1-carboxylate synthase2 (acs2)” protein which
was involved in the biosynthesis of ethylene and pyridoxal
phosphate binding activity. Since ZmMQTL2.2 is a GER-specific
MQTL, this finding demonstrates that ethylene-signaling pathway
is associated with susceptibility to GER in maize as previously
indicated by Kebede et al. (2018). Similar results were reported by
Chen et al. (2009) who found that ethylene-signaling increased
susceptibility and premature cell death after inoculation with F.
graminearum and DON in wheat and barley (Hordeum vulgare L.).
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However, under infection with F. verticillioides, Maschietto et al.
(2017) found that the expression level of gene GRMZM2G053503
located on chromosome 8 at position 35.56 Mbp, was 1.23-fold
higher in CO441 than in CO354. This gene encodes “ethylene-
responsive factor-like protein 1” which is involved in resistance to
FER in maize. Interestingly, GRMZM2G053503 is located within
the FER-specific MQTL ZmMQTL8.2 (20.8—81.7 Mbp) which was
not considered in our transcriptomic analysis. This demonstrates
that the ethylene-signaling pathway plays differential roles in maize
ear rot depending on the Fusarium species. In addition to
GRMZM2G164405, another interesting susceptibility gene was
GRMZM2G146108 located within the MQTL ZmMQTL9.4. This
gene was annotated as “hemoglobinl (hbl)” which enabled
programmed cell death in the susceptible line. So far, to the best
of our knowledge, GRMZM2G146108 has not been attributed to
FER and/or GER susceptibility in maize, and thus merits further
examination. The attenuation of the ethylene-signaling pathway
could improve GER resistance in moderately to highly susceptible
genotypes. This could be done through the application of RNA
interference (RNA;) technology (Das and Sherif, 2020) on
GRMZM2G164405 as described for “Ethylene Insensitive 2
(EIN2)” gene with FHB and DON accumulation caused by F.
graminearum in wheat and barley (Chen et al., 2009). Alternatively,
the susceptibility genes could be knocked out by the clustered
regularly interspaced short palindromic repeats (CRISPR)
technology (Campenhout et al., 2019; Wada et al., 2020). Both
attempts would also biologically validate the contribution of these
genes in the maize/ear rot pathosystems.

Strategies for the successful
introgression of resistance genes to FER
and GER into elite materials

Genetic resources from diverse geographical origins
contributed to the 40 MQTL identified in this study (Table 2,
Tables 5, 6). In Europe, flint and dent germplasms including
the “Kemater Landmais Gelb” (KE) landrace population
harbored several resistance alleles which could be
introgressed into elite cultivars for enhanced ear rot
resistance (Han et al., 2016; Han et al., 2018; Gaikpa et al,,
2021). However, FER and GER resistances are complex
polygenic traits, and our results demonstrated that more than
65% of the MQTL had minor (PVE<10%) effects on the
respective traits. This indicates that the exploitation of these
MQTL using marker-assisted selection (MAS) would require
intensive breeding and marker efforts and might not yield a
significant selection gain. Although MAS has been successfully
implemented to improve traits controlled by one or a few large-
effect genes in several crops (Kuchel et al., 2007; Hasan et al.,
2021), its potential in improving complex traits remains
limited as previously discussed in wheat and barley by
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Miedaner and Korzun (2012). As implication, the successful
introgression of the resistance genes for stronger and durable
multi-disease resistances, calls for more advanced and
sophisticated genomic approaches, like genomic selection
(Bhat et al., 2016; Gaikpa and Miedaner, 2019; Budhlakoti
et al., 2022). For FER and GER resistances, this could be
achieved through the application of the integrated genomics-
assisted breeding scheme suggested by Miedaner et al. (2020).
This approach is implemented in two steps, including: (i)
introgression of the resistant donor (e.g. KE lines) by
backcrossing to the susceptible line used as recurrent parent
without marker selection, and (ii) application of genomic
selection following a recurrent selection scheme for an
accelerated selection for FER and/or GER resistances as well
as adaptation traits (Miedaner et al., 2020). Identified MQTL
can be efficiently incorporated in the genomic selection model
built in the second step.

Conclusions

Understanding the genetic basis and molecular mechanisms
controlling Fusarium and Gibberella ear rots is a key requirement
for the development of maize varieties with improved multi-
disease resistances and related traits. Based on 164 projected QTL
from 15 studies, we demonstrated the existence of 40 MQTL
which revealed colocalization of genomic regions governing FER
and GER silk and kernel resistances, FUM and DON
accumulation, kernel dry-down rate and husk coverage. Three
of the most refined MQTL (ZmMQTL2.2, ZmMQTL9.2 and
ZmMQTL9.4) for FER- and/or GER-related traits harbored
promising resistance genes which were constitutively and
strongly expressed in the resistant line (CO441) analyzed in the
published transcriptomic study by Kebede et al. (2018). The
effectiveness of the introgression of these candidate genes from
identified sources of resistance into susceptible varieties through
genomics-assisted backcross breeding strategies need to be
explored to systematically improve ear rot resistances while
reducing mycotoxins contamination in maize.
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Abstract

European flint landraces are a major class of maize possessing favorable alleles for improv-
ing host resistance to Gibberella ear rot (GER) disease which reduces yield and contami-
nates the grains with mycotoxins. However, the incorporation of these landraces into
breeding programs requires a clear understanding of the effectiveness of their introgression
into elite materials. We evaluated 15 pre-selected doubled haploid (DH) lines from two Euro-
pean flint landraces, “Kemater Landmais Gelb” (KE) and “Petkuser Ferdinand Rot” (PE),
together with two adapted elite flint lines and seven standard lines for GER severity as the
main trait, and several adaptation traits (plant height, days to silking, seed-set, plant vigor)
across four environments. From this evaluation, three KE DH lines and one PE DH line, with
the lowest GER severity, were selected and used as donor parents that were crossed with
the two adapted and GER susceptible flint lines (Flint1 and Flint2) to develop six bi-parental
DH populations with 34-145 DH lines each. Each DH population was evaluated across two
locations. Correlations between GER severity, which was the target trait, and adaptation
traits were weak (—-0.02 to 0.19). GER severity of lines from PE landrace was on average 2-
fold higher than lines from KE landrace, indicating a clear superiority of the KE landrace
lines. Mean GER severity of the DH populations was 39.4-61.0% lower than the adapted
elite flint lines. All KE-derived DH populations were on average more resistant (27.0-36.7%)
than the PE-derived population (51.0%). Highly resistant lines (1.3-5.2%) were found in all
of the populations, suggesting that the DH populations can be successfully integrated into
elite breeding programs. The findings demonstrate that selected KE landrace lines used as
donors were effective in improving GER resistance of the adapted elite inbreds.

Introduction

Maize (Zea mays L.) is the most important cereal crop before wheat (Triticum aestivum L.)
and rice (Oryza sp.) for worldwide production. In Northwestern (NW) Europe, maize
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cultivation started on a large scale with the upcoming of hybrid cultivars in the 1960s. How-
ever, in the 500 years since Columbus’ voyages, a great array of landraces were cultivated in
NW Europe which descended mainly from Northern flints introduced from Northeastern
United States of America (USA) or Canada in the 16® and 17" century [1]. These landraces
evolved upon a long time and adapted in the allogamous crop by selection for specific agro-cli-
matic conditions. They are highly heterozygous and show a high within landrace genetic vari-
ance as indicated, for example, for ergot resistance in rye populations [2] and for agronomic
traits in maize [3]. This was a motivation to produce doubled haploid (DH) line libraries of
selected landraces [4] and to test them for adaptation and target traits.

Unfortunately, all these landraces disappeared with the advent of hybrid cultivars [5], how-
ever, they may contain favorable alleles not present in elite gene pools. The flint gene pool is
still indispensable for maize cultivation in NW Europe because of its earliness and cold toler-
ance [6], but relies on only a few first-cycle founder lines extracted from a handful landraces
[3]. Molecular studies show that only a tiny fraction of the landraces have been incorporated
into modern flint elite lines [7]. Lines derived from landraces, however, have a yield gap to the
elite material and are often lacking important adaptation traits like earliness, lodging tolerance,
resistance to corn smut (Ustilago maydis) and viruses like sugar cane mosaic virus (SCMV) or
maize dwarf mosaic virus (MDMYV). Frequent tillering and disorders of male and female flow-
ering may also inhibit their use. However, the extreme level of uniformity introduced by artifi-
cial selection renders modern elite materials vulnerable to adverse environmental factors and
new and emerging pest and diseases [8].

Biotic stress is a major production constraint for maize. Over 38 pests and pathogens, of
which Fusarium and Gibberella ear and stalk rots and northern corn leaf blight are the major
diseases reported in NW Europe [9]. These diseases gained more importance in NW Europe
in the last decade, a development that will continue with increasing temperatures due to cli-
mate change [10, 11]. All pathogens and pests together reduce at present grain yield by 22.5%
on a global scale in maize [9]. From this, ear and stalk rots together contribute at least 7% to
yield gaps. New resistance sources are therefore an important factor to reduce yield gap in
hybrid maize production.

Ear rot diseases significantly affect grain production and contaminate grains with mycotox-
ins [12-14]. In cooler regions such as Europe, northern United States, Canada and some
higher altitudes in Africa, Gibberella ear rot (GER) is one of the major types that infect greater
proportions of maize [15-20]. GER is caused by the Fusarium graminearum species complex,
with F. graminearum sensu strictu Schwabe (teleomorph Gibberella zeae) as the most dominant
causal agent. This fungus reduces grain weight per ear, hence the yield [12], and contaminates
kernels with several mycotoxins of which deoxynivalenol (DON) and zearalenone (ZON) are
the most abundant [21]. Up to 48% of yield reduction was reported by Vigier et al. [13] after
GER infection in susceptible inbred lines in Canada. Existing management options are mainly
related to best agronomic practices, the adoption of mycotoxin reduction technologies, the uti-
lization of fungicides to control pathogens infections [22-24] and resistance breeding [25, 26].

Previous pre-breeding studies revealed a high genetic diversity and the existence of new
sources of resistance against GER in European maize landraces [27, 28]. Brauner et al. [29]
investigated the performance of testcrosses of DH lines from European flint maize landraces
and demonstrated their high potential for the improvement of elite germplasm. Gaikpa et al.
[27] reported eight QTL significantly associated with GER resistance in “Kemater Landmais
Gelb” (KE, from Austria) landrace. Recently, Akohoue and Miedaner [30] conducted a quanti-
tative trait loci (QTL) meta-analysis which revealed that diverse sources of resistance, includ-
ing the KE landrace, contributed to the identification of 40 meta-QTL harbouring several
putative resistance genes. This demonstrates that the European flint landraces represent
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important sources of resistance which could be explored for their introgression into elite culti-
vars. Here we want to test the possibility for using selected lines from landraces for improve-
ment of elite maize for Gibberella ear rot (GER) resistance.

This study aims to (i) select GER-resistant lines from KE and PE landraces to be used as
donor parents in crosses with two adapted and highly susceptible flint lines to generate six DH
populations, (ii) evaluate the effectiveness of the introgression of GER resistance genes into the
adapted lines using donor lines from KE and PE landraces, and (iii) select most GER-resistant
lines from each DH population and compare their performance with the two susceptible flint
lines. GER severity was our target trait evaluated in the study. Plant height, days to silking,
seed-set and plant vigor were recorded only as adaptation traits to evaluate their interaction
with GER severity and describe the selected GER-resistant lines from each DH population in
comparison with the two adapted susceptible flint lines.

Materials and methods
Plant materials and field experiments

Two experiments were followed in this study: (1) Testing of 15 landrace DH lines for their
GER resistance in 2021 and 2022, and (2) testing of DH populations derived from crosses of
two adapted susceptible flint lines with four donor landrace DH lines.

Testing of 15 DH lines in 2021 and 2022 (experiment 1)

Eight DH lines from “Kemater Landmais Gelb” (KE, from Austria) landrace and seven DH
lines from “Petkuser Ferdinand Rot” (PE, from Germany) landrace were selected from a previ-
ous study by Gaikpa et al. [27] out of 250 lines per landrace. These 15 DH lines were evaluated
in Hohenheim (HOH, near Stuttgart) and Gondelsheim (GON, near Karlsruhe) in Germany
in 2021 and 2022. Two adapted GER-susceptible flint lines (Flintl and Flint2) and seven stan-
dard checks (Table 1) were also included, making a total of 24 lines which were evaluated at
each location using a randomized complete block design (RCBD) with three replicates in 2021
and an alpha lattice design with two replicates in 2022 (see below). Parental and standard lines
were therefore included in both experiments, so we had four environments for these materials

Table 1. Recipient and standard lines included in experiments 1 and 2 and their corresponding Gibberella ear rot
(GER) status.

Line Code GER status
Recipient parents:

Flint1 Flint1 susceptible
Flint2 Flint2 susceptible
Standard checks:

Check_Dent_res Dent_res resistant
Check_Dent_sus Dent_sus susceptible
Check_Flint_res Flint_res resistant
Check_Flint_sus Flint_sus susceptible
CO354 CO354 susceptible
F353 F353 resistant
CO441 CO441 resistant

GER severity was the percentage of a maize ear visually affected by mycelium. All lines were evaluated for GER

severity at two locations in 2021 and 2022

https://doi.org/10.1371/journal.pone.0292095.t001
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(2 locations, 2 years). Standard checks CO441 and CO354 were provided by Prof. Lana M.
Reid from Eastern Cereal and Oilseed Research Centre, Central Experimental Farm, Agri-
culture and Agri-Food Canada, Ottawa, Canada [31], while the French dent line F353 was
provided by INRAE, Paris, France. Other standard checks such as Check-Dent-res, Check-
Dent-sus, Check-Flint-res and Check-Flint-sus, as well as the adapted flint lines (Flintl and
Flint2) were provided by KWS SAAT SE & Co. KGaA. In each experiment, each plot con-
sisted of 20 plants in a single row of 3 m length with an inter-row spacing of 0.75 m and
within-row spacing of 0.15 m. From this experiment 1 in 2021, KE3, KE7 and KE8 were
selected as GER-resistant DH lines, and PE2 as a moderately GER-resistant DH line by arti-
ficial infection.

Testing of landrace-derived DH populations in 2022 (Experiment 2)

Six doubled haploid (DH) populations were generated from the following F1 crosses:
Flint1xKE3, Flint2xKE3, Flint1 xKE7, Flint2xKE7, Flint2xKE8 and Flint1 xPE2 with 81, 82,
34, 65, 127 and 145 DH lines, respectively, as outcome of the established method for maize DH
production by vivo induction of maternal haploids by a male haploid inducer genotype. These
landrace-derived DH populations can also be considered as the first generation of GER resis-
tance introgression into elite lines. KE3, KE7, KE8 and PE2 selected from experiment 1 (2021)
were used as GER resistance donor parents, while Flintl and Flint2 were included as suscepti-
ble recipient parents. All materials were multiplied in an off-season program in Chile by KWS
SAAT SE & Co. KGaA, Germany.

Afterwards, all the 534 DH lines developed from the six DH populations were evaluated in
2022, together with the 24 parental lines and standard checks from experiment 1 at the same
two locations, using an alpha lattice design with two replicates. Plot size was as explained
above for experiment 1.

Artificial inoculations and data collection

Inoculation and data collection were performed similarly for both experiments. The highly
aggressive F. graminearum isolate IFA66 kindly provided by Prof. Dr. Marc Lemmens (Uni-
versity of Natural Resources and Life Sciences, Vienna, Austria) was used to prepare our inoc-
ulum suspension following the protocol of Reid et al. [32]. IFA66 was originally isolated by the
Department fiir Agrarbiotechnologie, IFA-Tulln (Tulln an der Donau, Austria) from maize
[33]. An aggressiveness test of this isolate (coded as Fgl) was done by Miedaner et al. [34] who
revealed that IFA66 was not significantly different from the most aggressive isolates. Exactly 2
mL of the inoculum suspension containing 1.5 x 10* spores.mL™" [27, 35, 36] were applied with
a one-needle vaccinator with automatic refill on the silk channel of each cob at 10 plants per
row. Artificial inoculations were done five to six days after silk emergence.

All phenotypic traits were recorded for ten maize plants per plot individually. GER severity,
which was our target trait, was rated as the percentage of a maize ear visually affected by myce-
lium, with a score of 0% representing no visible infection and 100% means that all kernels per
cob were infected. Additionally, important adaptation traits such as days to silking (DS), plant
height (PH, cm), seed-set (SS, %) and plant vigor (PV) were also recorded. DS was recorded
when at least 50% of plants per row showed female flowers. SS was collected during disease rat-
ing as the percentage of a maize ear covered by kernels. PV was rated 30 to 35 days after sowing
at each location on a scale of 1-9 using the height of the plants and color and size of the leaves
as criteria, where 1 = very short plants, very small yellowish leaf blades, very poor vigor, and
9 = very tall plants, very large and green leaf blades, excellent vigor [37].
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Data analysis

Basically, we used plot data for each trait. The raw data of the ten plants per plot was first
explored to remove outliers per row using the Bonferroni-Holm approach based on re-scaled
median absolute deviation (MAD) for standardizing residuals (BH-MADR) described by Ber-
nal-Vasquez et al. [38]. Afterwards, plants with seed-set of 0% were also removed. This resulted
in the removal of about 10% of the entire data set. To reduce heterogeneity and ensure the nor-
mality of the data, GER severity was transformed using the arcsine square root method [39].
Pearson correlation analysis was conducted between the original GER severity and the trans-
formed values to assess the validity of the transformation.

Furthermore, a two-stage analysis was performed for each trait, following the fully efficient
procedure described in detail by Piepho et al. [40] and Buntaran et al. [41]. The procedure is
said “fully efficient” because the full variance-covariance matrix of adjusted means in the first
stage is forwarded to the second stage of the analysis. According to Buntaran et al. [41], esti-
mates from the fully efficient two-stage analysis are highly correlated (0.97) with the standard
single-stage analysis, showing the similar performance of the two types of analysis. Here, the
application of the two-stage analysis was relevant for estimating adjusted means of parental
and standard lines which were included in the two experimental designs (RCBD and alpha lat-
tice) applied in the study. The data was hierarchized by trial within environment and block.

In the first stage, the data was aggregated at trial level and best linear unbiased estimators
(BLUESs) were calculated for the lines following the mixed linear model:

RCBD : Yy=p+ G+ B +& (1)

Alpha lattice design : Yikp =u+G,+Rp+ Bpk + €4, (2)

where Yj; = response of genotype i in block k; Y7, = response of genotype i in replicate p and
block k; 4 = general mean effect, G; = genotype, R, = replicate, B, = block nested within repli-
cate, and g; and g5, = residual error. In these models, genotype was fixed while replicate and
block were used as random effects. The RCBD equation applied to the experiment evaluating
the parents and standard lines in 2021 (experiment 1), while the alpha lattice equation ana-
lyzed the experiment evaluating the parents, standard lines in 2022 (experiment 1) and the six
DH populations in 2022 (experiment 2).

In the second stage, a mixed linear model was fitted across environments using the BLUEs
and the full variance-covariance matrix from the first stage to estimate variance components
and broad sense heritability for each trait as follows:

Y,=pu+G +E+GE +¢ (3)

where Y; = BLUE of genotype i within environment /; 4 = general mean effect, G; = genotype i
within environment /, E; = environment, GE; = genotype by environment interaction and g;; =
residual error associated with BLUE of genotype i within environment /. Variance-covariance
matrix was used to separate genotype-environment interaction and the residual variances.

Dummy variables (0, 1) were used to separate populations, donor and recipient parents
[42]. For each population, in defining the dummy variable, 1 was applied for all lines belonging
to the population and 0 for others lines. The interaction between genotype and each dummy
variable (Dummy:genotype) generated estimates for all lines coded as 1. Therefore, this interac-
tion term was applied to subset the data and estimate variance components for each popula-
tion separately. Genotype, environment and genotype-environment effects were used as
random in the second stage model to estimate variance components. The likelihood ratio test
(LRT) was implemented to analyze significance of variance components [43].
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Broad sense heritability (H?) was estimated as follows [44, 45]:

v BLUP
H =[1- A‘2" - (4)
O-g

where ¢, is the genotypic variance, V{"" is the average standard error of difference of two

genotypic best linear unbiased predictions (BLUP). Outlier removal, the two-stage analysis
and heritability estimates were performed using ASReml v.4.1 [46].
The genotypic coefficient of variation (CVg, %) was calculated for each trait as:

vV, = x 100 (5)

Mean

where o7 is the genotypic variance. In addition, coefficient of variation due to error (CV, %)
was estimated by replacing the genotypic variance (c}) by the residual variance (¢7) in Eq 5.

Based on the BLUEs for GER severity (S1 Table), five best DH lines were selected within
each DH population, and their GER severity and BLUEs for adaptation traits were compared
to those of the recipient parents and the standard checks. All analyses were conducted in the R
software v4.1.0 [47].

Results

Frequency distributions and correlations among GER severity and
adaptation traits (experiment 1 + 2)

For illustrating the genotypic variation across both experiments, we firstly present the analysis
of the histograms based on best linear unbiased estimations across environments (Fig 1). GER
severity and the adaptation traits were quantitatively distributed; with the exception of SS

(Fig 1). Most lines exhibited relatively high seed-set across landraces and DH populations.
Lines from both landraces have been previously selected for seed-set by Gaikpa et al. [27], and
the adapted flint lines had high seed-set (>95%).

Low phenotypic correlations (-0.04 to 0.19) were observed between GER severity and the
adaptation traits (Fig 1). Significant negative correlation (—0.46) was detected between DS and
SS, which might be due to the increased average temperature recorded in 2022 in all environ-
ments; that might lead to seed abortion in late lines. A highly significant correlation was found
between original and transformed GER severity, confirming the reliability of the inferences
based on the arcsine square root transformation applied in our study. It is of particular interest
that the correlation between GER and PV is of low importance, an indication that the low
plant vigour of part of the lines does not have a strong effect on F. graminearum infection.

Genetic variation of GER severity and adaptation traits within 15 DH lines
from landraces (experiment 1)

Within lines drawn from both KE and PE landraces, considerable genetic variation was
observed for all traits (Table 2). Genotype by environment interaction variances for GER
severity were significant and represented about 1% and 54% of the genotypic variance for KE
and PE lines, respectively. Broad sense heritability ranged from 0.62 to 0.98, with the lowest
value observed for seed-set (SS) (Table 2). Heritability estimate and genetic coefficient of varia-
tion (CV) of GER severity were considerably higher in lines from KE landrace than that of
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Fig 1. Frequency distributions and correlations among Gibberella ear rot (GER) severity (original values, %), transformed GER
severity (GER,), plant height (PH, cm), days to silking (DS), seed-set (SS, %) and plant vigor (PV) based on best linear unbiased

estimations of the 15 landraces lines, two recipient parents, nine standard checks and 534 doubled haploid lines from the six
* kxk

populations. *, ** significant at p<0.05, 0.01, respectively.
https://doi.org/10.1371/journal.pone.0292095.g001

PE landrace lines. The coefficient of variation due to error (CV,) was low (0.78—24.10) for all
traits and lower than the CVg, except for GER severity of PE landrace (Table 2).

PH = plant height, DS = days to silking, SS = seed-set, PV = plant vigor, CV¢ = genotypic
coefficient of variation (%), CV = coefficient of variation of error (%), 67 = genotypic

Table 2. Descriptive statistics, variance components and heritability estimates of adaptation traits and Gibberella ear rot (GER) severity of 15 lines drawn from
Kemater and Petkuser landraces.

Trait Unit CVg CV, o2 o, ¢’ H?
Kemater landrace:

GER % 65.37 24.10 20.60 0.20 2.80 0.98

PH cm 13.38 2.76 490.90 164.30 20.86 0.93

DS days 3.09 0.78 6.23 3.92 0.40 0.89

SS % 6.27 4.42 27.37 8.13 20.41 0.62

PV - 11.26 6.14 0.47 0.33 0.14 0.63
Petkuser landrace:

GER % 8.88 17.42 1.10 0.60 4.30 0.76

PH cm 10.41 3.44 234.90 192.50 25.67 0.86

DS days 4.15 0.84 11.57 1.97 0.48 0.95

SS % 11.12 7.51 67.49 15.22 30.78 0.67

PV - 15.37 7.79 0.78 0.31 0.20 0.67
https://doi.org/10.1371/journal.pone.0292095.t002
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Fig 2. Barplots showing Gibberella ear rot (GER) severity (back-transformed values, %) of parental and standard lines evaluated at each of two locations
(GON and HOH) in 2021 and 2022. GON21, GON22, HOH21, HOH22 are the four environments based on location x year combinations. (A) doubled
haploid lines of Kemater (KE) landrace used as donor parents, (B) doubled haploid lines of Petkuser (PE) landrace used as donor parents, (C) recipient parents
and (D) standard lines (res = resistant, sus = susceptible). The asterisk (*) indicates lines selected as donor parents for development of doubled haploid
populations.

https://doi.org/10.1371/journal.pone.0292095.9002

variance, 62, = genotype X environment interaction, o> = residual variance, H” = broad sense
herltablhty. The lines were evaluated at two locations in 2021 and 2022. All CV, variance, and
heritability estimates were computed with arcsine transformed GER values, variance compo-
nents of GER severity were multiplied by 100 and minimum, maximum and mean were esti-
mated from back-transformed best linear unbiased estimations (BLUEs) of GER

In 2021, GER severity was low to moderate (2.0-62.0%) at both locations in six KE DH
lines such as KE8, KE2, KE5, KE7, KE1 and KE3 (Fig 2A, S2 Table). In contrary to lines from
KE landrace, GER severity was higher (>50%) in all lines drawn from PE landrace (Fig 2B, S2
Table). The lowest GER severity was observed with line PE2 within this landrace. GER severity
was high (87.3-96.5%) for the adapted parents Flint1 and Flint2 (Fig 2C, S2 Table). Resistant
standard lines included in the experiments showed very low to low GER severity (1.4-18.5%),
while susceptible standards were highly infected (68.0-95.9%) (Fig 2D, S2 Table).

In 2022, similar ranges were observed for GER severity in both KE and PE DH lines, the
adapted parents Flintl and Flint2, and standard checks. Based on this result, KE8, KE7, KE3
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Table 3. Variance components, heritability estimates of arcsine transformed Gibberella ear rot (GER) severity of doubled haploid lines within six landrace-derived
populations evaluated at two locations in 2022.

Population Descriptive statistics Variances and heritability
Min Mean Max CVg CV, o, [ o2 H’

DH(Flint1xKE3) 1.55 36.71 96.60 34.35 6.87 5.00 5.30 0.20 0.64
DH(Flint1xKE7) 1.56 26.97 68.04 8.19 14.19 0.20 8.40 0.60 0.55
DH(Flint2xKE3) 1.61 36.58 98.99 30.72 6.85 4.00 5.50 0.20 0.62
DH(Flint2xKE7) 1.50 29.42 96.77 43.78 9.55 6.30 3.60 0.30 0.68
DH(Flint2xKE8) 1.30 33.06 96.02 42.25 5.16 6.70 4.20 0.10 0.83
DH(Flint2xPE2) 1.85 50.95 97.44 35.80 5.63 8.10 5.60 0.20 0.70

Min = minimum, Max = maximum, CV = genotypic coefficient of variation, CV,, = coefficient of variation of error, 62 = genotypic variance, 67, = genotype x
environment interaction, 62 = residual variance, H* = broad sense heritability. All CV, variance, and heritability estimates were computed with arcsine transformed
GER values, variance components of GER severity were multiplied by 100 and minimum, maximum and mean were estimated from back-transformed best linear
unbiased estimations (BLUEs) of GER

https://doi.org/10.1371/journal.pone.0292095.t003

and PE2 which were highly to moderately resistant to GER disease across locations and years,
and were selected and crossed with the susceptible adapted parents Flintl and Flint2 to gener-
ate the six DH populations.

Genetic variation of GER severity within six doubled haploid populations
from crosses with elite maize (experiment 2)

Based on the transformed GER severity, significant genotypic and genotype by environment
interaction variances were observed within the six DH populations (Table 3). The genotypic
variance was 1.4-1.8-fold higher than the genotype by environment interaction in
Flint2xPE2, Flint2xKE8 and Flint2xKE7. Depending on the population, the genotypic coef-
ficient of variation was relatively high in all populations, with the exception of Flint1xKE?7.
Coefficient of variation due to error was low (<20%) for all populations and lower than
CVg, except for Flint1xKE7 (Table 3). The broad sense heritability estimates were moderate
(0.55) to high (0.83), with the lowest value observed in Flint1xKE7 and the highest in
Flint2xKE8 (Table 3).

Comparison of GER severity of landrace-derived DH populations with
recipient parents and performance of the five best lines within each
population (experiment 2)

Based on mean GER severity, significant difference was observed between KE-derived popula-
tions and PE-derived population (Fig 3). No significant differences were observed among the
five KE-derived populations. Flint2xPE2, a PE-derived population exhibited the highest aver-
age GER severity (51.0%), while lower GER severity (27.0—-36.7%) was observed in KE-derived
DH populations, although both recipient flint lines were similarly susceptible (Fig 3). In addi-
tion, on average, the six DH populations were more resistant than the recipient parents (Fig 3).
In comparison to the mean performance of Flintl (87.2%) and Flint2 (90.4%) across the two
locations in 2022, average GER severity was reduced by 39.4-61.0% in the DH populations.
GER severity reduction was higher in all KE-derived populations (53.6-61.0% reduction) than
the PE-derived population (39.4% reduction).

From the six DH populations, the five best lines were very resistant, with mean GER sever-
ity of 17-168-fold lower than mean GER severity of Flint2 and Flintl (Table 4). Furthermore,
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Fig 3. Boxplots showing Gibberella ear rot (GER) severity (back-transformed values, %) of DH populations evaluated at two locations in 2022. n
indicates the number of doubled haploid lines analyzed per population. Horizontal lines within boxes indicate the median. For each box, the notch represents
95% confidence interval for the median. Red point, green triangle in each box and blue asterisk (*) indicate mean GER severity of each DH population, donor
parent and recipient parent, respectively. Values in parenthesis are the differences between population mean and mean GER severity of the corresponding
recipient parent. Boxes with the same letter are statistically identical at p<0.05.

https://doi.org/10.1371/journal.pone.0292095.9003

GER severity of selected lines were similar to that of Flint_res which was the most resistant
standard check included in the study. Regardless of the populations, the selected lines exhib-
ited similar performances for all adaptation traits, except for average SS which was relatively
low for lines 101 (39.5%) and 283 (23.0%) from Flint1xKE7 and Flint2xKE7, respectively
(Table 4). Average PV was also relatively low for lines 101 (3.3) and 501 (3.1) from Flint1xKE7
and Flint2xPE2. In comparison with the recipient parents, average DS and PV of selected lines
were similar in the six populations. However, most selected lines were relatively shorter in all
populations than the recipient parents.

Discussion

The exploitation of European landrace germplasm could be of paramount importance for
developing elite materials with improved Gibberella ear rot resistance. We selected three DH
lines from Kemater landrace and one DH line from Petkuser landrace, which had varying
degrees of GER resistance and used them as donors to develop six DH populations to improve
GER resistance of two adapted flint lines (Flintl and Flint2) included as recipient parents. The
six DH populations with a total of 534 DH lines were on average 39.4-61.0% less infected than
the mean performance of the adapted flint lines. Within each DH population, the performance
of five most resistant DH lines from each population was discussed for consideration in elite
maize breeding programs. We will also include results from Gaikpa et al. [27] to discuss the
relative stability of GER resistance of the 15 KE and PE lines evaluated in this study.
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Table 4. Performances of the five best doubled haploid (DH) lines within each population in comparison with recipient parents and standard checks evaluated at

two locations in 2022.

Population Line GER (%) DS (days) PH (cm) SS (%) PV (1-9)
DH(Flint1xKE3) 70 1.55 70.29 133.80 94.96 6.54
DH(Flint1xKE3) 45 1.60 76.27 139.95 93.74 5.31
DH(Flint1xKE3) 87 1.65 71.20 131.33 97.74 6.77
DH(Flint1xKE3) 67 1.95 70.65 122.55 96.99 6.28
DH(Flint1xKE3) 19 2.86 71.88 159.27 90.99 9.04
DH(Flint1xKE7) 101 1.56 80.64 132.93 39.54 3.34
DH(Flint1xKE7) 107 2.40 75.79 155.80 57.43 5.05
DH(Flint1xKE7) 110 3.57 69.32 152.80 92.96 6.48
DH(Flint1xKE7) 114 4.35 70.50 156.13 90.91 6.32
DH(Flint1xKE7) 93 5.20 67.62 145.86 89.99 7.85
DH(Flint2xKE3) 145 1.61 70.44 110.00 96.83 6.76
DH(Flint2xKE3) 142 2.23 66.69 147.76 97.74 591
DH(Flint2xKE3) 150 2.49 74.25 123.46 99.50 6.37
DH(Flint2xKE3) 175 2.86 67.35 114.08 93.91 5.44
DH(Flint2xKE3) 132 3.21 70.23 128.97 98.00 6.93
DH(Flint2xKE7) 250 1.50 74.55 144.39 57.43 6.47
DH(Flint2xKE7) 219 1.70 78.72 197.65 99.00 9.12
DH(Flint2xKE7) 283 1.88 78.16 147.75 22.98 6.38
DH(Flint2xKE7) 284 1.88 73.37 118.95 97.00 6.15
DH(Flint2xKE7) 254 1.95 76.22 145.20 78.61 5.02
DH(Flint2xKE8) 363 1.30 71.39 145.60 94.99 5.73
DH(Flint2xKE8) 364 1.68 71.50 125.08 96.02 6.23
DH(Flint2xKE8) 315 1.88 68.22 131.33 95.74 6.27
DH(Flint2xKE8) 317 1.88 70.67 105.61 96.99 5.54
DH(Flint2xKE8) 327 1.88 77.62 169.92 77.78 6.79
DH(Flint2xPE2) 566 1.85 85.88 150.00 72.61 6.00
DH(Flint2xPE2) 460 2.21 72.05 105.95 94.83 7.77
DH(Flint2xPE2) 561 2.21 73.40 113.68 96.99 6.26
DH(Flint2xPE2) 501 2.54 81.67 125.55 78.61 3.11
DH(Flint2xPE2) 568 3.21 71.34 129.58 95.01 7.46
Recipient Flint1 87.26 74.64 165.40 95.33 7.16
Recipient Flint2 90.42 76.50 169.90 96.99 6.26
Standard checks Flint_res 2.39 186.90 81.97 97.93 6.38
Standard checks Dent_sus 89.55 187.50 85.71 97.83 6.43
- Gross mean 9.95 80.10 135.70 87.47 6.32
- LSD 5% 7.30 5.57 14.08 22.15 5.01

GER = Gibberella ear rot severity (back-transformed values), PH = plant height, DS = days to silking, SS = seed-set, PV = plant vigor (1 = no vigour, 9 = highest vigour),

LSD 5% = Fisher’s least significant difference at 5% significance level

https:/doi.org/10.1371/journal.pone.0292095.t004

Genetic variation and heritability estimates of GER severity within lines

from landraces and landrace-derived DH populations

Genotypic variances (¢%,) within DH lines from KE landrace were generally much higher than
within DH lines drawn from PE landrace and were further reduced in derived DH popula-

tions. Similarly, heritability was higher in KE landrace lines (0.98) than PE landrace lines

(0.76), and in both KE- and PE-derived DH populations (0.55-0.83). The remarkably high
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entry-mean heritability (0.98) detected in the study indicates that GER is a highly heritable
trait, but also highlights an appropriate field phenotyping as indicated by Piepho and M6hring
[45]. Gaikpa et al. [27] who evaluated 500 DH lines from both KE and PE landraces reported
similar high heritability estimates (0.80 for KE and 0.77 for PE) for GER severity. Furthermore,
heritability observed within the six DH populations included in our study confirms the results
of Galiano-Carneiro et al. [35] who reported similar values (0.24-0.72) when evaluating six
Brazilian donor-derived DH populations across environments in Brazil and Europe. The exis-
tence of significant genetic variation observed in our study indicates that the DH populations
can be used in QTL mapping studies to identify and validate resistance loci for accelerating
breeding for GER resistance in elite maize materials.

The genotype by environment interaction (¢7,;) was also significant within lines from both
KE and PE landraces and derived DH populations, even though it was lower than the geno-
typic variance. Significant genotype by environment interactions in this pathosystem were also
reported by Akohoue et al. [36], Gaikpa et al. [27] and Bolduan et al. [48]. The relative magni-
tude of o7, compared to o7,; was higher within landrace lines than the derived DH populations,
revealing that the contribution of genotype by environment interaction to GER resistance was
more important in the DH populations.

Differential GER resistance of European flint landraces

Our study demonstrated that mean GER severity of the seven PE DH lines was on average
about 2.1-fold higher than GER severity of the eight KE DH lines across the four environ-
ments. This demonstrates a clear superiority of lines from “Kemater Landmais Gelb” landrace
over “Petkuser Ferdinand Rot” landrace lines with regards to resistance to Gibberella ear rot in
maize. Gaikpa et al. [27] evaluated 250 DH lines from each landrace and found that average
GER severity within PE landrace was 1.3-fold higher than that within KE landrace. Similarly,
Akohoue et al. [36] reported that GER severity of PE DH lines evaluated in four environments
in Germany was 1.3-fold higher that KE DH lines. Furthermore, based on genome-wide asso-
ciation study (GWAS) of 250 KE DH lines, Gaikpa et al. [27] reported eight GER resistance
loci with individual additive effect size of —3.27 to —5% and a total of 33.69% of genotypic vari-
ance explained. In contrary to the KE landrace, no significant marker-trait associations were
identified for GER severity within PE landrace using the GWAS approach. This firstly demon-
strates that GER resistance is quantitatively inherited with both additive and dominance effects
as reported by Butrdn et al. [49], Martin et al. [50] and Mesterhazy et al. [51]. Although addi-
tive gene action is predominant, Martin et al. [50] also found significant dominance effects in
a cross (D152xUHO007) for GER resistance and in four crosses for DON contamination
(D152xUHO006, D152xUH007, UH007xUH006, UH009xUHO006). Secondly, the absence of
significant marker-trait associations reported within the PE landrace confirms that QTL effects
of GER resistance within this landrace might be too low to be exploited through marker-assis-
ted selection.

Moreover, the average GER severity of KE DH lines (40.94%) observed in the present study
was similar to GER severity of 44.12% and 42.13% reported for DH lines from the same land-
race population by Gaikpa et al. [27] and Akohoue et al. [36], respectively. Lines KE1, KE2,
KE3, KE5, KE7 and KE8 which were moderately to highly resistant in this study were also
identified by Gaikpa et al. [27] as resistant genotypes across four different environments
(Fig 4). A compilation of our results with those of Gaikpa et al. [27] for the same landrace lines
revealed that resistant lines KE2, KE5, KE7 and KE8 maintained a relatively low mean GER
severity (<30%) across all environments, while KE1 and KE3 were more unstable with GER
severity of 3.6-62% (Fig 4A). This demonstrates a relative stability of GER resistant KE
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Fig 4. Heatmaps showing relative stability of mean Gibberella ear rot (GER) severity (back-transformed values, %) of lines drawn from landraces
evaluated in eight environments (= two locations x four years). (A) GER severity of eight doubled haploid (DH) lines from Kemater landrace and (B) GER
severity of seven DH lines from Petkuser landrace. Color gradient shows the relative severity and stability of GER infections in each environment. Mean GER
severity in 2018 and 2019 were reported by Gaikpa et al. [27].

https://doi.org/10.1371/journal.pone.0292095.9004

landrace lines across environments. In contrary to KE landrace, mean GER severity of PE
landrace lines in our study (86.19%) was 1.5—1.6-fold higher than that reported by Gaikpa
etal. [27] (58.57%) and Akohoue et al. [36] (55.04%). In addition, mean GER severity of PE
lines were highly variable (0-85.6%) across environments (Fig 4B). This reveals that the reac-
tion of the PE landrace lines to GER infection across environments was less stable than that of
the KE landrace lines. In contrary to moderately resistant lines, susceptible lines (KE4, KE6,
PE1 and PE5) were stable with very high GER severity in all environments. Stability of GER
resistance was also investigated by Dalla Lana et al. [52] who evaluated 15 maize hybrids to
Gibberella ear rot across 30 environments (= 3 years x 10 locations) in the USA, and found
also differences in the stability according to the resistance level. Butrén et al. [49] also reported
a low stability of GER resistance when evaluating two maize crosses (CO359 x CO441 and
EP42 x EP77) across four environments in Canada and Spain. This emphasizes the need for
evaluating landrace lines across multiple environments in order to select most resistant and
stable lines which could be used as donor parents in breeding programs. Environment-specific
GER resistance breeding targets should also be defined for a better and more efficient exploita-
tion of the large existing genetic diversity within landraces. In addition, with recent advances
and availability of molecular genomic information on the trait [27, 30, 53, 54], genomics-assis-
ted selection could be applied for accelerated evaluation for GER resistance in maize.

Effectiveness of GER resistance introgression into elite inbreds

On average, GER severity of the DH populations was 39-61% lower than that of the two
adapted elite lines (Fig 3). This is an indication that the selected donor landrace lines were
effective in improving GER resistance of the adapted elite inbreds. In addition, the finding
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confirms the usefulness of selected donor landrace lines for improving the resistance of Euro-
pean adapted flint lines as demonstrated by Galiano-Carneiro et al. [35] using Brazilian tropi-
cal DH lines as donor parents.

Moreover, the PE-derived DH population was significantly more susceptible than the KE-
derived populations. This, once again confirms the superiority of KE landrace donors for
transferring GER resistance into elite materials.

The five best DH lines selected within each populations were 17—-168-fold more resistant
than the elite lines. The lines exhibited similar average performances with the elite lines for
days to flowering, seed-set and plant vigor, with the exception of lines 101 and 283 from
Flint1xKE7 and Flint2xKE?7, respectively, which had a lower seed-set (Table 4). This shows
that they are already adapted according to DS, PH, SS, and PV; however, this should be vali-
dated through further evaluations especially for grain and stover yield. This is not astonishing
because the landraces were innately adapted to the eco-climatic conditions of NW Europe. In
addition, the selected lines showed similar GER resistance compared to the most resistant stan-
dard check included in the study. This may be explained by the high genetic diversity observed
within the DH populations where the best lines exhibit very low GER severity (<10%), while
the most susceptible lines show very high GER severity across environments. This exhibits the
high potential of the six DH populations evaluated in this study of which the best lines could
be integrated into elite breeding programs for improving GER resistance. However, best lines
from these populations should be further evaluated through multi-location and multi-year tri-
als to select the most stable lines to be recommended for improved and sustainable hybrid
maize production. In addition, it is also important to evaluate the combining ability of the
selected lines for grain yield and GER resistance, their resistance to other ear rot pathogens
(i.e. F. verticillioides) as well as their response to mycotoxin contaminations.

Conclusions

Understanding the effectiveness of introgression of GER resistance from landraces into elite
materials is required to better exploit the potential of European flint landraces. The use of KE
landrace as donor lines was more effective for reducing GER severity of susceptible elite lines
than PE landrace. Our results showed that the derived DH populations are genetically diverse
and of high interest for use in maize breeding programs. The introgression of GER resistance
genes into elite materials could be accelerated through the application of genomics-assisted
selection within populations. Considering the complexity and quantitative nature of GER
resistance, backcross selection could be combined with genomic selection and prediction
which seem to be the most relevant molecular approaches that could be implemented within
each population to rapidly improve GER resistance of elite materials as indicated by Akohoue
and Miedaner [30]. Given the existence of significant genotype by environment interaction
within the DH populations, the integration of genomics-assisted breeding for increased selec-
tion efficiency could be implemented within environment to better exploit QTL by environ-
ment interaction and define area-specific breeding targets. The selected lines from each DH
population had similar GER resistance than the highly resistant standard line included in the
study. These best lines could be incorporated into breeding programs across multiple locations
and years to select the most stable lines.

Supporting information

S1 Table. Best linear unbiased estimations (BLUEs) of Gibberella ear rot (GER) severity
(back-transformed values, %), days to silking (DS, days), plant height (PH, cm), seed-set
(SS, %), and plant vigor (PV) across environments. Doubled haploid (DH) populations were
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evaluated across two locations, while others lines were evaluated across four environments.
(XLSX)

S$2 Table. Back-transformed best linear unbiased estimations (BLUEs) of Gibberella ear
rot (GER) severity of parental and standard lines evaluated at two locations (GON and
HOH) in 2021 and 2022. 4_ENV = mean of GER severity (back-transformed values, %) across
the four environments, LSD 5% = Fisher’s least significant difference at 5% significance level.
GER severity was the percentage of a maize ear visually affected by mycelium.

(XLSX)
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S1 Table: Best linear unbiased estimations (BLUESs) of Gibberella ear rot (GER) severity
(back-transformed values, %), days to silking (DS, days), plant height (PH, cm), seed-set (SS,
%), and plant vigor (PV) across environments. Doubled haploid (DH) populations were
evaluated across two locations, while others lines were evaluated across four environments.
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S2 Table: Back-transformed best linear unbiased estimations (BLUES) of Gibberella ear rot
(GER) severity of parental and standard lines evaluated at two locations (GON and HOH) in
2021 and 2022. 4 ENV = mean of GER severity (back-transformed values, %) across the
four environments, LSD 5% = Fisher’s least significant difference at 5% significance level.

GER severity was the percentage of a maize ear visually affected by mycelium

Line GON21 HOH21 GON22 HOH22 4 ENV
(%) (%) (%) (%)
Kemater Landmais Gelb landrace:
KE1 45.67 53.02 37.28 42.75 44.68
KE2 4.68 12.29 1.36 26.23 11.14
KE3 61.95 56.66 38.04 44.15 50.20
KE4 94.25 95.61 95.19 94.92 94.99
KE5 10.89 22.79 6.64 4,53 11.21
KE6 95.00 95.30 92.58 94.56 94.36
KE7 24.69 18.61 14.65 10.76 17.18
KES8 1.97 6.90 1.63 4.48 3.75
Petkuser Ferdinand Rot landrace:
PE1 91.83 96.18 90.83 93.57 93.10
PE2 50.95 65.60 75.60 85.60 69.44
PE3 54.08 91.70 89.20 58.33 73.33
PE4 80.12 82.24 85.12 89.34 84.21
PE5 94.25 96.56 95.36 95.02 95.30
PEG6 95.00 93.33 92.43 94.43 93.80
PE7 95.00 96.15 95.49 89.94 94.15
Recipient parents:
Flintl 87.27 96.45 91.32 83.20 89.56
Flint2 90.44 92.32 92.27 88.58 90.90
Standard checks:
C0354 68.01 95.87 92.06 77.12 83.27
C0441 6.80 5.85 6.86 1.67 5.30
Dent_res 541 6.15 24.87 13.46 12.47
Dent_sus 93.30 95.85 92.88 86.21 92.06
F353 12.88 18.54 2.80 8.71 10.73
Flint_res 2.02 2.34 1.44 3.34 2.29
Flint_sus 94.19 95.62 83.00 73.94 86.67
LSD (5%) - - - - 11.20
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Abstract: Predicting the resistance of hybrids from lines is a relevant approach for accelerating the
improvement of disease resistance in hybrid breeding. In this study, genetic variation and covariation
among 76 DH lines from two flint landraces, Kemater (KE) and Petkuser (PE), and their corresponding
testcrosses (TC) were estimated for the first time for this material for Gibberella ear rot (GER), days
to silking (DS), and plant height (PHT). Lines and TC were evaluated in four and two environments,
respectively, under artificial infection with GER. TC were, on average, 42% less GER infected than
their lines. TC matured 3—4 days earlier and were about 110 cm taller than the lines. GER resistance
was 10% higher in KE lines and TC than PE lines and TC. Significant (p < 0.001) genotypic and
genotype-by-environment interaction variances were found for all traits. Genotypic variances were
generally smaller among TC than lines. Broad-sense heritability estimates were moderate to high for
GER severity (0.56-0.82) and high for DS (0.78-0.88) and PHT (0.86-0.94) with higher values always
observed in lines. Significant, moderate correlations between TC and line per se performance were
found for GER resistance in both KE and PE (r = 0.37 and 0.55, respectively). For the two agronomic
traits, correlations were higher (r = 0.59-0.76) than for GER resistance. Genomic prediction accuracies
were moderate to high for GER resistance (r = 0.49-0.63) and generally higher for DS and PHT. In
conclusion, a pre-selection of DH lines for GER resistance should be feasible; however, TC should be
additionally tested on a later selection stage to aim for GER-resistant hybrid cultivars.

Keywords: Gibberella ear rot resistance; Fusarium graminearum; correlations; genomic prediction
accuracy; testcrosses; line per se

1. Introduction

Maize (Zea mays L.) is the most important cereal crop after wheat (Triticum aestivum L.)
and rice (Oryza sativa L.) and is grown for food and feed across the world [1-3]. It is consid-
ered a major food source with a high contribution to food and nutrition security in diverse
regions such as Africa, where the consumption ranges from 52 to 328 g/person/day [14].
In industrial countries, maize is often used for feeding livestock in Europe and ethanol
production in the United States [2].

Unfortunately, persisting yield gaps were found in maize production across re-
gions [5,6]. Projections in maize production demonstrated the necessity for intensive
improvement efforts to close the existing yield gaps in order to satisfy food and feed
demands by the growing human populations by 2050 [5,6]. Producers are experiencing
several constraints, including high disease infections that cause huge grain losses from field
to storage, resulting in up to 30% of yield loss [7]. Toxigenic ear rots are major components

Agronomy 2021, 11, 1039. https://doi.org/10.3390/agronomy11061039 93

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-2160-0182
https://orcid.org/0000-0002-9541-3726
https://www.mdpi.com/article/10.3390/agronomy11061039?type=check_update&version=1
https://doi.org/10.3390/agronomy11061039
https://doi.org/10.3390/agronomy11061039
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11061039
https://www.mdpi.com/journal/agronomy

Agronomy 2021, 11, 1039

20f11

thereof [8], causing a serious threat to food and feed safety because of their ability to
produce a wide range of mycotoxins [9-12]. Different types of toxigenic ear rots caused
by Fusarium spp. occur depending on the geographical location and prevailing climate
or weather [13]. In cooler regions, such as Europe, northern United States, Canada and
some higher altitudes in Africa, Gibberella ear rot (GER) and Fusarium ear rots (FER) are
the major types that infect greater proportions of maize. Gibberella ear rot is caused by
Fusarium graminearum or its sexual stage known as Gibberella zeae, which reduces yield,
affects grain quality, and contaminates the grains with mycotoxins, such as deoxynivalenol
(DON) and zearalenone (ZON) [14,15]. Fusarium ear rot is caused by F. verticillioides (teleo-
morph G. fujikoroi) and some other fungi. In Germany, Gibberella and Fusarium ear rot
infections were recently reported as the most dominant disease in maize with their relative
occurrence depending on temperature and humidity in the respective year [16].

Mycotoxin contamination is a strong impetus for breeding Fusarium resistance. Their
quantification, however, is costly and not achievable in large breeding populations with
thousands of entries. Inoculation with an aggressive F. graminearum isolate led to strong
phenotypic correlations between GER symptoms and DON concentrations amounting
to r = 0.95 for inbred lines and r = 0.88-0.91 for testcrosses (TC) as reported by Bolduan
etal. [17]. Accordingly, the phenotypic correlation between GER and DON was r = 0.93 and
between GER and ZON r = 0.91 in another set of elite TC [18]. Correlations between GER
severity and DON or ZON concentrations were also very strong in a larger line population
(n =182, r=0.97 and 0.92, respectively) [19]. Thus, it is not necessary to invest in the costly
and time-consuming mycotoxin analyses as long as artificial infections with an aggressive
isolate are performed.

Fungicides are currently not released for this purpose in Germany as they are not
fully efficient in the control of Fusarium species. They are also harmful to health and the
environment [20]. Moreover, the development of high-yielding varieties with improved
disease resistance was reported as the most appropriate approach to effectively reduce
ear rot damages in maize [14,21-23]. The identification of resistance sources and use
of appropriate breeding methods are major steps forward in developing highly ear-rot-
resistant maize varieties. European maize landraces encompass several QTLs controlling
GER severity that can be introgressed in high-yielding maize varieties [24].

The importance and accuracy of using the performance of parental lines as predictors
of hybrid performance were analysed previously for ear rot resistance in maize [18] and
Fusarium head blight in wheat [25] but only in European materials. For agronomic traits in
maize, these correlations have been established already [26,27]. Predicting hybrid resistance
from line per se is relevant for reducing selection cycle length, facilitating early breeding
stage selection, and maximising gains from selection [28]. Generally, lines display a greater
genetic variation and are selected as a first step before using TC for selecting general
combining ability (GCA). Thus, a pre-selection of inbred lines on GER resistance would
allow one to integrate only the more resistant fraction into the resource-demanding GCA
tests. The availability of DH lines should allow for a more accurate prediction because
the DH lines are fully inbred and masking effects are avoided. The effective and accurate
prediction of hybrid performance requires significant associations between performances of
the hybrids and lines for the traits of interest. Because this parameter is highly dependent
on the maize materials used, we estimated for the first time the variances and covariances
for GER severity from two European flint landraces. In particular, we aimed to analyse: (i)
the genetic variation of Gibberella ear rot resistance, silking time, and plant height among
the double haploid (DH) lines from two European flint landraces and their corresponding
TC, and (ii) the accuracy of using line performance as a predictor of hybrid performance
for Gibberella ear rot resistance. We hypothesise that: (i) genotypic variances are higher
in DH lines than the TC and that (ii) DH line performance is a good predictor of TC for
GER resistance.
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2. Materials and Methods
2.1. Plant Materials

In this study, we used 40 and 36 double haploid (DH) lines from two European flint
maize landraces, “Kemater Landmais Gelb” (KE, from Austria) and “Petkuser Ferdinand
Rot” (PE, from Germany), respectively, and their corresponding 76 testcrosses (TC), using
the French dent line “F353” provided by INRAE as tester [29]. The lines were chosen for
testcrossing based on their agronomic appearance in 2018 out of a total set of 500 DH lines
described in detail by Gaikpa et al. [24]. The respective crosses were made in an off-season
program in Chile.

2.2. Field Experiments

Field experiments were conducted in Hohenheim (near Stuttgart) and Gondelsheim
(near Karlsruhe) in Germany. The 76 DH lines were inoculated in 2018 and 2019 in each
of the two locations, while the 76 corresponding TC were evaluated in 2019 at the same
two locations. The experiments were conducted using two alpha-lattice designs with
two replicates each grown adjacent to each other. The line experiment was reported very
recently in detail [24]. Therefore, we give here for brevity the most important points only.
Each plot consisted of 20 plants in a single row of 3 m length with a distance between
rows of 0.75 m and within rows of 0.15 m. Both DH lines and TC were inoculated using
the aggressive Fusarium graminearum isolate IFA66 described by Bolduan et al. [17] and
generously shared by Prof. Dr. M. Lemmens, IFA Tulln, Austria. The ears of 8-10 plants per
plot were inoculated at 4-6 days after 50% silk emergence, leaving out the border plants.
Approximately 2 mL and 3 mL of the inoculum (concentration 1.5 x 10* spores mL~1)
for lines and TC, respectively, were injected into each ear through the silk channel [30].
Data were recorded on Gibberella ear rot (GER) severity (%), days to silking (DS), and
plant height (PHT, cm). GER severity was visually recorded at physiological maturity of
8-10 plants per plot as the percentage of symptomatic kernels per ear on a quantitative
scale from 0-100%, where 0% = no Fusarium mould visible and 100% = entire ear covered
with Fusarium mould [31].

2.3. Statistical Analysis

Separately for lines and TC, trait values were used to calculate the best linear unbiased
estimates (BLUEs) and variance components using the ASReml-R 3.0 package [32] following
the mixed linear model described by Gaikpa et al. [24]. The broad-sense (H?) heritability
was estimated following the standard procedure described by Hallauer et al. [33].

Pearson’s product-moment correlation test was performed for GER severity, days
to silking (DS), and plant height (PHT) to investigate association patterns between TC
and line per se performance of the two DH populations (KE and PE) using the function
“cor.test” in R software version 4.0.3 [34]. Moreover, correlations between GER severity
and the two agronomic traits were determined. Cross-validation genomic prediction (GP)
accuracies were determined using DH lines as the training set and the corresponding
testcrosses as the validation set for the two populations separately using the R package
“rrBLUP” [35,36]. We used the high-density Affymetrix® Axiom® Maize Genotyping Array
optimised for temperate maize [37] with 388,999 SNP markers, as described previously in
detail by Gaikpa et al. [24].

3. Results
3.1. Testcrosses and DH Line Performances across Environments

DH lines showed a large variation for GER severity and the two agronomic traits
(Table 1). The differences from the line performance in four vs. two environments were
rather small, and the reactions of KE and PE lines were similar. GER severity was, on
average, 10% higher in DH lines and TC of the PE population than DH lines and TC of the
KE population in all environments (Table 1). TC were much less infected with GER than
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the lines and their range was smaller. TC were, on average, 4.04 days and 3.15 days earlier
and 109.86 cm and 117.25 cm taller than the DH lines for KE and PE, resp. (Table 1).

Table 1. Means and ranges of Gibberella ear rot (GER) severity, days to silking (DS), and plant
height (PHT) for DH lines and testcrosses (TC) from “Kemater Landmais Gelb” (KE) and “Petkuser
Ferdinand Rot” (PE) across four and two environments (Env.), respectively.

DH Lines—4 Env DH Lines-2 Env TC-2 Env
Parameter
KE PE KE PE KE PE
GER (%)
Minimum 16.49 11.44 25.11 33.09 0.74 3.48
Maximum 86.82 91.90 93.60 94.54 50.76 54.20
Mean 42.13 55.04 54.98 63.92 11.82 22.33
DS (days)
Minimum 73.71 70.27 75.76 74.27 75.77 75.00
Maximum 86.37 84.73 92.21 86.99 82.19 80.99
Mean 79.54 78.98 82.57 81.07 78.53 77.92
PHT (cm)
Minimum 96.32 70.51 96.53 72.66 217.56 201.23
Maximum 189.79 145.55 203.80 149.69 297.52 268.95
Mean 129.30 110.98 133.84 114.24 243.70 231.49

Large differences were observed between DH lines and TC in GER severity for both
landraces with Petkuser always being more susceptible (Figure 1).
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Figure 1. Box plots showing Gibberella ear rot (GER) severity for (a) testcrosses (TC), and (b) DH lines
of “Kemater Landmais Gelb” and “Petkuser Ferdinand Rot” (2 environments). The thick horizontal
lines in the boxes represent the median values; n = number of entries.

3.2. Variance Components and Heritability Estimates in Testcrosses and DH Lines

Significant (p < 0.01) genotypic and genotype-by-environment (G x E) interaction
variances were found for all traits among both TC and DH lines (Table 2). Genotypic
variances were higher for DH lines than for testcrosses in all traits, as expected. Broad-
sense heritability (H?) was moderate to high, depending on the trait and population.
Genotypic variances (ag) for GER severity and PHT of the DH lines were higher in KE
than PE landraces, while the opposite was found for DS. On the other hand, in TC, the
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genotypic variances ((Tg) of GER and DS were higher for PE than KE, resulting in higher
H? in PE than KE for both traits.

Table 2. Variance components and broad-sense heritabilities (H?) for Gibberella ear rot severity
(GER), days to silking (DS), and plant height (PHT) for DH lines and TC performance from “Kemater
Landmais Gelb” (KE) and “Petkuser Ferdinand Rot” (PE).

Population Parameter GER (%) DS (days) PHT (cm)
DH lines

KE oz 259.81 8.87 416.66
Uge 78.82 3.8 60.04
o? 308.70 3.58 86.26
H? 0.82 0.88 0.94

PE o? 211.48 11.16 207.73
e 114.31 2.40 55.56
o? 308.70 3.58 86.26
H? 0.76 0.91 0.89

TC

KE o3 39.48 1.36 207.33
o3 3149 0.26 28.65
o2 63.13 1.02 68.72
H? 0.56 0.78 0.87

PE g 67.26 2.35 191.90
o3 28.14 0.16 26.79
o? 63.13 1.02 68.72
H? 0.69 0.88 0.86

Furthermore, G X E interaction variances represented 6.81-79.76% of the genotypic
variances ((Tg) for all traits in the two populations (Table 2). In the KE population, the
relative importance of GXE interaction variance ((Té,ze) was higher among TC (79.76% of
0‘5) than among DH lines (30.33% of ng) for GER severity. On the contrary, the relative
proportion of GxE interaction variance was relatively higher in DH lines than TC lines for
DS and similar in both lines for PHT. In the PE population, GxE interaction variances were
smaller in TC lines than DH lines in comparison to the corresponding genotypic variances
for all traits.

3.3. Correlations and Genomic Prediction Accuracies between Testcrosses and DH Line
Performances under Gibberella Ear Rot Infection

Positive significant correlations were detected between DH lines and testcrosses for
both KE and PE populations (Figure 2a). The correlation for GER severity was moderate
between KE lines and TC (r = 0.37) and also for PE lines and TC (r = 0.55). However, the
correlation observed for GER severity was lower compared to that of days to silking and
plant height, which revealed high positive correlations between line per se and testcrosses
for both KE and PE populations (Figure 2). In addition, correlation coefficients were lower
in the KE population for GER severity and days to silking but not for plant height. In
addition, pairwise correlations between GER severity, days to silking, and plant height
were weak and non-significant for both DH and TC lines in the two populations (Figure S1).
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Figure 2. Scatter plots showing correlations (r) between testcross (TC) and line per se performance of two landrace

populations (Pop) for (a) Gibberella ear rot (GER) severity, (b) days to silking, and (c) plant height.

The genomic prediction analysis using the line per se data as the training set and the
TC as the validation set revealed a relatively high cross-validation prediction accuracy
(0.49 for KE and 0.63 for PE) for GER severity (Figure 3) compared to what was reported
previously within KE and PE DH lines [24]. Genomic prediction accuracies were relatively
higher (0.49 to 0.85) compared to the phenotypic correlations for all traits. However, the
prediction accuracy for GER severity remained lower compared to that of days to silking
and plant height in both the KE and PE populations. Likewise, the prediction accuracies in
the KE population were lower compared to those of the PE population for all traits.
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Figure 3. Cross-validated prediction accuracies for Gibberella ear rot (GER) severity, days to silking,
and plant height using the line per se data as the training set and the corresponding testcrosses as the
validation set for “Kemater Landmais Gelb” (KE) and “Petkuser Ferdinand Rot” (PE).

4. Discussion

Understanding association patterns between DH lines and TC with regard to key
traits of interest is of paramount importance for the accurate selection of parents in hybrid
breeding schemes. This study was conducted to investigate for the first time the GER
resistance among TC and DH lines from two old European landraces, Kemater (KE) and
Petkuser (PE), and to compare the correlations with the agronomic traits days to silking
and plant height.

4.1. DH Lines Are Considerably More Susceptible Than Their Testcrosses

The DH lines revealed a much higher GER severity than that of their corresponding
TC for both landraces. This difference is governed by (1) the resistance of the tester, (2) the
inheritance of GER resistance, and (3) the effect of inbreeding depression. The choice of
the tester is an important feature in hybrid breeding. A good tester should discriminate
the lines and rank them correctly for their general combining ability for the trait [38]. In
our case, the tester may have been very resistant, and/or the resistance could have been
due, at least partly, to dominant alleles. GER resistance was reported to be quantitatively
inherited with both additive and dominance effects according to Butron et al. [39] and
Martin et al. [15]. For the KE population, the presence of additive gene effects was recently
shown by Gaikpa et al. [24] using GWAS and genomic prediction approaches. Plant height
did perfectly follow the expectations of a two times higher line per se variance than testcross
variance under the assumption of an additive gene action. The real cause of the difference
between line and TC performance can, however, not be determined, because the tester line
was unfortunately not included in the experiment. However, in the following year, the
tester line F353 proved to be moderately susceptible to GER (25-57%, Bettina Kessel, pers.
commun.). The large effect of the tester on GER resistance was shown previously by Loffler
et al. [18], who used two highly susceptible flint testers with 74% and 89% GER severity,
respectively, with the outcome that the inbred lines were more resistant than the TC. In
contrast, Bolduan et al. [17] used a resistant and a highly susceptible tester (26% vs. 97%
GER resistance), and the TC were similarly susceptible or resistant (30% vs. 73%).
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Another cause for the high mean susceptibility of the lines could be inbreeding
depression by uncovering recessive deleterious variants [40]. These DH lines were directly
drawn from the landraces by female pathogenesis and are unselected samples being fully
inbred in one step; i.e., they have never been selected for inbreeding tolerance before.
Thus, inbreeding depression is expected to be high, and, indeed, many signs of inbreeding
defects were visible among the line populations, such as low emergence rate, poor growth
rate, lodging, poor seed set, and high tillering. Additionally, unwanted traits—such as
high leaf chlorosis; tillering; and extreme susceptibility to common smut (Ustilago maydis),
common rust (Puccinia sorghi), and several viruses—were reported [24,41,42]. This is the
reason why about 70% of DH lines from such landraces could not be used in practical
breeding [41]. Because F. graminearum is a fungus that could exploit the physiological
weakness of hosts to accelerate the infection process, inbreeding depression might have
favoured GER severity [19]. Although all DH lines have the same maximal inbreeding
coefficient, they can still suffer differently from inbreeding depression according to their
genomic makeup, and it has recently been shown that considerable parts of the genome are
randomly lost during inbreeding [40]. Therefore, there could be an interaction between the
suffering from inbreeding depression and GER severity that varies among the lines but, on
average, leads to a much higher susceptibility of lines vs. TC. On the other hand, inbreeding
depression also indicates heterosis for GER resistance in TC. Accordingly, Bolduan et al. [17]
found a low-to-moderate mid-parent heterosis for GER resistance within elite flint lines of 9
percentage points for the susceptible tester and 34 percentage points for the more resistant
one. In our study, the TC were, on average, three to four days earlier and about 110 cm
taller than the DH lines, reflecting the known high heterosis of these agronomic traits.

Our results revealed that DH lines of the KE population were, on average, more resis-
tant to Gibberella ear rot (GER) than DH lines of the PE population. This is in accordance
with the results of a larger study on the same landraces with 250 DH lines per landrace.
Similarly, TC developed from the KE population were more resistant than those from the
PE population.

Good hybrid performance for GER resistance is also stressed by Mesterhazy et al. [22]
with different Fusarium spp. ear rots, indicating that hybrid breeding could considerably
help to better manage ear rot diseases and achieve higher food safety when both parents of
the hybrid are under selection.

4.2. Variance Components Show Large Differences between Lines and Testcrosses

Genotypic variances for DH lines were very high for GER severity. Accordingly,
broad-sense heritability (H?) estimates of GER resistance in KE and PE populations were,
respectively, 0.82 and 0.76 in lines, and 0.56 and 0.69 in derived TC. These estimates were
higher than values reported by Wen et al. [21]. However, the two agronomic traits showed
even higher heritability estimates throughout, especially for the TC.

For all traits and populations analysed, the genotypic variances and heritability es-
timates for DH lines were higher than for TC following quantitative—genetic expecta-
tions [17,43]. However, although we used a single line as tester, the variances among lines
were much higher than expected. Again, this may be due to random inbreeding effects
among lines that also inflate the variances. Additionally, the presence of non-additive gene
effects, particularly with GER severity and days to silking, could be a cause. Of course, the
differences in genotypic variances also reflect the high differences in means between DH
lines and TC.

4.3. Moderate Associations and Genomic Prediction Accuracies between Line and
Testcross Performance

Positive moderate associations between TC and DH lines were found for GER severity
(r~0.5) averaged over both landraces. This is consistent with previous studies that found
similar association patterns between TC and line per se for GER rating [17] and reduced
mycotoxins concentrations [18] in European elite maize. The existence of significant
associations could facilitate the prediction of hybrid performance from line per se as
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reported by Ertiro et al. [26] for fodder quality traits in maize. However, associations
for days to silking and plant height were considerably higher when calculated across
populations (r ~ 0.7), indicating a preponderance of additive inheritance for these traits and
reflecting the higher H?. Accordingly, the prediction of days to silking and plant height of
maize hybrids by their line per se performance is already routine in large-scale breeding
programs [27,44]. For GER resistance, however, the moderate estimates of the correlation
between DH lines and TC, which are confirmed by the literature, will result in only a
moderately correlated indirect selection response for TC [17]. Therefore, there should only
be a mild selection for line performance followed by selection among TC in a subsequent
step. In any event, TC are produced for selecting the combining ability for yield. When
selecting the 10% best KE lines, these were also among the 10% best TC; however, for PE
this was not the case. Furthermore, relatively high prediction accuracies were found for
GER resistance over both landraces (r ~ 0.6), indicating the relevance of genomic selection
in predicting GER resistance of hybrids using line per se performance [13]. Our genomic
prediction should be considered as preliminary due to the restricted number of entries
and environments; however, it is a first promising approach that should definitely be
pursued further.

The pre-selection on the basis of line performance has the enormous advantage that
the full variance of the lines is under selection, although the total variation might be
triggered by inbreeding defects. However, the most susceptible lines should nonetheless be
discarded, as they could lead to seed quality issues in line multiplication and commercial
hybrid production. Lines should at least have a basic resistance to GER to avoid bad seed
quality and low emergence rates.

5. Conclusions

The development of high-yielding varieties with improved disease resistance is an
appropriate approach to effectively reduce Gibberella ear rot (GER) damage in maize.
Significant genetic variation is available in DH lines from the Kemater (KE) and Petkuser
(PE) landraces to effectively develop high GER-resistant maize hybrids. Large genetic
variation was found among lines for GER severity, days to silking, and plant height. TC
were considerably more resistant to GER than DH lines. Moderate correlations were found
between TC and DH lines for GER resistance, indicating the possibility of a pre-selection
of large DH populations by discarding the most susceptible lines in a first selection stage
before a second more rigid selection on a TC basis to develop GER-resistant maize hybrids.
Considering the presence of large genotype-by-environment interaction variances and the
complexity of quantitative traits, genomic approaches, such as genome-wide association
(GWAS) and genomic selection (GS), could be used as a complement of phenotyping for
more effective prediction of GER resistance of hybrids from line performance.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/agronomy11061039/s1, Figure S1: Scatter plots showing correlations (R) between GER severity
and the two agronomic traits. (a) GER severity vs. days to silking for line per se, (b) GER severity vs.
plant height for line per se, (c) GER severity vs. days to silking for TC, and (d) GER severity vs. plant
height for TC.
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Variance components and correlations between doubled haploid lines from two European flint

landraces and their corresponding testcrosses for Gibberella ear rot resistance, silking time, and

plant height in maize
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Figure S1. Scatter plots showing correlations (R) between GER severity and the two

agronomic traits. (a) GER severity vs. Days to silking for line per se (b) GER severity vs. plant

height for line per se, (c) GER severity vs. Days to silking for TC, and (d) GER severity vs.
plant height for TC
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Harnessing genetic resources to tackle Fusarium head blight (FHB) in wheat and

Gibberella ear rot (GER) in maize

The European winter wheat diversity panel and flint maize landraces represent rich sources of
allelic diversity that can be exploited via appropriate breeding strategies to improve resistance
to quality- and yield-impacting Fusarium diseases such as FHB and GER in wheat and maize,
respectively. Based on 401 cultivars from the European winter wheat diversity panel
(Figure 7A), our work revealed the existence of highly significant genetic variances for FHB
severity (Chapter 2). Based on the presence/absence of semi-dwarfing "b" and tall "a" alleles
of Rht-D1 and Rht-24, we clustered the diversity panel into four genotypic groups, namely
Rht24a+Rht-D1a (also referred to as NoRht in Chapter 2), Rht24b+Rht-D1a, Rht24a+Rht-D1b,
and Rht24b+Rht-D1b. Recently, Miedaner et al. (2022) analysed 420 winter wheat cultivars
from the same diversity panel, and observed highly significant genetic variation for FHB
resistance within these genotypic groups. Similarly, in maize, we detected high genetic
variances within KE and PE landraces for GER resistance. Gaikpa et al. (2021) also evaluated
these landraces for GER resistance and revealed a clear population structure and high genetic
variances (Figure 7B).

A. European winter wheat B. European flint maize populations

B KE landrace and derived populations
[ PE landrace and derived population

B Rht24a+Rht-Dla Rhi24b\ Rht-Dla
Rhi24b 1+ Rhi-D1b Rht24a+Rht-D1b

Figure 7: European winter wheat genotypic groups (GG) with/without Rht genes and flint

maize landraces and derived populations included in our study. Numbers indicate groups or
populations sizes. KE = Kemater landrace, PE = Petkuser landrace, LP = landrace-derived

populations
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Our results showed that entry-mean heritability estimates were high for FHB resistance as well
as GER resistance. High heritability estimate is an indication of appropriate field phenotyping
(Piepho and Mohring, 2007), and highlights the high potential for the application of genomics-
assisted breeding for increased genetic gains (Xu et al., 2017; Zhang et al., 2017). In wheat,
sixty-five meta-QTL were recently reported for FHB resistance by Venske et al. (2019) based
on QTL identified in 76 diverse studies. To fully exploit existing genetic diversity and
efficiently address FHB disease, we applied a combination of path coefficients analysis and
genomics-assisted breeding approaches which was relevant for elucidating the complex
interactions between FHB resistance and morphological traits as well as underlying molecular
basis. The effect of Rht24b on anther retention was evaluated and we demonstrated the potential
of genomic background resistance to reduce FHB severity within semi-dwarf winter wheat

genotypes.

Furthermore, in maize, an impressive number of genomic loci that are responsible for the
genetic variation of ear rot resistance was reported by several isolated studies within diverse
populations, including the European flint landraces (Wen et al., 2020; Gaikpa et al., 2021,
Galiano-Carneiro et al., 2021). These individual loci were clustered into 40 meta-QTL
(MQTL), of which 14 refined and stable MQTL to suggest appropriate genomics-assisted
breeding strategies for the exploitation of these loci (Chapter 3). We assessed the introgression
of the flint landraces into elite materials using six bi-parental populations with a total of 534
DH lines (Figure 7B), which also showed significant genetic variation (Chapter 4). The
possibility to accelerate the development of hybrid varieties with improved GER resistance
was explored for each landrace population using both phenotypic and genomic prediction
approaches (Chapter 5). The findings have implications with concrete suggestions to enhance

resistance to FHB and GER diseases in winter wheat and maize, respectively.

Complex interactions between Fusarium head blight resistance and morphological
traits and effect of Rht24b on anther retention in wheat

Morphological traits were reported to have a passive contribution to resistance or susceptibility
to Fusarium head blight disease in wheat (Tessmann and van Sanford, 2019; Buerstmayr et al.,
2020). Based on the diversity panel of 401 winter wheat cultivars evaluated across five
environments, our study confirmed the existence of low to high genotypic correlations between

FHB severity and number of spikelets, ear length, anther retention and plant height. From these,
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anther retention had a strong positive correlation (ry = 0.74) with FHB severity, while plant

height showed a high negative correlation (rg = —0.64) with FHB severity (Figure 8).

Figure 8: Path diagram showing
genotypic correlations (indicated
by double-dashed-arrowed lines)
and direct path effects (in red
indicated by single-arrowed
lines) of plant height (PH), anther
retention (AR), ear length (EL)

and number of spikelets (NS) on
FHB severity (FHB)

Strong positive phenotypic correlations were also reported between FHB severity and anther
retention by Steiner et al. (2019) (rp = 0.88) and Buerstmayr and Buerstmayr (2015) (rp = 0.63).
Numerous studies also reported moderate to high negative correlations between FHB severity
and anther extrusion, the opposite of anther retention (Lu et al., 2013; Xu et al., 2020; Nannuru
et al., 2022). Moreover, using 144 DH lines derived from a three-way cross among Chinese
cultivars Sumai 3/Saikai 165/U24, Kubo et al. (2013) demonstrated that small differences in
anther extrusion had significant effect on FHB resistance. Similarly, negative phenotypic
correlations were reported between FHB severity and plant height, with varying strength
(rp =—0.23 to rp = —0.62) across environments and studies (Ruan et al., 2020; Nannuru et al.,
2022).

Furthermore, the decomposition of the genotypic correlations revealed that the causal system
formed by the morphological traits explained about 67% of the variation of FHB severity
(Table 3 in Chapter 2). Anther retention had the highest direct path effect (0.57) on FHB
severity (Figure 8), showing that an increase of 1% in the standard deviation of anther retention
implies a direct increase of 0.57% in the standard deviation of FHB severity. Likewise, plant
height exhibited a direct path effect of —0.28 on FHB severity. This indicates that a decrease
of 1 cm in the standard deviation of plant height implies a direct increase of 0.28% in the
standard deviation of FHB severity. In addition, the findings revealed the existence of a slightly
higher indirect path effect (—0.31) of plant height on FHB severity via anther retention
(Table 3 in Chapter 2). This demonstrates that plant height affects FHB severity through anther

retention, and an indirect selection strategy for FHB resistance using morphological traits
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should consider a simultaneous integration of these two traits. However, the phenotypic
evaluation for anther retention in large breeding populations can be labor-intensive and time-
consuming. Therefore, the effective incorporation of this trait into multiple trait selection
strategies can be facilitated by the exploitation of quantitative trait loci which have pleiotropic

effects on FHB resistance and anther retention.

The high genotypic correlations and path effects observed between FHB resistance, plant
height and anther retention indicates the existence of common genomic loci among these traits.
Based on our findings, FHB resistance shared six pleiotropic loci on chromosomes 4D, 6B,
5A, 7B and 2A with plant height, four pleiotropic loci on chromosomes 4D, 2A, and 7B with
anther retention (Table 4 in Chapter 2). All together, these loci explained 56.2% and 24.3% of
the genotypic correlations of FHB severity with plant height and anther retention, respectively.
Rht-D1 linked to marker TG0011la on chromosome 4D was a major locus with a negative
pleiotropic effect, explaining about 27% of the negative genotypic correlation between FHB
severity and plant height. This is an evidence that wheat genotypes with Rht-D1b has higher
FHB susceptibility. Miedaner et al. (2022) demonstrated that Rht-D1b increased FHB
susceptibility by 37% based on 420 winter wheat cultivars. Liu et al. (2013) also found a
negative pleiotropic effect for Rht-D1b on FHB resistance by analyzing a total of 383
recombinant inbred lines (RILs) from two mapping populations (B/M and E/MO) derived from
two US soft red winter wheat cultivars. However, other loci on chromosomes 6B, 7B and 2A
exhibited a positive pleiotropic effect, thereby reducing the negative effect of Rht-D1 on FHB
resistance. The potential of these positive pleiotropic loci in reducing FHB severity, plant
height and anther retention can be further evaluated to facilitate their effective integration in
multiple trait selection strategies. Moreover, high anther extrusion is necessary for a successful
hybrid wheat breeding (Boeven et al., 2016). To this end, the exploitation of the pleiotropic
loci to select for high anther extrusion (or low anther retention) would help to develop hybrid

wheat cultivars with higher FHB resistance.

Unlike Rht-D1, our results revealed that Rht24 linked to marker BS00022120 51 had no
pleiotropic effect on FHB resistance and anther retention (Figure 4b, 4c in Chapter 2). In
addition, the two-way analysis of variance on the effects of semi-dwarfing genes shows that
the main effect of Rht24 was not significant on FHB severity and anther retention (Table 1).
This firstly confirms findings of Miedaner et al. (2022) and Herter et al. (2018) that Rht24 does
not affect FHB resistance, and secondly demonstrates for the first time that Rht24 no significant

effect on anther retention which is highly correlated with FHB resistance. The findings exhibit
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Rht24 as a major FHB- and anther retention-neutral semi-dwarf gene which can be efficiently

exploited in breeding programs. Moreover, the interaction between Rht-D1 and Rht24 was not

significant for all traits (Table 2), indicating an absence of a significant epistatic interaction

between the two Rht genes.

Table 2: Mean squares of analysis of variance including 401 cultivars for the effects of Rht-D1
and Rht24, and their interaction on FHB severity, plant height (PH) and anther retention (AR)

Trait Rht-D1 (df =1) Rht24 (df=1) Rht-D1xRht24 (df=1)  Residuals
PH 19736*** 2855%** 14" 44
FHB severity 14242 28" 0™ 97
AR 57704%*+ 292" 7" 370

*** significant at p-value < 0.001, ns = non-significant at p < 0.05, Df = degree of freedom

In comparison with tall cultivars (with Rht24a and Rht-D1a), average plant height of cultivars
with Rht24b, Rht-D1b and their combination (Rht24b+Rht-D1b) was reduced by 5.9, 13.7 and

18.8 cm, respectively (Figure 9).
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Figure 9: Plant height reduction by semi-dwarfing alleles Rht24b, Rh-D1b and their

combination. Red point within each box and n represent the average plant height and size of

each group of genotypes, respectively. Values in parenthesis refers to the difference between

the average plant height of tall genotypes (Rht24a+Rht-D1a) and other groups. Boxes with the

same letters are statistically identical
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Similar plant height reduction patterns were recently found for Rht-D1b (13.6 cm) and Rht24b
(6.8 cm) by Miedaner et al. (2022) within the same winter wheat diversity panel. A height
reduction of 6—7.9 cm was also indicated for Rht24b by Tian et al. (2017) based on 256
recombinant inbred lines developed from the cross of two Chinese lines. Moreover, Herter et
al. (2018) also reported reduction effects of 8.96 and 11.53 cm for Rht24b and Rht-D1b,
respectively. This demonstrates that breeders can combine Rht24b with Rht-D1b to
significantly reduce plant height and satisfy the high interest for semi-dwarf wheat genotypes.

Reduction effect of genomic background on Fusarium head blight severity within

wheat cultivars possessing Rht-D1b

Along with the potential of FHB-neutral Rht loci (i.e. Rht24) as discussed earlier, our results
revealed a considerably higher genetic variation regarding FHB severity and anther retention
within cultivars with Rht-D1b or the combination Rht24b+Rht-D1b compared to cultivars
without Rht-D1b (Table 5 in Chapter 2). FHB severity ranges were 20.3—68.3% and
23.1-70.7% within Rht-D1b and Rht24b+Rht-D1b groups, respectively, revealing the
existence of resistant cultivars despite the negative effect of Rht-D1b on FHB resistance. This
indicates a FHB-reduction effect exerted by the genomic background, which has the ability to
counterbalance the negative effect of Rht-D1b on FHB resistance as reported for spring wheat
by Buerstmayr and Buerstmayr (2022). In their study, the authors evaluated four different sets
of near-isogenic lines (NILs) with contrasting levels and types of background resistance (Types
I and 11 resistances) and demonstrated that high background resistance reduces the negative

effect of Rhtl1-genes on FHB resistance.

In our work, the genomic background within each cultivar comprises all locally adapted
genomic loci with the exception of Rht genes. Based on genome-wide association study
(GWAS) incorporating the whole diversity panel, the proportion of genotypic variation
explained by significant genomic background markers was about 12 and 6% higher for FHB
severity and anther retention, respectively, than that pertaining to Rht-D1b (Figure 6 in Chapter
2). This, once again, highlights the potential of genomic background in adjusting FHB

resistance and anther retention.

The evaluation of the effect of genomic background showed that the estimation of genomic
estimated breeding values (GEBV) using genomic prediction approach was more effective than
GWAS-detected markers, even though both methods were moderately correlated (Figure 8 in

Chapter 2). Since most genomic background loci only exert small effects on the traits, they
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cannot be efficiently detected using the standard GWAS which is a threshold-based approach
(Korte and Farlow, 2013; Tibbs-Cortes et al., 2021). Depending on the FHB status of the
cultivar or the degree of anther retention, GEBV was either negative or positive (Figure 10).
For FHB severity, a negative GBEV refers to genomic background resistance, leading to
varying degrees of FHB resistance. Similarly, for anther retention, a negative GBEV
corresponds to low anther retention or high anther extrusion. On contrary, a positive GBEV
represents high anther retention and genomic background susceptibility, thus, higher FHB
severity. The findings demonstrate that best cultivars (FHB severity < 30%) with or without
Rht-D1b have higher background resistance on contrary to worst cultivars with Rht-D1b
(Figure 10).

In addition, the genomic background for anther retention was highly negative for most cultivars
with low FHB severity, except Anapolis which exhibited positive GBEV (>30) corresponding
to anther retention of 99.63%. Anapolis is a cleistogamous genotype whose anthers remain
retained at flowering and therefore preventing fungal spores from entering the spikelets. The
passive contribution of cleistogamy to pathogen resistance has been previously discussed for
FHB resistance in wheat by Gilsinger et al. (2005) and Kubo et al. (2010).
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Stable quantitative trait loci for ear rot diseases and resistance genes for introgression

into elite maize materials

Maize ear rot resistance is controlled by several loci with small effects which confirm the
quantitative and complex nature of the trait. QTL from individual studies were clustered into
40 meta-QTL of which 27 had a phenotypic variance explained (PVE) < 10%. Most of these
loci (28 MQTL) were common to Fusarium and Gibberella ear rots, indicating the high co-
inheritance of different types of maize ear rot. Moderate to high phenotypic correlations were
also found between FER and GER by Schaafsma et al. (2006) and Butron et al. (2015).
Depending on the breeding objective and environment, breeders can focus on one type of ear
rot (i.e. GER) with the expectation that selected resistant lines are also resistant to the other
type (i.e. FER).

Within each type of ear rot, several loci were common to silk (channel) resistance (SR) and
kernel resistance (KR) (Figure 11). Although SR and KR are two different types of active
resistance to ear rot diseases in maize, moderate to high correlations have also been detected
between them (LoOffler et al., 2010b; Kebebe et al., 2015). Harnessing the common loci
identified in our study for SR and KR will help to increase maize resistance to the two major
pathogen entry modes into the cob. To initiate the infection, fungal spores usually penetrate
maize cobs via silk channel or directly the kernels through openings and wounds created by

insects’ injury, hail and agricultural tools or machines.

SRaeR SRrer

KReer KReer Figure 11: Number of meta-

o quantitative trait loci shared by silk
(channel) resistance (SR) and kernel
resistance (KR) of Gibberella ear rot

(GER) and Fusarium ear rot (FER)

Furthermore, ear rot resistance candidate genes were detected within identified meta-QTL in
our study. From these resistance-promoting genes, GRMZM2G011151 and GRMZM2G093092
harbored by MQTL ZmMQTL9.2 (113.95-129.03 Mbp) on chromosome 9 were uniquely
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identified in the resistant line (CO441) (Figure 5 in Chapter 3). These genes are mainly
involved in defense response to pathogens, cell wall metabolism, secondary metabolites
biosynthesis and signal transduction, demonstrating that their introgression into elite materials
would help to develop high yielding maize cultivars with improved ear rot resistance. In
addition to resistance genes, several ear rot susceptibility-promoting genes were exclusively
identified within the susceptible line (B37). The contribution of these susceptibility genes can
be biologically validated using the clustered regularly interspaced short palindromic repeats
(CRISPR) technology which can also reduce disease severity within susceptible cultivars
(Campenhout et al., 2019; Wada et al., 2020). This will have major implications for the
validation of the contribution of these genes and molecular breeding for ear rots resistance in
maize.

The European flint landraces contributed to different MQTL (i.e. ZmMQTL2.2, ZmMQTL9.3)
harboring promising resistance-promoting genes (Table 6 in Chapter 3). Our results revealed
that GER severity of six doubled haploid populations derived from crosses between moderate
to highly resistant KE and PE landraces lines and two susceptible elite lines, was 39—61%
lower than the elite lines (Figure 3 in Chapter 4). This demonstrates that the European flint
landraces can be effectively harnessed in breeding programs to increase resistance to GER
within elite materials. The successful introgression of favorable alleles from landraces into elite
lines has been demonstrated for drought tolerance within subtropical maize landraces by
Barbosa et al. (2021). Moreover, Galiano-Carneiro et al. (2021) have also successfully
transferred GER resistance from Brazilian tropical donors into elites materials. KE landrace-
derived populations were about 1.4—2-fold more resistant than the PE landrace-derived
population which exhibited the highest GER severity (51%). This shows the GER resistance
superiority of KE landrace over PE landrace as previously reported by Gaikpa et al. (2021).
Moreover, our results revealed that KE landrace lines were on average 2-fold more resistant
than PE landrace lines (Table 1 in Chapter 4). In addition, GER resistant PE landrace lines
were less stable across environments than resistant KE landrace lines (Figure 5 in Chapter 4).
This indicates that to ensure significant breeding progress, breeders can use the best KE

landrace lines as donors to improve GER resistance of elite materials.

Furthermore, for the same KE landrace donor, GER severity of derived populations was similar
for the two elite lines. This highlights that introgression of GER resistance from KE landrace

can be equally effective across different elite materials. Based on the breeder’s equation and
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5% selection intensity, moderate to very high genetic advance was observed within the six

landrace-derived populations evaluated in our study.

Prediction accuracy of Gibberella ear rot resistance of hybrid cultivars based on

corresponding parental lines performance

In addition to introgressing resistances into elite materials, KE and PE landraces can also be
exploited to develop hybrid maize varieties with higher resistance to GER disease. The
existence of low to moderate mid-parent heterosis has been previously demonstrated by
Bolduan et al. (2010) for GER resistance. Based on our results, KE and PE landrace lines were
on average 8.2-fold and 5.3-fold, respectively, less resistant than their corresponding
testcrosses (Table 1 in Chapter 5). This shows an effect of the tester line, but also the high
potential for hybrid development with improved GER resistance. Moreover, moderate
phenotypic correlations were detected between testcrosses and their parental lines for GER
resistance. Similarly, moderate genomic prediction accuracy was observed between testcrosses
and parents for GER resistance within both KE and PE landraces. Similar association patterns
between line per se and testcrosses have also been reported by Bolduan et al. (2010) for GER
resistance and Loffler et al. (2011) for mycotoxin concentrations in European maize. To
accelerate hybrid development, breeders can pre-select parental lines at the early stage of the
breeding programs; however, the best crosses should be further evaluated at a later stage of the

program across different environments.
Strategies for FHB and GER resistances breeding in wheat and maize, respectively

Fusarium diseases such as FHB in wheat and GER in maize can be effectively and accurately
tackled through the application of advanced genomics-assisted breeding approaches, like
genomic selection and prediction. Both FHB and GER resistances are quantitatively inherited
(with similar heritability ranges), and thus controlled by several minor loci. With genomic
selection and prediction, breeders can simultaneously and efficiently exploit all loci to aim for
higher disease resistance with significant breeding progress. Thus, the use of marker-assisted
selection (MAS) to improve these traits will not produce significant breeding progress. In
implementing MAS, only a few significant loci are incorporated, thus limiting its potential

when applied to quantitative traits (Jeon et al., 2023).
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In winter wheat, our work demonstrated that:

Simultaneous breeding for FHB resistance, plant height and anther retention can be
achieved by integrating pleiotropic loci identified among these traits into breeding
programs. Selection for high anther extrusion (or low anther retention) could be easily
achieved, what will make hybrid wheat cultivars generally more resistant to FHB;

Rht24b can be integrated into breeding programs to reduce plant height without a negative
effect on FHB resistance, though it exerts a lower height reduction effect than Rht-D1.
Rht24b is a FHB-neutral semi-dwarfing allele which does not also affect anther retention
that is highly correlated with FHB resistance;

Genomic background resistance can be harnessed using genomic estimated breeding values
to improve resistance to FHB within genotypes with Rht-D1b. High genomic background
resistance can counterbalance the negative effect of Rht-D1b on FHB resistance;

Breeders can combine Rht24b and Rht-D1b to significantly reduce plant height, thus
satisfying the high interest for short-strawed genotypes, and apply genomic background
resistance to improve resistance to FHB within the genotypes. This, however, calls for the
use of larger populations which is not a challenge since breeding populations are usually

of large sizes.

Likewise, in maize, the findings imply that:

Breeders can effectively improve resistance to GER in elite materials by harnessing KE
and PE landraces as sources of resistance. It is worth emphasizing that the use of KE
landrace as donor is more effective for reducing GER susceptibility of elite lines than PE
landrace;

GER resistance introgression can be much faster and more accurate using DH lines and
exploiting refined genomic loci harboring promising resistance genes identified in our
study. Among other advantages, DH technology allows the production of completely
homozygous maize lines within a single year in contrary to the conventional breeding
method which requires several years of inbreeding to reach homozygosity (still with some
residual heterogeneity) within breeding programs (Chaikam et al., 2019). Genomic
selection incorporating identified genomic loci can be implemented within DH populations

to select GER resistant lines with good adaptation traits;
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- Within KE and PE landraces, breeders can select GER resistant parents with the expectation
that derived crosses are more resistant. Best crosses should be further tested at an advanced

stage of the breeding program to achieve GER resistant hybrid varieties development.
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Summary

Fusarium head blight (FHB) in wheat and Fusarium (FER) and Gibberella ear rot (GER) in
maize are major cereal diseases which reduce yield and contaminate kernels with several
mycotoxins. In Europe, these diseases contribute to significant yield gaps and high mycotoxin
risks across countries. However, existing management strategies related to agronomic practices
are not fully effective, with some of them being cost-prohibitive. Enhancing host plant
resistance is additionally required for managing the diseases more effectively and sustainably.
Unfortunately, breeding for FHB resistance is challenged by complex interactions with
morphological traits and the quantitative nature of the trait. In maize, available genetic

resources have not been fully exploited to improve GER resistance in elite materials.

In this work, we elucidated the complex interactions between FHB resistance and
morphological traits, like plant height (PH) and anther retention (AR) in wheat. The effect of
reduced height (Rht) gene Rht24 on AR and the contribution of genomic background (GB) to
FHB resistance in semi-dwarf genotypes were also assessed. GB refers to all genomic loci,
except major Rht genes, that affect the traits. To achieve this, 401 winter wheat cultivars were
evaluated across five environments (location x year combination). All cultivars were
genotyped using lllumina 25 K Infinium single-nucleotide polymorphism array. We performed
correlation and path coefficient analysis, and combined single and multi-trait genome-wide
association studies (GWAS). Our findings revealed significant genotypic correlations and path
effects between FHB severity with PH and AR, which were controlled by several pleiotropic
loci. FHB severity and PH shared both negatively and positively acting pleiotropic loci, while
only positively acting pleiotropic loci were detected between FHB severity and AR. Rht-D1 is
a major pleiotropic gene which exerted a negative effect on FHB resistance. These pleiotropic
loci contribute to our understanding of the complex genetic basis of FHB resistance, and their
exploitation can help to simultaneously select for FHB resistance with PH and AR. Contrary
to Rht-D1b, Rht24b had no negative effect on FHB resistance and AR. This exhibits Rht24 as
an important FHB-neutral Rht gene which can be integrated into breeding programs. Genomic
estimated breeding values (GEBV) were calculated for each cultivar to assess GB. We
observed highly negative GEBV for FHB severity within resistant wheat cultivars. Susceptible
cultivars exhibited positive GEBV. Genomic prediction has a great potential and can be
exploited by selecting for semi-dwarf winter wheat genotypes with higher FHB resistance due
to their genomic background resistance.
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To tackle maize ear rot diseases, refined and stable quantitative trait loci (QTL) harboring
candidate genes conferring resistances to FER and GER were identified. The effectiveness of
introgression of two European flint landraces, namely “Kemater Gelb Landmais” (KE) and
“Petkuser Ferdinand Rot” (PE) was evaluated. The prediction accuracy of using line
performance as a predictor of hybrid performance for GER resistance was also evaluated
within the two landraces. We applied a meta-QTL (MQTL) analysis based on 15 diverse SNP-
based QTL mapping studies and performed gene expression analysis using published RNA-
seq data on GER resistance. In total, 40 MQTL were identified, of which 14 most refined
MQTL harbored promising candidate genes for use in breeding programs for improving FER
and GER resistances. 28 MQTL were common to both FER and GER, with most of them being
shared between silk (channel) and kernel resistances. This highlights the co-inheritance of FER
and GER resistances as well as types of active resistance. Resistance genes can be transferred
into elite cultivars by integrating refined MQTL into genomics-assisted breeding strategies.
Afterwards, four GER resistant doubled haploid (DH) lines from both KE and PE landraces
were crossed with two susceptible elite lines to generate six bi-parental populations with a total
of 534 DH lines which were evaluated for GER resistance. GER severity within the six
landrace-derived populations were reduced by 39—61% compared to the susceptible elite lines.
Moderate to high genetic advance was observed within each population, and the use of KE
landrace as a donor was generally more effective than PE landrace. This shows promise in
enhancing resistance to GER in elite materials using the European flint landraces as donors.
Furthermore, per se performance of 76 DH lines from both landraces was used to predict GER
resistance of their corresponding testcrosses (TC). Moderate phenotypic and genomic
prediction accuracy between TC and line per se performance was found for GER resistance.
This implies that pre-selecting lines for GER resistance is feasible; however, TC should be

additionally tested on a later selection stage to aim for GER-resistant hybrid cultivars.
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Zusammenfassung

Anhrenfusariosen (FHB) bei Weizen und Fusarium- (FER) und Gibberella-Kolbenfaule (GER)
bei Mais sind wichtige Getreidekrankheiten. In Europa tragen diese Krankheiten zu
erheblichen ErtragseinbuRen und hohen Mykotoxinrisiken in den einzelnen Léndern bei. Die
bestehenden Kontrollstrategien im Zusammenhang mit pflanzenbaulichen Praktiken sind
jedoch nicht voll wirksam, und einige von ihnen sind zu kostspielig. Um die Krankheiten
wirksamer und nachhaltiger zu bekampfen, muss deshalb die Resistenz der Wirtspflanzen
gestarkt werden. Leider wird die Zichtung auf FHB-Resistenz durch komplexe
Wechselwirkungen mit morphologischen Merkmalen und der quantitativen Natur des
Merkmals erschwert. Bei Mais wurden die verfligbaren genetischen Ressourcen bisher nicht

vollstandig genutzt, um die GER-Resistenz von Elitematerial zu verbessern.

In dieser Arbeit haben wir die komplexen Wechselwirkungen zwischen FHB-Resistenz und
morphologischen Merkmalen wie Wuchshohe (PH) und Antherenretention (AR) bei Weizen
aufgeklart. AuRerdem wurden die Auswirkungen des Gens Rht24 fur reduzierte Wuchshohe
(reduced height, Rht) auf AR und der Beitrag des genomischen Hintergrunds (GB) zur FHB-
Resistenz bei kurzstrohigen Genotypen untersucht. GB bezieht sich auf alle Genloci, mit
Ausnahme der bekannten Rht-Gene, die die jeweiligen Merkmale beeinflussen. Zu diesem
Zweck wurden 401 Winterweizensorten in funf Umwelten (Ort x Jahr-Kombinationen)
bewertet. Alle Sorten wurden mit dem Illumina 25k Infinium Single-Nukleotid-
Polymorphismus-Array genotypisiert. Wir fuhrten Korrelations- und
Pfadkoeffizientenanalysen durch und kombinierten genomweite Assoziationsstudien (GWAS)
mit einzelnen bzw. mehreren Merkmalen. Unsere Ergebnisse zeigten signifikante genotypische
Korrelationen und Pfadeffekte zwischen FHB-Befallsstarke und PH und AR, die von mehreren
pleiotropen Loci kontrolliert wurden. FHB-Befallsstarke und PH hatten sowohl negativ als
auch positiv wirkende pleiotrope Loci gemeinsam, wahrend zwischen FHB-Befallsstarke und
AR nur positiv wirkende pleiotrope Loci gefunden wurden. Rht-D1 ist ein wichtiges
pleiotropes Gen, dessen kurzstrohiges Allel einen negativen Einfluss auf die FHB-Resistenz
ausuibt. Diese pleiotropen Loci tragen zu unserem Verstandnis der komplexen genetischen
Grundlage der FHB-Resistenz bei, und ihre Nutzung kann dazu beitragen, gleichzeitig mit
verringerter PH und AR auf FHB-Resistenz zu selektieren. Im Gegensatz zu Rht-D1b hatte
Rht24b keine Auswirkungen auf FHB-Resistenz und AR. Dies zeigt, dass Rht24 ein wichtiges
FHB-neutrales Rht-Gen ist, das in Zuchtprogramme integriert werden kann. Zur Bewertung

des GB wurden firr jede Sorte genomisch geschéatzte Zuchtwerte (GEBV) berechnet. Bei
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resistenten Weizensorten beobachteten wir einen stark negativen GEBV fir FHB-
Befallsstarke. Anféllige Sorten wiesen einen positiven GEBV auf. Die genomische Vorhersage
hat ein groRes Potenzial und kann durch die Selektion wvon kurzstrohigen
Winterweizengenotypen mit hoherer FHB-Resistenz aufgrund ihrer genomischen

Hintergrundresistenz genutzt werden.

Zur Bek&mpfung von Mais-Kolbenfdule wurden stabile quantitative Merkmalsloci (QTL)
identifiziert, die Kandidatengene fiir Resistenzen gegen FER und GER beherbergen. Die
Wirksamkeit der Introgression von Resistenzen aus zwei europdischen Flint-Landrassen,
ndmlich "Kemater Gelber Landmais" (KE) und "Petkuser Ferdinand Rot" (PE), wurde
bewertet. Die Vorhersagegenauigkeit der Verwendung der Linienleistung als VVorhersage fur
die Hybridleistung bei der GER-Resistenz wurde ebenfalls innerhalb der beiden Landrassen
bewertet. Wir haben eine Meta-QTL-Analyse (MQTL) auf der Grundlage von 15 SNP-
basierten QTL-Kartierungsstudien durchgefuhrt und eine Genexpressionsanalyse anhand
veroffentlichter RNAseq-Daten zur GER-Resistenz vorgenommen. Insgesamt wurden 40
MQTL identifiziert, von denen die 14 stabilsten MQTL vielversprechende Kandidatengene fur
den Einsatz in Zuchtprogrammen zur Verbesserung von FER- und GER-Resistenzen
enthielten. 28 MQTL waren sowohl fir FER- als auch GER-Resistenz verantwortlich, wobei
die meisten sowohl fir Narbenfaden- als auch Koérnerresistenz verantwortlich waren. Die
Resistenz kann in Elitesorten tbertragen werden, indem prazisierte MQTL in genomgestiitzte
Ziuchtungsstrategien integriert werden. AnschlieBend wurden vier GER-resistente
doppelhaploide (DH) Linien aus KE- und PE-Landrassen mit zwei anfalligen Elitelinien
gekreuzt, um sechs bi-parentale Populationen mit insgesamt 534 DH-Linien zu erzeugen, die
mehrortig auf GER-Resistenz untersucht wurden. Der GER-Befallsstarke war bei den sechs
von Landrassen abgeleiteten Populationen im Vergleich zu den anfélligen Elitelinien im Mittel
um 39-61% reduziert. Durch Einkreuzung der jeweiligen Population kann ein maRiger bis
hoher genetischer Fortschritt erzielt werden, die Verwendung der KE-Landrasse als Spender
war effektiver als die der PE-Landrasse. Dies ist ein vielversprechender Ansatz, um die
Resistenz von Elitematerialien gegen GER zu verbessern. Darliber hinaus wurde die Leistung
von 76 DH-Linien aus beiden Landrassen zur Vorhersage der GER-Resistenz der
entsprechenden Testkreuzungen (TC) verwendet. Fir die GER-Resistenz wurde eine maRige
phénotypische und genomische Vorhersagegenauigkeit zwischen TC und der Leistung der

Linie festgestellt. Eine Vorselektion von Linien auf GER-Resistenz ist deshalb moglich; die
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Leistung der TC sollte jedoch in einer spateren Selektionsphase zusétzlich getestet werden, um

GER-resistente Hybridsorten zu erhalten.
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