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Abstract

Key message NCLB is the most devastating leaf disease in European maize, and the introduction of Brazilian resist-
ance donors can efficiently increase the resistance levels of European maize germplasm.

Abstract Northern corn leaf blight (NCLB) is one of the most devastating leaf pathogens in maize (Zea mays L.). Maize
cultivars need to be equipped with broad and stable NCLB resistance to cope with production intensification and climate
change. Brazilian germplasm is a great source to increase low NCLB resistance levels in European materials, but little is
known about their effect in European environments. To investigate the usefulness of Brazilian germplasm as NCLB resistance
donors, we conducted multi-parent QTL mapping, evaluated the potential of marker-assisted selection as well as genome-wide
selection of 742 F,-derived DH lines. The line per se performance was evaluated in one location in Brazil and six location-
by-year combinations (=environments) in Europe, while testcrosses were assessed in two locations in Brazil and further
10 environments in Europe. Jointly, we identified 17 QTL for NCLB resistance explaining 3.57-30.98% of the genotypic
variance each. Two of these QTL were detected in both Brazilian and European environments indicating the stability of
these QTL in contrasting ecosystems. We observed moderate to high genomic prediction accuracies between 0.58 and 0.83
depending on population and continent. Collectively, our study illustrates the potential use of tropical resistance sources to
increase NCLB resistance level in applied European maize breeding programs.

Introduction acreage, where about 85% of the production is designated

to silage and biogas maize and 15% to kernel maize (Bun-

Maize (Zea mays L.) is the worldwide most productive crop
with 1.12 harvested billion metric tons in 2018/19 (USDA/
IPAD 2020). Projections estimate more than 183 million
metric tons production growth in the next decade (OECD/
FAO 2019) seeking to attend the increasing demand for
food, feed and fuel. In Europe, especially in Germany,
maize production increased exponentially since the end of
the 1970s and maize is nowadays the second largest crop in
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dessortenamt 2019). NCLB was firstly observed in southern
Germany in 1995 (Welz et al. 1996; Welz 1998; Hanekamp
2016) and is nowadays the most devastating maize leaf dis-
ease in the country. On a worldwide basis, harvest losses
by NCLB can vary from 15 to more than 60%, especially
in tropical and subtropical environments (Raymundo and
Hooker 1981; Tefferi et al. 1996; De Rossi et al. 2010;
Cramptom 2015; Nwanosike et al. 2015; Romero 2016).
Likewise, NCLB infections can lead to a reduction in silage
digestibility and pre-disposition to stalk rot, representing a
significant threat to farmers and seed growers (for review,
please, refer to Galiano-Carneiro and Miedaner 2017).
NCLB is caused by the ascomycete Setosphaeria turcica
(Luttrell) Leonard & Suggs (anamorph: Exserohilum tur-
cicum (Pass.) Leonard & Suggs. syn. Helminthosporium
turcicum Pass., Boln Comiz.) which grows preferably in
temperatures between 15 and 28 °C and in high humidity
conditions. These conditions are primarily fulfilled in the
subtropics, especially in the south of Brazil. This region
represents one of the most important maize production
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regions in Brazil, the third largest maize producer country
worldwide (CONAB 2020). However, it has also the ideal
environmental conditions for NCLB infections including
long periods of dew, long nights and average temperatures
(INMET 2020) exactly in the optimal range of the disease
development. These favorable conditions in addition to the
presence of S. turcica can likely trigger NCLB epidemics.
With frequent epidemics, the S. turcica populations grow
concomitantly to the potential number of pathogen muta-
tions leading to a strong selection pressure on both, pathogen
and host. This strong NCLB pressure presumably occurred
in many growing seasons in South Brazil leading to more
complex S. turcica races (Navarro, personal communica-
tion) and highly resistant host plants due to maize breeders’
efforts (e.g., cultivar CDL 15, Kaefer et al. 2017).

In contrast, the three factors contributing to an epidemic
(favorable environment, susceptible host and virulent patho-
gen) meet only sporadically in Europe. In addition, most
probably due to the more recent history of the fungus in
Europe, firstly recorded as an epidemic in the beginning of
the 1990s in Austria (Hanekamp 2016), there was less inter-
est for selection on highly resistant host plants, although
genetic variation for NCLB resistance in Europe is present
(Welz et al. 1999; Van Inghelandt et al. 2012). As fungicide
application is expensive and laborious in the later stages
of maize development, resistance breeding is the most eco-
nomic and environmentally friendly way to reduce damage
caused by S. turcica.

In the maize/S. turcica pathosystem, qualitative (race-
specific) as well as quantitative, race-nonspecific resist-
ances are known (Galiano-Carneiro and Miedaner 2017).
In Europe, mainly race-specific resistances genes such as
Htl, Ht2, Ht3 and HtN (“Ht” refers to Helminthosporium
turcicum, former name of the pathogen) have been harnessed
in applied breeding programs. This is expected as Hr genes
are of practical use for breeders because the introgression
of one Ht gene can potentially confer high resistance levels;
however, this resistance can be quickly overcome by virulent
pathotypes. Historically, HtI described in the 1960s was the
longest effective resistance gene compared to the other Hr
genes. However, in the 1970s, race 1 overcame HtI mak-
ing the resistance ineffective in areas where race 1 is abun-
dantly present (Bergquist and Masias 1974; Welz 1998).
Gene pyramiding, i.e., stacking multiple H? genes in one
genotype, is a well-known approach to increase the durabil-
ity of resistance genes (Sanchez-Martin and Keller 2019).
However, the emergence of complex races such as the race
123 N firstly identified in the Heilongjiang region in China
(Ma et al. 2020) in addition to the strong directional selec-
tion for pathogen virulence when large acreages are sown
may render also gene pyramiding ineffective (Pilet-Nayel
et al. 2017).
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In Brazil and in Europe, the distribution of these races is
usually region specific. To exemplify this, the predominant
race in Castro was race 1, while races 0 and 2 were more
frequently observed in Ponta Grossa in a race monitoring
conducted in 2019 (Navarro, personal communication). In
Europe, races 3 N and 3 were the most common in south-
west of France and north of Italy, while race 1 was the most
abundant in Austria, Hungary, and the German Upper Rhine
region between 2011 and 2012 (Hanekamp 2016). These
race monitorings illustrate that most of the monogenic resist-
ances mediated by Ht genes have already been overcome by
virulent pathotypes. Therefore, race monitoring is an impor-
tant tool to assist breeder’s decision on the choice of the
Ht gene to apply in each region. Moreover, these examples
demonstrate that breeding for quantitative, race-nonspecific
resistances should be prioritized in the NCLB pathosystem.

Genetic resources can be exploited to identify new
sources of resistance alleles that can potentially increase
durability of host resistance (McDonald and Linde 2002;
Mayer et al. 2017). Highly resistant Brazilian maize lines
with quantitative resistances to NCLB have already been
identified in Brazil (Kaefer et al. 2017; Ribeiro et al. 2016)
and introducing NCLB resistance from Brazilian genotypes
to Europe can be a great opportunity to increase NCLB
resistance levels, but little is known about the effect of these
resistance sources in European environments. To investigate
the potential use of Brazilian sources, three resistant Bra-
zilian donors were each crossed with adapted elite double
haploid (DH) European lines. These donors are elite lines
from KWS SAAT SE & Co. KgaA breeding programs and
employed here for the first time in a NCLB study. As our
objective was to exploit quantitative resistance to NCLB,
none of the parental lines neither the testers possessed the
Hrt genes Htl, Ht2 and Hinl according to markers devel-
oped and analyzed by KWS SAAT SE & Co. KGaA. To
potentially discover NCLB resistance, which is durable and
stable across many environments, we performed QTL map-
ping with a total of 742 DH lines and their respective test-
crosses assessed for NCLB resistance across two locations in
Brazil and 11 location-year combinations (=environments)
in Europe (Austria, France, Germany and northern Italy),
considering both line per se and testcross assessment. This
project was a part of an applied maize breeding program,
and analyzing the maximum number of genotypes and envi-
ronments was desired.

In particular, our objectives were to: (1) test the potential
use of Brazilian resistant germplasm to tackle NCLB infec-
tion in European conditions; (2) assess quantitative-genetic
parameters for NCLB resistance in per se and testcross dou-
bled haploid (DH) populations; (3) analyze the genetic archi-
tecture of NCLB resistance by multi-parent QTL mapping
and biparental QTL mapping; (4) assess genomics-assisted
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breeding strategies for an efficient introgression of NCLB
resistance in adapted plant materials.

Materials and methods
Plant material and field trials

This study comprised biparental populations derived from
three tropical donors (T1, T2, TS5, abbreviated T) from
Brazil selected to be highly resistant to NCLB. They were
crossed with seven susceptible elite lines adapted to Europe
(A) resulting in the following seven biparental populations:
TIxAl, TIxA2, TI XxA10, T2Xx A3, T2x A4, T2 X AS
and TS X A11. (Suppl. Figure 1). Four crosses derived from
resistant donors T1 and TS5 belong to the stiff-stalk synthetic
(SSS) heterotic group and three crosses derived from resist-
ant donor T2 to the non-stiff-stalk (NSS) heterotic group.
Crosses resulted in 22-148 DH lines per population sum-
ming up to 742 unique F1-derived DH lines. Subsequently,
the DH lines were crossed with line testers moderately to
highly susceptible for NCLB. The testers belonged to the
respective opposite heterotic group in Brazil. In Europe, one
susceptible flint tester was crossed with DH lines belonging
to both SSS and NSS heterotic groups to shorten maturity
for the cooler European conditions. All genotypes are pro-
prietary materials of KWS SAAT SE & Co. KgaA. Segre-
gating plant material is available on request to this company
for scientists without any commercial interest. A respective
MTA must be signed in advance.

Populations showing common parents were randomized
together to increase the accuracy of entry comparison (Pie-
pho et al. 2006a). This led to four trials: (1) “trial 1", com-
posed by all individuals from populations T1 X A1, T1 X A2
and T1xA10; (2) “trial 2,” composed by all individuals
from populations T2 X A3 and T2 X A4; (3) “trial 3,” com-
posed by population TS X A11; (4) “trial 4,” composed by all
individuals from population T2 X A5, randomized separately
from “trial 2” for seed logistic reasons. Populations compos-
ing trials 1 and 3 belonged to the SSS, while populations
from trials 2 and 4 belonged to the NSS heterotic group.

Populations were evaluated for NCLB in the growing
seasons 2019 in Brazil and 2017, 2018 and 2019 in Europe
(Suppl. Figure 1). Per se performance was evaluated in one
location in Brazil and four locations in up to three years (in
total six environments) in Europe. Testcrosses were evalu-
ated in two locations in Brazil and in 7 locations and up
to 2 years (in total ten environments) in Europe (Supple-
mentary Table 1). The testing environments in Brazil and
in Europe will be referred as different continents for simpli-
fication. Trials were allocated in alpha-lattice designs with
two replications per location, except for per se evaluation
in Brazil for trials 1 and 2, and testcross evaluation for trial

3 in Europe; trials were allocated following a p-rep design
where about 80% of the data was replicated to efficiently
allocate the limited number of harvested seeds. Resistant and
susceptible checks comprising KWS SAAT SE & Co. KgaA
property DH lines and hybrids in addition to parental lines
were sown in each location leading to at least eight common
genotypes among trials. Testcrosses from trials 1 and 2 were
evaluated in both the South of Brazil and Europe (Austria,
France, Germany and Italy). Trial 2 was tested for line per
se performance in both continents.

In addition to NCLB, we assessed female flowering (FF)
time and plant height (PH) in Europe. These traits were
assessed in alpha-lattice designs with one replication in
Monselice, Italy, in 2018 and 2019, and with two replica-
tions in Neupotz, Germany, in 2018, resulting in three Euro-
pean environments (Supplementary Table 1).

Our experimental unit was a two-row observation plot
with a length of 4.0 m and a distance between rows of
0.5 m in Brazil and one row observation plot with the same
dimensions in Europe. In Europe, disease spreader rows for
artificial inoculation were additionally planted in the fields
between each second, fifth, seventh or tenth row depending
on the field location. All entries were treated according to
local best agronomic practices not affecting the development
of NCLB.

Setosphaeria turcica inoculation and trait
assessment

All environments in Europe and Ponta Grossa (PG) in Brazil
were inoculated with S. turcica warranting uniform inocu-
lum distribution. Leaves with NCLB symptoms from the
respective location were collected the year before each test-
ing season, air-dried and stored until inoculation. A parallel
project was conducted to identify the races present in each
field location. Differential lines were employed for the race
identification, and in most of the locations, several S. fur-
cica races were present (Navarro, personal communication).
Subsequently, symptomatic leaves were crashed, and 1 g of
the inoculum was added to the maize whorl of the spreader
rows in Europe. In Brazil, the first and the last two plants of
each row were inoculated. This procedure was conducted at
the vegetative stage of 12—14 true visible leaves (V12-V14)
and latest 10 days before tasseling as originally proposed by
Hooker (1973).

About 120 days after sowing, at the phenological stage
RS to R6, the NCLB symptoms were visually assessed in a
plot-wise severity scoring scale ranging from 1 to 9, where
1 =entire plot without NCLB symptoms and 9 =entire plot
fully diseased (Hurni et al. 2015; Fig. 1). The NCLB plot-
wise rating was assessed two to four times in an interval
of 27-91 days post-inoculation where the first inoculations
took place in the beginning of January in Brazil and end of
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Fig.1 NCLB damage scale 1-9, where one is a plot without NCLB
symptoms and nine is a plot fully diseased, represented by one single
leaf in this figure

June in Europe (dpi; Supplementary Table 2). The average
(NCLB,,) and the final/last NCLB visual scoring (NCLBy) of
all evaluations were considered for further analyses.

Plant height was assessed by measuring the size of a rep-
resentative plant per experimental unit from the soil level
to the beginning of the tassel bifurcation. Female flowering
was measured as the number of days from sowing to the day
that at least 50% of the row had extruded silks.

Phenotypic data analysis

Phenotypic analyses for single environments were performed
using linear mixed models and outlier detection procedures
as proposed by Bernal-Vasquez et al. (2016). Combined
analysis without a maximum of 15% outliers, comprising
rows with lodging plants or rows with low plant density were
conducted according to the mixed model:

yijyklm =U + Gi + Y] + Ty + Lk + LYk] + LTky
+ LTY, ; + LTYR, ; + LTYRB, 1, + €1

where p represents the overall mean, G; the effect of the i th
genotype, Y; the effect of the jth year, T the yth trial, L, the
effect of the kth location, m™™ B,, the incomplete block, and its
interaction terms (LY}, LT, LTY;; LTYR,;andLTYRB;;,,),
and e, the heterogeneous error variance. The same model
excluding the location and year effects was employed for the
single location analysis.

G;, Y, and T effects were included in the fixed statement of
the model to obtain the best linear unbiased estimators (BLUES).
The variance components were obtained through the restricted
maximum likelihood method (REML) by including only the
Y; and T effects in the fixed statement of the model above.
All other effects were included in the random statement of
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the model. The significance of the variance components was
obtained by likelihood ratio test between the full and incomplete
model (Stram and Lee 1994). Binary dummy variables were
used to separate the effects of each population, checks and rep-
licates as proposed by Piepho et al. (2006b). For the sake of sim-
plicity, dummy variables were not shown in the model above.

The broad-sense heritability (H?) was estimated following
Cullis et al. (2006):

H=1- Iprup

2
20'G

where 9g; yp is the mean variance of a difference of two
BLUPs and aé is the genotypic variance.

Corrections for flowering date were conducted according
to the approach of Emrich et al. (2008). The female flowering
scorings were added in the fixed statement of the mixed mod-
els to obtain the NCLB; FF.

Phenotypic correlations based on BLUEs of female flow-
ering time, plant height and NCLB severity as well as the
correlation of the NCLB severity between trials in the two
continents were calculated with Pearson product moment cor-
relation coefficients.

The relative efficiency of indirect selection using line per se
to predict testcross performance was obtained by the follow-
ing equation proposed by Falconer and Mackay (1996) and
reviewed by Loffler et al. (2011):

Hpg X715
HTC

RE

where RE is the relative efficiency, Hpg is the square root of
the per se heritability, Hy. is the square root of the testcross
heritability, and r; is the genetic correlation between line
per se and testcrosses.

The genetic correlation (r;) between per se and testcross
was obtained using the following formula proposed by Cooper
et al. (1994):

Tp
rg= ——
VHye X Hpg

where rp is the phenotypic correlation between per se and
testcross, Hp is the square root of heritability of testcrosses,
and Hpg is the square root of heritability of lines per se.

All analyses were conducted within the R environment (R
Development Core Team 2018, version 3.5.1). Mixed-model
computations were performed using the R package ASReml-R
3.0 (Gilmour et al. 2009).

Molecular data
All DH lines were genotyped at KWS molecular labora-

tory using an Illumina 15 k SNP chip based on the public
Illumina MaizeSNP50 BeadChip. All ten chromosomes
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were partitioned into bins of 0.5 cM according to the pub-
lic genetic map IBM and the physical map AGPv02 (Ganal
et al. 2011); therefore, we call the positions “putative cM”
(putcM). Regions adjacent to centromeres were especially
markedly enriched to account for the low recombination
rates in this area.

The number of polymorphic markers in each population
ranged from 5 to 6 k. Quality control was conducted by
removing monomorphic or missing alleles for both parents,
heterozygous genotypes at the parents, genotypes with more
than 25% missing values, markers with more than 10% miss-
ing data and markers with minor allele frequency (MAF)
lower than 5% in each population. After the quality check,
1454, 3223 and 2212 SNP markers were available for donors
T1, T2 and T3, respectively.

Multi-parent QTL mapping analysis (bi-allelic
model)

The T1 and T2 donor groups comprised populations that
were connected through the respective resistant tropical
parent. They were allocated as following: “Donor T1,”
comprised the individuals from populations T1 X Al,
T1x A2 and T1 X A10, included in the trial 1; “Donor T2,”
comprised the individuals from populations T2 X A3 and
T2 X A4, included in the trial 2, and “Donor T5” comprised
population TS X A11, included in the trial 3. The population
T2 x AS did not show significant genetic variance for both
NCLB traits; hence, it was not integrated into the analyses.

Multi-parent QTL mapping analysis was conducted with
the R package mppR version 1.2.0 (Garin et al. 2018). Suc-
cinctly, multiple biparental populations that were connected
through one resistant tropical parental, as donors T1 and T2,
were analyzed jointly by the method of composite interval
mapping (CIM) (Zeng 1993, 1994).

The additive effect of the QTL was obtained through
the bi-allelic model of the package mppR. This model
considered that alleles from different populations with the
same SNP were identical by state (IBS) (e.g., model B in
Wiirschum et al. 2012; Garin et al. 2017). To avoid false
positives, population structure (Supplementary Fig. 2) was
accounted by the k-model proposed by Yu et al. (2006).

QTL significance thresholds were obtained by permu-
tation tests performing 1000 iterations (Broman and Sen
2009). QTL mapping for each model was conducted in a first
step by a simple interval mapping (SIM) and the significant
QTL from this analysis were applied as cofactors for the
CIM. The confidence interval of each QTL was obtained by
—log10 (p) value drop off interval. The contribution of each
QTL to the phenotypic variance was computed by compar-
ing the full, containing all the QTL, and incomplete mod-
els, excluding only the detected QTL of interest. Individual

explained genotypic variance (p;) was obtained following
the equation proposed by Utz et al. (2000):

where R? 4 corresponds to the adjusted R? that was adjusted

for the number of parameters included in the linear model
and H? the average broad-sense heritability of each popula-
tion composing a donor group.

Biparental QTL mapping

Donor TS5 was calculated with the CIM QTL mapping func-
tion implemented in the R package RQTL because only one
population was available for this donor (T5x A11) (Broman
et al. 2003). The QTL significance threshold was defined by
1000 iterations permutation test (Broman and Sen 2009).
Five markers were forward selected and used as covariates
in the Haley—Knott regression (Haley and Knott 1992).
Additive effects per parent component, global and partial
explained phenotypic variance and QTL confidence interval
were computed as described in the previous section. Each
identified QTL was ordered by the type of material assess-
ment (line per se or testcrosses) and received the nomencla-
ture “gx” where “x” is a consecutive number of QTL. Same
nomenclature indicates that QTL are co-located. However,
QTL peaks identified within a large confidence interval are
more likely to have many co-located QTL. In addition, the
chromosome location of each identified QTL was described
in chromosome bins. This refers to the interval that contains
all loci delimited by two core markers. For example, QTL
g4 is present on chromosome 7, region 7.03 of the maize
genome within 128,175,453-156,050,469 bp (for more
details, please, refer to MaizeGDB).

Marker-assisted, genomic and weighted genomic
predictions

Marker-assisted predictions (MAS) were conducted with
the significant QTL explaining more than 5% of the geno-
typic genetic variance for the trait NCLB; within donors
T1, T2 and T5. Genomic prediction was carried out by
ridge-regression BLUP (RR-BLUP, Whittaker et al. 2000)
with the R package “rrBLUP” (Endelman 2011; Endelman
and Jannink 2012) within each donor group. Missing SNP
marker information was imputed for each donor group with
the software LinkImpute (Money et al. 2015) and resulted
in high imputation accuracies (>97%). In addition, we per-
formed a weighted ridge-regression BLUP (wRR-BLUP)
where QTL explaining more than 5% of the genotypic
variance was added to the fixed statement of the genomic
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prediction model (Bernardo 2014; Zhao et al. 2014; Spin-
del et al. 2016). The main objective of this approach is to
increase the frequency of the major effects within the breed-
ing population (Bernardo 2014). In addition, this model has
been proofed to increase the prediction accuracies in differ-
ent crops (Gaikpa et al. 2020; Galiano-Carneiro et al. 2019;
Herter et al. 2019).

The performance of the MAS, RR-BLUP and wRR-
BLUP were evaluated by a five-fold cross-validation (CV)
procedure. The data were randomly divided in five differ-
ent folds where 80% of the data comprising phenotypic
and molecular data were employed in the training set to
predict the phenotypic values of the remaining 20% data,
comprising only the molecular data, in the prediction set to
assess the prediction error (Utz et al. 2000). This procedure
was repeated 200 times (i.e., 1000 cross-validations), each
repetition with a random composition of folds to assess
CV error. For each fold composition, prediction ability
was calculated as the Pearson’s correlation between pre-
dicted versus observed values for each evaluated model.
This procedure was also employed to compare the predic-
tion ability of different family compositions in the training
and prediction sets. For this, 60 genotypes were composing
the training set and the remaining genotypes comprised
the prediction set. Prediction accuracy was the prediction
ability divided by the square root of the trait broad-sense
heritability, composed by the average H? of families with
common parent.

Results

The tropical donors T1, T2 and T5 were considerably
more resistant than the mean of the adapted elite lines for
line per se and testcross performance (Fig. 2). In Brazil,
disease severity was, on average, higher for both, lines
per se and testcrosses, compared to Europe. However, we
had a maximum of two locations in Brazil and only test-
crosses were assessed for donor T1 (Fig. 3). In Brazil, the
testcrosses of donor T1 were, on average, more resistant
than the lines, while in contrast the testcrosses of donor
T2 were more susceptible than the lines. In Europe, all
testcrosses showed a considerably higher susceptibility
than the respective lines. All populations showed moder-
ate to high broad-sense heritabilities for both NCLB rat-
ings ranging from 0.52 to 0.90. Adjusted means indicated
a quantitative distribution of NCLB; with mean severity
scores ranging from 2.60 to 5.68 and high, significant
(P<0.001) genetic variance for NCLB,,, NCLBy, FF and
PH (Supplementary Table 3). For the sake of simplicity,
we will refer in the following to the populations accord-
ing to their tropical resistance donor, i.e., to populations
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Fig.2 Entry means of each tropical donor (T1, T2 and T5) in com-
parison with the mean of the adapted parent lines (A) evaluated in
line per se and testcross combinations for the NCLB; in several loca-
tions (n; ) in Brazil and environments (ng) in Europe

T1xAl, T1 XxA2 and T1 X A10 as donor T1, to popula-
tions T2 X A3 and T2 X A4 as donor T2 and to population
TS5 x A1l as donor TS.

Correlations among traits were also positive and signifi-
cant for both, lines per se and testcrosses (Supplementary
Table 4), where the traits NCLB; and NCLB, had the high-
est positive correlation (r>0.90, P <0.001) in both conti-
nents. Hence, we focus on NCLB; to avoid redundancy. The
line per se correlations between NCLB; and FF were signifi-
cant and moderate from r=-—0.40 to r=—0.41 (P <0.001)
depending on the donor, while none of the correlations were
significant between NCLB; and PH. For the testcrosses, we
observed in Europe a significant, but moderate negative cor-
relation between NCLB; and FF ranging from r=—0.38 to
r=-0.52 (P<0.001) depending on the resistance donor.
The correlations between NCLB; and PH were significant for
all donors except for donor TS. The significant correlations
ranged from r=-0.13 (P <0.05) to r=—0.34 (P <0.001)
(Supplementary Table 4). Corrections for flowering date did
not reduce the correlations between NCLB; and FF.

Lines and testcrosses showed moderate and positive cor-
relations (P <0.001) in Brazil and Europe (Fig. 4). Rela-
tive efficiencies of selecting testcross performance by per
se performance were low in Brazil and Europe throughout.
The efficiency was slightly higher for donor T5 compared
to donor T2 in Europe (Fig. 4). Between Brazil and Europe,
moderate phenotypic correlations of NCLB resistance for
testcrosses were observed (r=0.36 for donor T1 (P <0.001),
r=0.41 for donor T2 (P <0.001), Fig. 5).
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Fig.3 Notched boxplots for Brazil Europe
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Fig.5 Scatter plot between Brazil and Europe for NCLB; assessed for
tropical donors T1 and T2. The dashed lines represent the mean of
families within donors T1 and T2 scoring for each continent (4.98 for
Brazil and 4.24 for Europe). Parent testcrosses were not included in
the regression but are indicated in the labels

QTL mapping for NCLB; resulted in one to four QTL
each for per se and testcrosses depending on resistance donor
and continent, where no QTL was identified for lines per se
belonging to donor T1 (Table 1). The explained genetic vari-
ances per QTL ranged from 5.4 to 13.3% in Brazil and from
3.6 to 31.0% in Europe, while the tropical parents reduced
NCLB; damage from —0.29 to —2.48 scores considering
both continents (Table 1; Supplementary Table 5). Four
QTLs (g4, 95, q7 and g8) were co-located among per se and
testcrosses within and between continents (Fig. 6).

In Europe and Brazil, QTL q4 and g5 on chromo-
some bins 7.03 and 9.04 were identified within the same

Table 1 Number of QTL (ngyy) identified for the NCLB final score
for each donor including the number of genotypes (ng) and mark-
ers (nyy), minimum and maximum range of confidence interval (CI,

confidence interval range. QTL g4 explained 13.29% and
16.83% of the genotypic variance in Brazil and in Europe,
respectively. QTL g5 explained 10.95% and 7.10% of the
phenotypic variance in Brazil and in Europe, respectively,
showing a significant reduction of NCLB severity, espe-
cially when both QTL are present (Fig. 7). The QTL q4
was identified on chromosome 7 at the physical position
153.88 Mbp and in the 155.11 Mbp in Brazil and Europe,
respectively (Supplementary Table 5). QTL q5 was identi-
fied on chromosome 9 at the physical position 100.37 Mbp
in Europe and at the positions 107.36 and 108.35 Mbp in
Brazil as two QTLs were identified within the same con-
fidence interval (Supplementary Table 5).

For the traits FF, we detected nine and for PH we
detected five QTL on chromosomes 2, 7, 8, 9 and 10 (Sup-
plementary Table 5). Among the QTL identified for FF,
five were co-localized with NCLB;: g5, q6, q7, q14 and
ql6 which is in accordance to the moderate correlation
between NCLB; and FF ranging from —0.38 to —0.53
depending on resistance donor (Supplementary Fig. 3,
Supplementary Table 5). Among the overlapping QTL,
QTL g23 was coding the gene GRMZM2G067921 which
is known to delay flowering time (Maize 2020). The tropi-
cal lines were flowering 16 days later and were 13-32 cm
higher than the adapted lines, both measured in testcross
combinations in Europe, according to the allele substitu-
tion effect of the identified QTL (Supplementary Table 5).
One QTL, q7, was overlapping between PH and NCLB;.

Both genomic prediction methods (RR-BLUP and wRR-
BLUP) showed higher prediction accuracies compared
with marker-assisted selection (MAS, Fig. 8). Likewise,
wRR-BLUP showed slightly higher prediction accuracies
compared with standard RR-BLUP. Genomic prediction
accuracies were estimated lower for Brazilian than for
European environments (Fig. 8).

The prediction ability was the highest when the train-
ing and the prediction sets comprised the same family. On

putcM), explained genotypic variance range (p;) and allele substitu-
tion effect (a-effects) for different models. For details of each identi-
fied QTL, please refer to Supplementary Table 5

Donor ng  ny Brazil Europe QTL model
ngr,  Cl(puteM)  pg a-effect ngr,  Cl(puteM)  pg a-effect

Per se

T2 236 3223 3 1.2.43/20.13  10.87/13.29 —1.24/-1.11 4 1.2/39.85 10.01/15.84  —0.70/0.55 Bi-allelic

T5 129 2212 - - - - 2 3.55/10.13  21.28/28.52 —0.70/—0.62  Biparental

Testcrosses

T1 178 1454 2 1.91/111.14  8.45/12.41  —0.65/0.52 3 3.86/209.86 3.57/18.57  —0.57/0.54 Bi-allelic

T2 236 3223 10.81 5.43 -0.30 4 8.19/22.85  7.10/24.02  —0.74/-0.34  Bi-allelic

T5 129 2212 - - - - 3 8.19/18.24  15.75/30.98 —0.42/-0.29 Biparental
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Brazil (testcross)

Europe (testcross)

Brazil (per se)

Europe (per se)

Fig.6 Venn diagram of the co-located QTL for NCLB; score identi-
fied between and within continents

the other hand, the prediction ability was the lowest when
families from different heterotic groups were composing
the training and the prediction sets (Fig. 9).

Discussion

NCLB is one of the world’s most devastating leaf diseases
in maize. Brazilian maize is a promising source of resistant
genotypes, but little is known about the effect of these tropi-
cal resistance sources in European environments. Therefore,
we investigated the potential use of Brazilian donors for
NCLB resistance in the phenotype and molecular levels by
conducting multi-environmental trials, QTL mapping and
genomic prediction.
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Assessing Brazilian resistance donors
in intercontinental trials

Tropical donors were tested as per se and testcrosses in Bra-
zil and for the first time also in Europe. Our trials were con-
ducted during the growing season of 2019 in two locations
in the South of Brazil, where the environmental conditions
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are favorable for NCLB infections, and during the grow-
ing seasons of 2017, 2018 and 2019 in Europe on one to
10 environments (Supplementary Table 1). The locations
represented the target areas of different grain maize matu-
rity groups with the German locations being the earliest,
followed by French and Italian locations as the latest ripen-
ing group (Riidelsheim and Smets 2011; Czarnak-Klos and
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Rodriguez-Cerezo 2010). Because of the highly differing
maturity growing zones and different photoperiod response
between Brazil and Europe, Brazilian donors could be tested
only as testcross progeny in German and French locations.

The tropical donors, assessed both per se and in test-
crosses, showed a moderate to high resistance level to
NCLB in both continents, demonstrating that the Brazilian
resistance sources are also resistant in the different maize
maturity growing zones of Europe. However, lines per se
originating from crosses between Brazilian resistance donors
and susceptible European elite lines possessed higher aver-
age NCLB severity in Brazil than in Europe. This could
be explained by more favorable environmental conditions
for NCLB incidence in Brazil compared to Europe and/or
more aggressive fungal populations. In Brazil, the average
temperature between inoculation and the last field evaluation
was 20.4 °C varying from 17.5 to 27.8 °C (INMET 2020,
Supplementary Table 2). Considering all European loca-
tions, the average temperature between inoculation and the
last field evaluation was 22.7 °C varying from 3.7 to 38.4 °C
(Agrarmeteorologie Baden-Wiirttemberg 2020; AgrarMete-
orologie Bayer 2020; Ilmeteo 2020; Meteociel 2020; Time
and date 2020), which indicates that the minimum and
maximum temperatures in Europe were not within the ideal
range of NCLB development of 15-25 °C (Carson 1999;
Hanekamp 2016; Galiano-Carneiro and Miedaner 2017).

Race monitoring studies were conducted in the same field
locations where our trials were located. In 2019, the predom-
inant race in Castro was race 1 (n=7 samples) and in Ponta
Grossaraces 0, 1, 12, 23 N and 2 occurred where races 0 and
2 were more frequently observed (n = 14) (Navarro, personal
communication). Hanekamp (2016) collected leaf samples
with NCLB symptoms from regions where our European tri-
als were located in 2011 and 2012 and concluded that race 0
was the most abundant in the south of Germany and Austria,
while race 3 N and 3 were the most common in southwest of
France and north of Italy, while race 1 was the most abun-
dant in Austria and Hungary and the German Upper Rhine
region. These results indicate that a different Setosphaeria
turcica race composition was observed in each of our field
locations. Because we report in this study only QTLs identi-
fied across locations despite the different race compositions,
we can conclude that these QTLs should be quantitatively
inherited and not based on race-specific resistances.

The introgression of exotic, quantitatively inherited resist-
ance QTLs by marker-assisted backcrossing (MABC) can
be hampered by the lack of adaptation traits in Brazilian
materials. Therefore, flowering time, which can restrict the
employment of QTL in a broad number of environments,
and plant height, which can lead to stalk lodging, were also
assessed. These adaptation traits were solely assessed in one
location in Germany in 2018 and in one location in Italy
during the growing seasons 2018 and 2019. The correlations

between the German and the Italian location for each donor
group were high (r>0.91, P <0.0001; data not shown),
demonstrating that the ranking of flowering time did not
significantly change in contrasting environments and it was
possible to compare flowering time with our NCLB ratings
assessed in different environments.

The adapted elite lines assessed in testcross combination
were maturing on average 16 days earlier than the tropical
lines assessed in testcross combination in European environ-
ments according to the BLUEs of the parental lines (data
not shown) and were, concomitantly, more susceptible
than the donor lines. This justifies the negative correlations
observed between NCLB; and FF. This tendency resulted
in a long flowering period of testcrosses (e.g., 34 days in
Italy 2019), and this can partially explain why correcting
for early flowering as described by Emrich et al. (2008) did
not reduce the correlation between NCLB and FF (r=—-0.51
vs. r=—0.67). Van Inghelandt et al. (2012) corrected the
commercial maize germplasm employed in their study by
dividing the genotypes in different maturity groups where
the inoculation of late maturity group started 2 weeks later
than the earliest group (Bormann et al. 2004). They con-
ducted QTL mapping for the adjusted and non-adjusted
NCLB scoring for flowering time and identified different
QTL for each trait. Previous research projects investigating
genetic architecture of NCLB resistance within adapted US
and European materials revealed very low negative correla-
tions between NCLB symptoms and FF ranging from —0.06
to —0.14 (Balint-Kurti et al. 2010) and a moderate nega-
tive correlation of 0.53 (Van Inghelandt et al. 2012). These
results are in line with the correlations observed in our study.
In addition, as S. turcica is a hemibiotrophic pathogen the
disease is expected to advance faster in necrotrophic tissues
(Van Inghelandt et al. 2012, Jiang et al. 1999).

Correlations between NCLB; and PH also yielded nega-
tive values, indicating that short plants were more affected
by NCLB. This is also mostly specific to our plant mate-
rial since adapted lines assessed in testcross combination
were on average 30 cm shorter than the tropical donors
lines according to the BLUEs of the parental lines (data not
shown). Moderate positive correlations between FF and PH
were also observed, demonstrating that late and tall geno-
types were less affected by NCLB, most probably because of
the photoperiod sensitivity of the tropical donors.

Implications for NCLB resistance breeding programs

Although genotype by year and genotype by location interac-
tions played an important role in per se and testcross assess-
ments, moderate to high heritabilities were observed both in
Brazil and in Europe. This suggests that we were consistent
with our visual scoring methodology and that our material
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had adequate genetic variation that can be exploited in maize
resistance breeding programs of both continents.

The relative efficiency of indirect selection of lines per se
for testcross performance ranged from 0.20 to 0.38 depend-
ing on the population and assuming the same selection
intensity. The relative efficiency represents the expected
correlated response of hybrid performance when line per se
selection is applied relative to the expected direct response
on hybrids (formula see in Materials and Methods). There-
fore, relative efficiency below one indicates that a direct
selection on hybrid performance is more efficient than the
indirect selection with lines per se. However, this conclu-
sion should be interpreted cautiously since our lines and
testcrosses were not always evaluated in the same environ-
ments and our results might also be affected by the lack of
adaptation traits in the tropical resistance donors. In contrast,
Schechert et al. (1997) observed high per se and testcross
correlations of #=0.94 and 0.98 for a diallel design in three
locations in the US Corn Belt and recommended selection in
early stages of line development. However, they still recom-
mended to assess NCLB resistance in hybrids since the dis-
ease showed some level of heterosis (Schechert et al. 1997).
On the other hand, also the inbred lines should have a mini-
mum resistance level to ensure seed production without or
with a lower number of fungicide applications.

The choice of the tester plays an important role for NCLB
resistance assessment as observed in our trials. Tropical
testers A and B crossed with DH lines in Brazil are known
to be moderately susceptible to NCLB with a mean score
of 4 (1-9 scale) (Miranda Pires, Cambé, PR, Brazil; pers.
commun.). Contrarily, the flint tester C applied in Europe
was highly susceptible (NCLB scoring 7-9, Kessel, Ein-
beck, Germany; pers. commun.) and testcrosses revealed,
on average, even a higher susceptibility than the lines per
se (Fig. 3). This indicates that the highly susceptible testers
are recommendable for environments with low to moderate
disease severities, such as in Europe.

Brazilian genetic material is a great source of QTLs
for quantitative NCLB resistance

Multi-parent QTL mapping promises to be a useful tool
to dissect the genetic architecture of traits since it com-
bines the high power to detect infrequent favorable alleles
with a high mapping resolution (Wiirschum 2012). Con-
nected populations are usually already available in typical
breeding programs; however, each population is frequently
composed by small to moderate population sizes only. As
a small sample size entails a lower detection power for
quantitative traits with complex/polygenic architecture
(Schon et al. 2004), multi-parent QTL analysis can be an
alternative to increase detection power (Han et al. 2016)
in case of common QTL among families. In addition, it
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allows the investigation of variation in allele substitution
effects, which are usually diverse at certain loci across
different genetic backgrounds which increases the success
rates of QTL transferability to other populations (Xu 1998;
Blanc et al. 2006; Steinhoff et al. 2011; Garin et al. 2017).
Hence, we conducted multi-parent QTL analysis for NCLB
by means of the bi-allelic allele substitution effect models.
Only donor T5 was analyzed separately in a biparental
QTL mapping since it was composed by a unique family.

Our study revealed 17 QTL for NCLB; on all 10 chro-
mosomes, while each of them explained between 3.57 and
30.98% of the genotypic variance. This complex genetic
architecture was also observed in other NCLB QTL studies
(Wang et al. 2018; Chen et al. 2016; Van Inghelandt et al.
2012; Poland et al. 2011; Wisser et al. 2006). To the best
of our knowledge, the QTLs identified in our study and
located on chromosome bins 1.07, 1.08, 2.02, 2.04, 4.03,
5.04, 8.08 and 9.04 were not yet published in the literature.
These findings confirm that Brazilian resistance donors
are great sources of novel alleles for NCLB resistance.
Although the other nine QTLs have already been identified
in the same chromosome region in other studies, different
genes or alleles may confer the resistance to NCLB (Chen
et al. 2016; Ding et al. 2015; Schaefer and Bernardo 2013;
Van Inghelandt et al. 2012; Poland et al. 2011).

In addition to minor QTL, we identified four major QTL
g8, q9, q7 and q17 on chromosome bins 1.07, 2.02, 10.04
and 6.01, resp., (>20% explained genotypic variance)
originating from our Brazilian tropical donors T2 and TS5.
In addition to these four QTL, the QTL g4 also showed a
high explained genotypic variance of 13.3 and 16.8% in
Brazil and in Europe, respectively.

Among the 17 QTL identified for NCLBy, four origi-
nated from the adapted elite lines showing that some
resistance for NCLB was already present in Europe.
However, the QTL originating from the adapted elite lines
explained only a lower proportion of the genotypic vari-
ance compared to most of the QTL originating from the
tropical germplasm (3.57-12.27% vs. 5.43-30.98%). The
five and the 14 QTLs identified in Brazilian and European
trials, respectively, including two overlapping QTL, tend
to be stable within Europe which were assessed in many
environments composing different maize maturity growing
zones and combinations of S. turcica races (Hanekamp
2016). In Brazil, more test locations would be neces-
sary to confirm the stability of the identified QTL. We
observed two co-located QTL between per se and test-
crosses in Europe among the six QTL identified for line
per se and 10 QTL identified for testcrosses (Fig. 6). This
is in accordance to the moderate correlation between per
se and testcrosses for NCLB; in Europe (0.37 for donor T2
and 0.61 for donor T35, Fig. 4) and to the lower explained
genotypic variance of testcrosses compared to lines per
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se for the same donor. For instance, QTL g8, which was
identified for both per se and testcrosses within donor TS5,
had almost a twice as large allele substitution effect for
line per se compared to the testcrosses. This shows that
only about half of the line per se trait variance could be
captured in our testcrosses which are accordance to the
expectation (Melchinger et al. 1998).

The QTLs g4 and g5 for NCLB; were identified in both
Brazilian and European trials on bins 7.03 and 9.04, respec-
tively. This is in line with the moderate phenotypic correla-
tion for NCLB severity between trials in both continents
(r=0.36, P<0.001, for donor T1, and r=0.41, P<0.001,
for donor T2). The two QTLs can be potentially applied in
breeding programs in Brazil and in Europe to assist selection
of most resistant genotypes. Fine-mapping studies are, how-
ever, advisable. They can potentially increase the precision
of the QTL location which is a success factor for genomics-
assisted breeding application. Conducting a fine-mapping
study will also show whether there is a close linkage/pleiot-
ropy of NCLB QTL with FF QTL (g5) or just a coincidence
of two different QTL in the same chromosomal segment
what could be related to the large confidence interval of
this FF QTL. The possibility of a pleiotropic effect cannot
be discarded as the QTL g4, q7, q11, q12 and q14 where
identified in the NCLB analyses of both, non-corrected and
flowering time corrected data (data not shown). In addition,
both QTLs were contributed by donor T2, indicating that
validation studies by observing the effect of these QTL in
other genetic backgrounds would be helpful before intro-
gressing them to other genetic material.

According to the literature, the genes Htl, Ht2, Ht3, HtP,
HtNB, Htnl and rt were identified on chromosome bins
2.08, 8.06, 7.04, 2.08, 8.07, 8.05 and 3.06, respectively (for
review see Galiano-Carneiro and Miedaner 2017). Except
by the chromosome bin 8.05, none of our QTL were identi-
fied in these regions where the qualitative resistance genes
are located indicating that our populations most likely carry
quantitative resistances. Although the QTL q14 was identi-
fied on chromosome 8.05 in our populations, it is unlikely
that it represents the gene Htnl as none of the parents were
carriers of this resistance gene. In addition, the numer-
ous QTLs attributed to NCLB resistance in our study each
explaining a small to a moderate proportion of the genotypic
variance only support a quantitative inheritance in our Bra-
zilian donor lines.

Genomics-assisted selection is a powerful breeding
tool to accelerate the introgression and integration
of NCLB resistance in adapted plant materials

Genomics-assisted breeding can be a good possibility to
increase NCLB resistance levels in a shorter time. We
investigated the applicability of these methods for our

plant materials and identified high prediction accuracies
for wRR-BLUP which is in accordance with studies in
other pathosystems (Boeven et al. 2016; Spindel et al.
2016; Galiano-Carneiro et al. 2019; Miedaner et al. 2019;
Jahne et al. 2019). RR-BLUP also presented a high predic-
tion accuracy which is in accordance with a genomic selec-
tion (GS) assessment for NCLB resistance conducted by
Technow et al. (2013) that identified prediction accuracies
of 0.71 and 0.69, depending on the heterotic group. The
low to moderate prediction accuracy from MAS confirms
the complex genetic architecture of NCLB with many QTL
with small effects only. However, accounting for epistasis
can potentially increase the prediction ability as it explains
a relative high proportion of the variance according to van
Inghelandt et al. (2012). Conversely, the high prediction
accuracies in this cross-validation study may be overes-
timated since our training and prediction sets were com-
posed by closely related plant materials and were tested in
the same environments, both can considerably inflate the
estimates (Riedelsheimer et al. 2013; Brauner et al. 2020).
The prediction accuracies for GS from tests in Brazil were
lower than those from Europe, most probably due to the
lower testing intensity in Brazil. Many other factors can
also influence the prediction accuracy such as training set
size and relationship between the training and prediction
sets. We tested different training set sizes and observed a
linear increase of the prediction accuracy as we increased
the number of individuals within the training set (data not
shown). This result is in accordance with other studies
(Riedelsheimer et al. 2013; Han et al. 2016; Van Inghe-
landt et al. 2019). For this reason, we compared at a fixed
training set of 60 individuals the prediction accuracies of
materials with different genetic relationships between the
training and prediction sets (Fig. 9). An increase in relat-
edness between training and prediction sets increased the
prediction ability (Riedelsheimer et al. 2013; Han et al.
2018; Brauner et al. 2020). The lowest prediction ability
was observed for predictions between heterotic pools (i.e.,
between T1 and T2) which is in accordance with other
studies related to different traits (Han et al. 2018, Brauner
et al. 2020). Van Inghelandt et al. (2019) observed an
increase of the prediction ability when a mix of individuals
from different pools were composing the training and pre-
diction sets. In this study, we followed a similar approach
when using populations of T1 and T2 in the training set
to predict a population of the opposite donor, but this did
not increase the prediction accuracy (Fig. 9). This could
be due to the lower diversity of the mixed populations
included in our work compared to Van Inghelandt et al.
(2019)’s populations.

One aspect that can hamper the application of the identi-
fied QTLs in breeding programs in Europe is the lack of
adaptation traits of the Brazilian germplasm, especially
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when traits unwanted for European conditions, such as late
maturity, photoperiod sensitivity and plant tallness, are
located in close genomic regions to our identified QTL. The
three major NCLB QTLs that could be recommended for
introgression due to their high explained genetic variance
and stability (e.g., g4, g8 and q9) were not linked to the QTL
identified for FF and PH. Therefore, concomitant selection to
reduce NCLB damage, early maturity and short plant height
is feasible.

Conclusions

Quantitative resistances tend to be the best option to keep
low NCLB levels durably in areas with high disease pres-
sure. This type of resistance is especially important for
NCLB resistance because S. turcica populations have a mod-
erate to high evolutionary potential (McDonald and Linde
2002) leading to vulnerability of race-specific resistances.
Minor and major QTL were identified for NCLB in our study
explaining 3.57-30.98% of the genetic variance. Among
them, two QTL were detected in Brazil and Europe explain-
ing between 7.10 and 16.83% of the genotypic variance,
which can be employed in a broad range of ecosystems.

Brazilian breeding materials were quantitatively resistant
in all our European test locations and the crosses between
Brazilian X European lines yielded moderate to high genetic
variances for NCLB resistance. However, other resistance
sources from Brazil can potentially also result in stable
quantitative resistance to NCLB with even higher resistance
levels. Therefore, we recommend further investigations on
South American donor lines.

Before the application of these environmentally highly sta-
ble two QTLs in genomics-assisted breeding programs, QTL
validation in different BC populations is recommended. This
should improve the precision of the QTL location and the
success rates of QTL transferability by molecular markers.
For this, KASP (Kompetitive allele specific PCR) markers
based on the sequences of the detected closely linked SNPs
for foreground selection that allow a low-cost detection in seg-
regating backcross generations should be generated. Finally,
a genomics-assisted breeding approach can be applied for a
successful introgression and integration of NCLB resistance
QTL originating from tropical plant material.
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