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Editorial on the Research Topic
Advances in Breeding for Quantitative Disease Resistance

In plant breeding and genetics, traits are frequently classified into qualitative and quantitative.
A qualitative trait is generally controlled by one or a few genes, whereas a quantitative trait is
controlled by several genes. The effect of each of the alleles responsible for a quantitative trait
is typically small when compared to the effect of the environment, making the inference of an
individual genotype difficult to establish. Genetic bases of quantitative traits are characterized by
a continuous distribution of phenotypes and detected by quantitative trait loci (QTL) analysis and
genome-wide association studies (GWAS). In the world of disease resistance, quantitative disease
resistance (QDR) has been reported in a large number of crops, and molecular markers tightly
linked to quantitative resistance loci (QRL) controlling QDR.

Quantitative disease resistance is expressed when host plants exhibit a reduced disease reaction
but not complete resistance. It is widely recognized that QDR provides long term host defense
toward the disease, probably due to multiple genes requiring mutation for resistance breakdown
as opposed to single genes as in the case of gene-for-gene resistance. However, QDR has
been a longstanding challenge in the development of cultivars with durable resistance and
new techniques such as GWAS could complement QTL mapping results. Emerging genetic,
metabolomics, genomics, phenomics, machine learning, and synthetic biology tools could speed-up
the development of new plant cultivars having quantitative disease resistance.

A collection of reports was assembled to represent achievements in understanding and
improving QDR. New technologies provide avenues for measuring QDR in plant breeding
populations, and new insights on plant-pathogen interactions provide new alternatives for studying
QDR. Researchers around the world have made progress toward the goal of achieving QDR,
and new tools technologies and knowledge to increase food productivity and sustainability using
precision breeding to boost QDR.

The objective of this Research Topic was to collate articles updating the status of breeding
for QDR. The interest was to provide an updated view of the science of breeding for
QDR as well as the tools that have become available in the development of QDR. We
received a total of 37 submissions, of which 27 were accepted into the collection. A group
of 50 authors contributed to the collection. Among the accepted submissions, the following
eight topics were covered: QTL mapping (5 articles), fine mapping (1 articles), genome-wide
association (8 articles), genomic selection (4 articles), marker development (2 articles), pathogen-
environment-genotype (2 articles), breeding and pre-breeding (3 articles), and reviews (2 articles).
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QTL MAPPING

This collection reported the use of novel genetic populations for
the exploration of QTL in mapping, breeding and pre-breeding
populations. Karandeni-Dewage et al. screened a doubled haploid
(DH) population derived from the secondary genepool of
Brassica napus with the aim of introgressing resistance to
Pyrenopeziza brassicae, the authors identified four QTLs that had
moderate to large allelic effects. Similarly, Yu et al. studied a DH
population for mapping resistance to clubroot disease, caused by
the fungal pathogen, Plasmodiophora brassicae and used Brassica
rapa as a source for resistance. The authors found gene-for-
gene interaction with various pathotypes and identified two QTL
associated with resistance.

Several QTL analysis papers in wheat diseases were published.
Wu et al. studied partial resistance to five fungal isolates
representing Fusarium solani, F. avenaceum, F. acuminatum, F.
proliferatum and F. graminearum in field pea. The authors used
a mapping population between resistant and susceptible parents
and found multiple stable QTL for resistance while screening
for the various Fusarium isolates. Wang et al. identified and
validated stable QTL conferring adult-plant resistance to stripe
rust (Puccinia striiformis f. sp. tritici), found in the Chinese
landrace ”Gaoxianguangtoumai.” In particular, QTL QYr.GX-
2AS was found to be present only in low frequency (5.3%)
among 325 Chinese landraces. Roy et al, studied QTL for
resistance to spot blotch in wheat. They used two bi-parental
mapping populations and found several QTL having low to
moderate effects.

FINE MAPPING

A significant contribution by Zhang et al. was published. Their
paper focused on fine mapping of the leaf rust resistance gene
Lr65 in the spelt wheat cultivar “Altgold.” The authors delimited
Lr65-a 0.8 cM interval and provided one simple sequence repeat
marker and a high-resolution map, further reducing the region
to 60.11 Kb in size.

GENOME-WIDE ASSOCIATION ANALYSIS

Liu et al. used a set of 240 Chinese elite cultivars genotyped
using a 90K single nucleotide polymorphism (SNP) array
with the aim of finding signals associated with Fusarium
seedling blight resistance. The authors found six stable QTL
accounting 4.8-7.5% of the phenotypic variation. The authors
also report four Kompetitive allele specific PCR (KASP)
markers to enable marker assisted selection in wheat breeding
programs. Rashid et al. used a panel of 396 tropical adapted
(Asian environments) maize lines genotyped with 296k SNPs
using genotyping by sequencing (GBS) approach to screen for
Charcoal rot resistance (Macrophomina phaseolina). The authors
found 19 SNPs with significant associations and developed
two F,.3 populations to validate the signals. Two QTL co-
located with two of the SNP and haplotypes detected. The
authors reported that many of the signals found overlap with
previously reported QTL for Gibberella stalk rot resistance, thus

increasing the opportunity to develop resistance to multiple
stalk rots.

Mekonnen et al. studied Septoria tritici blotch (Zymoseptoria
titici) in wheat and used a set of 178 bread wheat genotypes
to screen for adult plant resistance and agronomic traits
for 2 years. The association panel was genotyped using
GBS and this resulted in 7k polymorphic SNPs. Significant
marker-trait associations were found in 27% of the marker
pairs, suggesting 33 putative QTL with 5 QTL reported
as novel. The putative QTL explained 2.7-13.2% of total
phenotypic variation.

Kaur et al. deployed 89 backcross introgression lines
between Triticum durum x  Aegilops speltoides and
evaluated them for spot blotch resistance, caused by
Bipolaris  sorokiniana for four consecutive years. The
authors identified five QTLs linked to spot blotch.
In particular, QTL Q.Sb.pau-5B was validated in this
study, serving as a future diagnostic marker for spot
blotch resistance.

Li, Y., et al. used a set of 89 bottle gourd [Lagenaria siceraria
(Mol.)] Standl. accessions with the aim of finding significant
associationsfor resistance to Fusarium wilt. The study genotyped
the panel with 5k SNPs and revealed a total of 10 SNPs
detected in at least two environments. Aoun et al. identified
64 marker trait associations (MTA) for leaf rust (Puccinia
triticina), 46 MTAs for stripe rust (Puccinia striiformis f. sp.
tritici) and 260 MTAs for stem rust (Puccinia graminis f. sp.
tritici) resistance in an elite durum wheat association panel
genotyped with a 90k SNP array. None of the signals for
stripe rust found here corresponded to existing designations
of resistance genes. In contrast, two and four of the signals
for leaf rust and stem rust overlapped with known resistance
genes, respectively.

A significant contribution by Ruan et al. can be found in
this collection. In this paper, the authors aimed at finding useful
fusarium head blight (FHB, Fusarium graminearum Schwabe
[teleomorph: Gibberella zeae (Schwein.) Petch]) resistance in
durum wheat. The researchers used 186 diverse durum wheat
lines, comprised of elite Canadian cultivars, breeding lines and
experimental durum wheat lines with FHB resistance. The
authors found 31 QTL across all durum wheat chromosomes
and one stable QTL of large effect. Also, three haplotypes of the
QTL FhbI were identified. This large number of signals provides
a treasure trove of resources for improving FHB resistance,
including durable FHB resistance.

Using a core collection from the United States Department of
Agriculture, Shi et al. detected signals and implementing genomic
selection toward soybean cyst nematode (SCN, Heterodera
glycines) resistance in common bean (Phaseolus vulgaris L.).
The authors used 315 accessions from the core collection
and screened for SCN. The core set was genotyped with
Infinijum BeadChips, consisting of 4k SNPs. A total of 15
accessions were found as resistant and 11 MTA were found.
Additionally, the authors applied genome-wide prediction
models and reported moderate accuracies for resistance to SCN,
indicating the feasibility of using this framework when improving
SCN resistance.
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GENOMIC SELECTION

A significant study carried out by Merrick et al. was published.
The authors conducted research to optimize GS models related
to both major and minor genes for resistance to stripe rust
(Puccinia striiformis Westend. f. sp. tritici Erikss.) of wheat.
The authors used two types of training populations composed
of 2,630 breeding lines and 475 diversity panel lines, both
groups were phenotyped for 4 years. Model comparisons were
also conducted using major gene markers and genome-wide
markers as fixed effects. Using 50 replications and a five-fold
cross-validation, the models were then compared to marker-
assisted selection (MAS). The authors found that GS had higher
accuracies than MAS (0.72) for disease severity. In contrast,
GS and major gene models did not outperform the base GS
model. Different combinations of traits, population types and
years resulted in increases in accuracy as well via the inclusion
of major markers in the validation sets. As well, adding fixed
effects under low prediction scenarios increased GS accuracy
when using significant GWAS markers. This study is a significant
step in the implementation of breeding efforts for improvement
of QDR.

One noteworthy contribution was provided by Larkin et al.
The authors used GS for forward prediction and compared naive
GS models (no covariates) and multi-trait GS (MTGS) models
by predicting F4. 7 lines for FHB resistance traits, deoxynivalenol
(DON) accumulation and other traits in soft red winter wheat.
They compared predictions with phenotypic performance over
2 years of selection based on selection accuracy and response
to selection. The models correctly selected up to 70.1% of elite
individuals, compared to 33% with phenotypic selection. The
authors also measured realized response to selection for the
various traits and found GS models were at least comparable
to phenotypic selection for FHB. This study provides a way
forward for the implementation of GS toward breeding for QDR
in wheat.

Huster et al. conducted GWAS on a diversity panel of
149 snap bean pure lines and evaluated them for Fusarium
root rot and multiple root morphological traits. The authors
found five SNPs for disease severity and two for biomass, with
multiple biochemical functions indicated. Genomic estimated
breeding values (GEBV) were estimated across all bean lines and
their correlations estimated for the development of GS models.
Although low accuracies were found based on correlations,
some overlap was found among lines with high GEBV and root
rot resistance.

A notable submission was provided by Mphahlele et al. in the
search for quantitative resistance to Leptocybe invasa gall wasp
and fungal stem diseases such as Botryosphaeria dothidea and
Teratosphaeria zuluensis. The authors deployed the Eucalyptus
grandis EUChip60K SNP chip, a subset of 964 trees from 93 half-
sib families genotyped with 14,347 SNPs. Single-step genomic
best linear unbiased predictors (ssGBLUP) were used to predict
parameters in the trial. The authors found a high positive genetic
correlation with gall wasp tolerance moderate expected gains for
traits such as diameter growth and gall wasp. This study may set
future strategies for the improvement of Eucalyptus using GS.

MARKER DEVELOPMENT

Peach gummosis has been reportedly caused by Botryosphaeria
Fusicoccumaesculi),  Botryosphaeria  rhodina  (anamorph
Lasiodiplodia  theobromae), and  Botryosphaeria  obtuse
(anamorph Diplodiaseriata). In their study, Li, X., et al
used a previously identified QTL from a biparental population
and integrated it with a GWAS and comparative transcriptome
sequencing across 195 accessions and 145k SNPs. The authors
found five SNPs linked with gummosis disease resistance and
located six candidate genes in the vicinity of significant SNPs.
The authors also identified two highly resistant accessions as
potential sources for breeding. Cucumber vein yellowing virus
(CVYV) does not exhibit single gene resistance in cucumber
and is transmitted by the whitefly (Bemisia tabaci). Due to the
lack of tightly linked molecular markers, breeding for CVYV
is challenging.

A study conducted by Kahveci et al. revealed that, via the
use of genomics and bulk segregant analysis, KASP markers
were developed for resistance to CVYV in an F, mapping
population and commercial lines. The authors also conducted
variant analysis to generate SNP-based markers, and this resulted
in a 101 kb-fine mapped region with eight putative candidate
genes. Thus, the study provided crucial information and tools
necessary to breed for CVYV resistance in the future.

PATHOGEN-ENVIRONMENT-GENOTYPE

In a study to understand the influence of elevated temperatures
on resistance against phoma stem canker (Leptosphaeria
maculans) in oilseed rape, Noel et al. investigated effects
of temperature on individuals with and without race-specific
resistance (R) genes and quantitative resistance. The experiments
involved field sites and inoculation assays under controlled
conditions and found that high maximum temperatures in June
increased canker severity while this impact was reduced in
genotypes with quantitative resistance but no R genes. This study
suggested that the impact of high temperature is significantly
reduced when quantitative resistance is present. The authors
point out that there is genetic variation available to improve
disease resistance under this condition. However, sustained high
temperatures reduce the efficacy of QDR—a major concern in the
face of global warming/climate change.

In Ozimati et al, the authors evaluated empirical and
root necrosis data to determine the effectiveness of screening
for Cassava brown streak disease (CBSD) in two breeding
populations differing in selection cycles. The study aimed at
comparing the assessments in these screening methods when
the assessment was conducted by plant breeders vs. pathologists.
The study found that broad-sense and marker-based heritability
estimates differed widely from assessments within the two
groups, with breeders resulting in a slightly higher upper limit.

BREEDING AND PRE-BREEDING

Emebiri et al. reported efforts on pre-emptive breeding for
Karnal bunt in wheat. Karnal bunt caused by the fungus, Tilletia
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indica Mitra [syn. Neovossia indica (Mitra) Mundkur], is a major
threat to food security, due to its use as a non-tariff trade
barrier by several wheat-importing countries. The cultivation of
resistant varieties remains the most cost-effective approach to
manage the disease, but in countries that are free of the disease,
genetic improvement is difficult due to quarantine restrictions.
Using GWAS, the authors identified six DArTseq markers linked
with resistance to Karnal bunt, each marker explained up to
29.5% of phenotypic variation. Using GS, the authors reported
accuracies of up to 0.56, depending on whether the GS model
included known QTL or used genome-wide markers. The authors
conducted further research to identify elite parents with Karnal
bunt resistance, leading to the identification of one ideal genotype
with suitable agronomic traits.

The study in Awata et al. aimed at using backcross populations
at the BC3;F, generation to identify progeny resistant to
maize lethal necrosis (MLN) developed using marker-assisted
backcrossing. The research group used SNP based markers linked
to six QTL for resistance through screening 2,400 BC3F, lines
using a KASP platform. The authors found 56 BC3F; lines that
had major resistance for MLN and confirmation experiments in
the field resulted in 19 lines with high levels of MLN resistance.
These validated KASP markers linked to the two major QTL
which will serve to speed up breeding.

Ballén-Taborda et al. used wild relatives of peanut to conduct
marker-assisted backcrossing of two loci controlling resistance
to peanut root-knot nematode (PRKN, Meloidogyne arenaria)
from Arachis stenosperma. The study performed four cycles
of backcrossing while utilizing SNP analysis for foreground
selection. A population of 271 BC3F; lines was genotyped
to determine introgression level across the peanut genome.
The results indicate that PRKN resistance was validated in
BC3F; lines with seed size characteristics maintained. The study
concluded that it is the introgression of both loci validated from
A. stenosperma that confer the resistance. The work will represent
a significant step in breeding for PRKN resistance into elite
peanut cultivars.

REVIEWS

Soares et al. reviewed current progress in the improvement of
disease resistance to Mycosphaerella fijiensis Morelet [anamorph:
Pseudocercospora fijiensis (Morelet) Deighton] in bananas (Musa
spp.). With the use of pre-established exclusion and inclusion
criteria, the paper is a systematic review of papers collected using
six scientific journal databases analyzing 3,070 published studies,
identifying 24 relevant to the Musa-M. fijiensis pathosystem.
Relevant articles found revealed that variable response to sigatoka
exists among resistant and susceptible cultivars. In the case of M.
acuminata wild diploids, resistance genes exist, and these have
served as parental for new generations of improved diploids and
introgression into elite cultivars. One of the highlights of the
review indicates that the sequencing of the resistance genes in the
M. acuminata genome still require functional validation across
multiple omics data layers. Previously reported resistance genes
have been involved in primary disease resistance pathways, such

as jasmonic acid and ethylene signaling. Gene-based markers
have been reported in Musa and are applicable for MAS. This
review is a comprehensive panorama of the immune response
found in the Musa-P. fijiensis pathosystem and summarizes some
of the avenues available for breeders to undertake efforts to
develop resistant cultivars.

Manze et al. provided an overview of genetic gain yield and
virus resistance in Cassava over the last eight decades in Uganda.
This study used 32 Cassava varieties released between 1940 and
2019 and conducted side-by-side multilocation trials in Uganda.
Although disease resistance increased at an average up to 2.3%
per year, fresh root yield and harvest index genetic gains have
been non-significant. The authors reported some of the progress
made in Cassava breeding, as well as some of the challenges
that have yet to be solved, highlighting that breeding has mainly
focused on protecting cassava against diseases while agronomic
performance has not received sufficient attention.

FINAL REMARKS

Papers published in this Research Topic highlight progress made
in classical and modern breeding for QDR, a trait that used to
be evaluated solely based on visual symptom rating. It is known
that QDR occurs probably in all pathosystems and is caused by
the presence of multiple loci distributed across the whole genome
of plants. The effect of each loci varies ranging from small to
large and can be affected by environmental factors and plant
growth stages as reported in this Topic. Additionally, quantitative
disease loci (QDL) appears to be independent from the presence
of qualitative resistance; thus, it is possible that breeding for
QDR may not necessarily include genes for qualitative resistance.
With the use of QTL and GWAS approaches, QDR can be
analyzed by bi- or multi-parental QTL mapping and/or GWAS
on diversity panels to identify QRLs in host plant genome
that are closely associated with QDR. Dissecting QRLs could
allow to isolate genes responsible for QDR. From breeding
perspective, QRLs can be used for MAS to effectively develop
new cultivars with durable resistance to pathogens of interest.
The implementation of new tools (e.g., genomic selection) that
enable accurate selection of large numbers of marker haplotypes
simultaneously is a promising avenue for the accumulation of
favorable alleles contributing to QDR. However, detecting and
managing Genotype x Environment interaction in breeding for
QDR continues to be a challenge.
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Durum wheat is an economically important crop for Canadian farmers. Fusarium head
blight (FHB) is one of the most destructive diseases that threatens durum production in
Canada. FHB reduces yield and end-use quality and most commonly contaminates the
grain with the fungal mycotoxin deoxynivalenol, also known as DON. Serious outbreaks
of FHB can occur in durum wheat in Canada, and combining genetic resistance with
fungicide application is a cost effective approach to control this disease. However, there
is limited variation for genetic resistance to FHB in elite Canadian durum cultivars. To
explore and identify useful genetic FHB resistance variation for the improvement of
Canadian durum wheat, we assembled an association mapping (AM) panel of diverse
durum germplasms and performed genome wide association analysis (GWAS). Thirty-
one quantitative trait loci (QTL) across all 14 chromosomes were significantly associated
with FHB resistance. On 3BS, a stable QTL with a larger effect for resistance was located
close to the centromere of 3BS. Three haplotypes of Fhb1 QTL were identified, with an
emmer wheat haplotype contributing to disease susceptibility. The large number of QTL
identified here can provide a rich resource to improve FHB resistance in commercially
grown durum wheat. Among the 31 QTL most were associated with plant height
and/or flower time. QTL 1A.1, 1A.2, 3B.2, 5A.1, 6A.1, 7A.3 were associated with
FHB resistance and not associated or only weakly associated with flowering time nor
plant height. These QTL have features that would make them good targets for FHB
resistance breeding.

Keywords: resistance, QTL, GWAS, Fusarium head blight, durum
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INTRODUCTION

Fusarium head blight (FHB), also known as scab and mainly
caused by Fusarium graminearum Schwabe [teleomorph:
Gibberella zeae (Schwein.) Petch] (Bai and Shaner, 1994;
McMullen et al., 1997), is a devastating fungal disease of small-
grain cereals including durum and common wheat and barley,
resulting in severe yield and quality losses (Gilbert and Tekauz,
2000; McMullen et al., 2012). Moreover, as food for humans and
feed for animals, FHB infected grain also creates health risks due
to contamination with mycotoxins. This is a particular concern
for durum wheat, as its main purpose is for human consumption
(Bai and Shaner, 2004; Zhao et al., 2018; Haile et al., 2019; He
et al, 2019). Canada is the largest producer and exporter of
durum wheat supplying more than a half of the world’s total
exported durum (International Grains Council, 2020). Since
the early 1990s, FHB has become the major disease threatening
durum production in Canada and has caused major economic
losses for producers (Gilbert and Tekauz, 2000). In 2016, a severe
FHB epidemic caused 65% of the common wheat and 36% of
the durum wheat to be downgraded in Saskatchewan, Canada,
with an estimated economic loss of $1 billion (Canadian Grain
Commission, 2017). It is therefore a priority to develop durum
wheat with desirable FHB resistance to protect it from losses.

Currently, the combination of agronomic and chemical
control along with genetic resistance is the most effective means
to manage FHB (Gilbert and Haber, 2013; Prat et al., 2014).
Genetic resistance is preferred due to its lower cost, higher
efficacy, and environmental benefit (Prat et al.,, 2014). Genetic
resistance to FHB in wheat is quantitative in expression due
to control by multiple minor genes. FHB resistance is also
significantly affected by environment (Bai and Shaner, 2004;
Buerstmayr et al., 2009, 2019), thus having lower to moderate
heritability (Van Sanford et al.,, 2001). Therefore, when visual
assessment of FHB is performed in the field, lines must be
tested in multiple independent environments with intensive
phenotyping to reliably identify QTL for resistance.

Developmental traits including flower time, plant height,
spike morphology, and anther extrusion/or retention are
often reported for their relationship with FHB resistance
(Mesterhazy, 1995; Gervais et al., 2003; Srinivasachary et al,
2009; Skinnes et al., 2010; Lv et al, 2014; Buerstmayr and
Buerstmayr, 2016). Plant height and disease resistance mostly
show a significantly negative correlation (Mesterhazy, 1995;
Srinivasachary et al., 2009; Buerstmayr and Buerstmayr, 2016).
Pleiotropic effects, tightly linked genes and disease escape have all
been hypothesized as feasible mechanisms for resistance related
to these developmental traits.

Fusarium head blight resistance can be categorized into three
main types or components: (1) type I — resistance to initial
infection measured by the incidence of disease in the presence of
natural or augmented artificial inoculum (e.g., spray inoculation);
(2) type II - resistance to fungal spread measured by the severity
of disease; and (3) type III - resistance to the accumulation
of the toxin deoxynivalenol (DON) in infected spikes (Miller
et al., 1985; Mesterhazy, 1995; Bai and Shaner, 2004). Till
now, more than 556 QTL contributing to FHB resistance have

been identified on all 21 chromosomes of hexaploid wheat
(Buerstmayr et al., 2009; Liu et al., 2009; Loffler et al., 2009;
Venske et al., 2019). These QTL can be refined largely into 56
clusters by meta-QTL analysis (Venske et al., 2019). In spite
of the relatively large number of identified QTL for FHB, only
three QTL, Fhbl on chromosome arm 3BS (Anderson et al.,
2001; Liu et al,, 2006), Qfhs.ifa-5A on 5AS (Fhb5) (Buerstmayr
et al., 2002; Somers et al., 2003; Steiner et al., 2019a) and Fhb2
on 6BS (Anderson et al., 2001; Cuthbert et al., 2007) have
been validated. All of these resistance loci originate from the
Chinese cultivar Sumai 3, which displays among the highest levels
of FHB resistance observed (Buerstmayr et al., 2009). Fhbl is
the best validated, and most frequently studied and deployed
resistance QTL (Buerstmayr et al., 2019). It is currently the only
resistance QTL confirmed to be present in several new FHB
North American and European varieties with strong resistance
(Hao etal., 2019). Fhb1 is reported primarily as conferring strong
Type II resistance, and accounting for 20-60% of phenotypic
variation in breeding populations (Miedaner and Korzun, 2012).
Fhb1 was recently claimed to be cloned by three research groups
as two different candidate genes (Rawat et al., 2016; Li et al., 2019;
Su et al,, 2019) with conflicting interpretations, leaving room for
independent validation.

Compared to the large amount of genetic variation for FHB
resistance reported in common wheat, durum wheat has limited
sources of resistance (Oliver et al., 2008; Prat et al., 2014; Steiner
et al.,, 2019b). Tetraploid sources of FHB resistance that have
been identified include the Canadian durum cultivar Strongfield
(Somers et al., 2006), experimental line DT696 (Sari et al,
2018), T. carthlicum (Somers et al., 2006; Oliver et al., 2008;
Sari et al., 2018), T. dicoccoides (Ruan et al., 2012), T. dicoccum
(Buerstmayr et al., 2012; Zhang et al., 2014), and Tunisian
durum landraces (Ghavami et al,, 2011; Huhn et al., 2012).
Among these findings, the most stable and consistent QTL were
identified on chromosomes 2B, 3A, 3B, and 5A (Prat et al., 2014;
Haile et al., 2019).

As hexaploid wheat has significantly more sources of FHB
resistance, introgression of resistance from hexaploid into durum
wheat is one possible way to expand the durum resistance
gene pool. Previous attempts to introgress FHB resistance from
Sumai 3 into durum were largely unsuccessful (Prat et al., 2017).
However, several recent successes have been reported with Fhbl
from Sumai 3 (Giancaspro et al., 2016; Prat et al., 2017) as well as
a non-Sumai 3-related FHB resistance sources (Chu et al., 2011;
Zhao et al., 2018). Despite these partial successes, no commercial
durum cultivars with QTL from these non-adapted sources have
been released due to the lengthy breeding process, linkage drag
or suppression of resistance in durum backgrounds. Because of
these challenges, utilizing the FHB resistance already present
in durum cultivars is gaining favor as a promising approach
to bring durum wheat cultivars with improved resistance to
market more quickly. Durum cultivars with an improved level of
FHB resistance have been developed and released by the North
Dakota durum breeding program using this strategy (Zhang
et al., 2014). With the same approach, recent durum cultivars,
including Brigade (Clarke et al., 2009) and Transcend (Singh
et al., 2012) with a better level of FHB resistance have also been
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successfully developed and released by Canadian durum breeding
programs selecting for reduced symptoms in FHB nurseries.
Regardless of this initial success, there is still a need to know and
identify additional native sources of resistance as well as more
exotic sources. Understanding the association of FHB resistance
with developmental traits, flowering time and plant height is also
important for recommending which resistance loci may be most
relevant to a particular breeding program.

Genome wide association studies (GWAS) are a promising
way to detect FHB resistance QTL present in diverse genetic
sources. Only a few GWAS have been conducted on FHB
resistance, including winter wheat (Wang et al, 2017), elite
Chinese wheat (Zhu et al., 2020), durum breeding panels (Steiner
et al., 2019b) and type II FHB resistance durum diversity panels
(Ghavami et al., 2011). In this study, we aimed to use GWAS to
explore FHB resistance of domestic durum cultivars and breeding
material as well as exotic sources of resistance, including Sumai 3
and emmer wheat introgression lines. With GWAS in multiple
environments, we aimed to: 1) explore and characterize FHB
resistance QTL in durum wheat from the domestic as well as
exotic sources, and 2) identify resistance QTL that colocalize with
flowering time and plant height.

MATERIALS AND METHODS

Plant Materials

In total, 186 diverse durum wheat (Triticum turgidum L.
ssp. Durum (Dest.) Husn.) lines were selected to constitute
a durum association mapping (AM) panel targeted to
improve FHB resistance in durum wheat. This panel was
primarily composed of durum from Canada, including elite
Canadian cultivars, advanced breeding lines, recently developed
germplasm from Canadian breeding programs and from research
projects (Supplementary Table 1). Experimental durum lines
representing exotic FHB resistance and germplasm from
global collections made up the remainder of the AM panel
(Supplementary Table 1).

Phenotyping

Lines of the durum AM panel were evaluated for FHB infection in
Morden and Brandon, MB, Canada in 2015 to 2017 with artificial
inoculation and Indian Head, SK, Canada in 2015 and 2016 with
natural infection. At both Morden and Brandon, FHB nurseries,
corn spawn inoculum of Fusarium graminearum was used. Corn
spawn consisted of grains that were inoculated with a mixture of
two F. graminearum isolates, a 3-acetyl-deoxynivalenol (3ADON,
M9-07-01) and a 15-acetyl-deoxynivalenol (15ADON, M1-07-
02) isolate, after which colonized kernels were air dried. In
Morden, approximately 2-3 weeks prior to heading, the corn
spawn inoculum was spread at 8 g per single meter row
with two applications at weekly intervals. Plots were irrigated
three times per week using Cadman Irrigation travelers with
Briggs booms. At Brandon, the corn spawn inoculum was
applied between the rows at a rate of 40 g/m 6 weeks after
planting, with a second application performed at the same
rate 2 weeks after the first. Plots were irrigated three times

per week with a mist irrigation system to create favorable
conditions for F. graminearum infection. In Indian Head, FHB
was achieved solely by natural disease infection. FHB incidence
(INC, percentage of spikes showing symptoms) and severity (SEV,
average percentage of spike with visual symptoms of infection)
were estimated with visual assessment. FHB index (IND) was
calculated with the formula: (INC x SEV)/100. Plant height (HT)
and days to anthesis (DTA) were also recorded for Morden plots.

Genotyping

Genomic DNA of the durum AM panel was extracted from
freeze-dried fresh leaf tissue of seedlings with a CTAB based
protocol carried out on an automated AutoGen DNA isolation
system (AutoGen, Holliston, MA). DNA was quantified with
a Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher
Scientific Inc., Bartlesville, OK, United States) and diluted to
50 ng/pL for SNP array genotyping. Genotyping of DNA was
performed with the Illumina iSelect 90K SNP array (Wang et al,,
2014) according to the manufacturer protocol (Illumina). SNP
arrays were scanned with an Illumina HiScan. Raw intensity
files from the HiScan were imported into GenomeStudio Version
2013 (polyploid clustering module v1.0.0, Illumina). SNP calling
was performed with the method described by Wang et al
(2014) with 3 cluster steps of the cluster algorithm DBSCAN
then OPTICS. All SNPs were subsequently visually checked,
and incorrectly clustered SNPs or SNPs with more than 4
clusters were manually removed. Finally, SNPs with minor allele
frequency (MAF) below 0.05, and missing genotypes higher than
15% were filtered out. This resulted in a total of 6900 high quality
polymorphic SNPs of which 5933 markers were anchored to the
wheat consensus map (Wang et al., 2014) for the downstream
genome wide association analysis.

Statistical Analysis

Statistical analysis was performed with R 3.4.2 (R Core Team,
2017) with the Ime4 package (Bates et al., 2015). Phenotypic
traits from each disease nursery site across multiple years were
fitted with the linear mixed model (Bates et al., 2015). The
model is implemented as: P, = u + G; + E, + (G;XE,) + Ey,
where, P;, are the values of the tested phenotypic trait, |
is the population mean, G; is the effect of genotypes, E, is
the effect of environments (here, by Year), Ej, is the residual,
where i is the genotype, y is the year. The restricted maximum
likelihood (REML) method within Ime4 (Bates et al., 2015) was
used to estimate the variance components of each trait. The
broad sense heritability (H?) was estimated with the equation
H? = % across multiple years in each disease nursery
%+ CXE %

site, where: &2 is the genotypic variance, 64y, is the variance of
interaction between genotype and year, 2 is the error variance,
y is the number years, and p is the total number of replications
in all tested years. The least squares means were used for trait
correlation and association mapping analysis. The correlation
coeflicients of disease response, plant height and days to anthesis
across multiple years and multiple sites were calculated with
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the Pearson correlation test and visualized with the R package
“corrplot” (Wei and Simko, 2017).

Linkage Disequilibrium, Population
Structure, and Kinship Analysis

Linkage disequilibrium (LD) was estimated by correlation
coefficient analysis and used the squared correlation coefficients
(2) for all 5933 anchored SNP markers implemented in Tassel
v.5.5.0 (Bradbury et al., 2007). The r* values of unlinked genetic
markers (defined as genetic distance > 30 cM) were square-root
transformed into a normal distribution. The baseline (or critical)
12 value, a value that suggested LD was likely caused by genetic
linkage, was determined by taking the 95% percentile of this
distribution (Breseghello and Sorrells, 2006). The scatter plot of 2
versus genetic distance (cM) was fitted using a non-linear model
described by Remington et al. (2001) that was implemented in
software PopLDdecay (Zhang et al., 2019).

Population structure of the durum AM panel was determined
with STRUCTURE v2.3.4 (Pritchard et al., 2000) with a pruned
SNP marker dataset that was generated with the LD (linkage
disequilibrium)-based pruning approach implemented in the
software PLINK (Purcell et al., 2007). A total of 2306 pruned
markers with LD (r?) < 0.2 were used for population structure
analysis. STRUCTURE analysis was performed with a 50000
burn-in length and 100000 Markov chain Monte Carlo (MCMC)
iterations from K = 2 to K = 12 (K, specialized clusters of the AM
panel). Fifteen independent STRUCTURE runs were conducted
for each specialized K. The optimal cluster (K) was determined
by the AK method (Evanno et al, 2005), implemented in
the software Structure Harvester (Earl and vonHoldt, 2012).
Independent runs of the optimal K were summarized using
CLUMMP v1.1.2 software (Jakobsson and Rosenberg, 2007). The
CLUMMP generated Q matrix was used to graph the population
structure using Structure Plot software (Ramasamy et al., 2014)
and perform downstream GWAS analysis. A phylogenetic tree
was built with the neighbor-joining (NJ) method in MEGA6
(Tamura et al., 2013) and visualized with Figtree v1.4.4". Principal
component analysis (PCA) was performed with R package
Genome Association and Prediction Integrated Tools (GAPIT)
(Lipka et al., 2012; Tang et al., 2016).

Genome-Wide Association Study

Association mapping was performed on the durum association
panel using the phenotypic data collected from the multiple
nurseries in multiple years, including HT, DTA, INC, SEV and
IND. Association mapping was performed using 5933 mapped
SNPs that had a MAF > 0.05 using both Tassel v5.5.50 (Bradbury
et al, 2007) and GAPIT (Lipka et al, 2012; Tang et al,
2016). Different association models were tested in both software
packages, and QQ-plots generated from all the models were
compared to select the model that best controls false positives
and negatives. All the data presented here were generated in
TASSEL using a mixed linear model (MLM) incorporating the
STRUCTURE (Q) matrix as a fixed factor and the kinship (K)
matrix as a random factor (Q + K MLM). To be considered
a QTL in this dataset, we selected SNPs that were significant

Uhttp://tree.bio.ed.ac.uk/software/figtree/

(p < 0.05, marker-wise) in at least four of the tested environments
for FHB resistance or two for plant height and flower time,
and with at least one environment with a highly significant
response (p < 0.001). Significant SNPs on the same linkage
group were grouped into a QTL region if markers were linked
with LD > 0.2.

RESULTS

Population Structure and Linkage
Disequilibrium (LD) Analysis

STRUCTURE analysis, principal component analysis (PCA)
and NJ-phylogenetic tree analysis were all used to determine
clustering of lines within the durum AM panel, and two
subpopulations were consistently indicated, as shown by different
colors in Figure 1. Subpopulation 1 (shown as green in
Figure 1 and Supplementary Table 1) contained 124 lines,
and consisted of a large proportion of Canadian cultivars
and inbred lines including the older cultivar Kyle, more
recent cultivars Strongfield and currently most popular cultivars
as Brigade, Transcend and CDC Credence. Subpopulation 2
included 62 lines (shown in red in Figure 1 and Supplementary
Table 1), consisting of the founder landrace Pelissier and
the majority of lines from Austria. All of the inbreeding
lines derived from introgression of FHB resistance genes from
Sumai 3 into European durum wheat cultivars were contained
in subpopulation 2, as were the majority of T. dicoccoides
introgression lines. The baseline critical threshold > value
of LD was identified as 0.2, corresponding to a genetic
distance around 3.0 cM from the whole genome analysis
(Supplementary Figure 1).

Phenotypic Analysis

Mean values (across years) of FHB INC, SEV, IND, DTA
and HT of lines from the durum AM panel at Brandon,
Morden, and Indian Head, were summarized in Supplementary
Table 1. Across environments, FHB INC tended to be higher
than SEV (Figure 2) which is reflected in the overall means
(Table 1). The lowest INC was observed at Indian Head in
2016, the location with the lowest severities in both 2015 and
2016. Moderate SEV were observed at Brandon in 2016 and
2017. Generally, a large differential in FHB INC and SEV
was observed as indicated by the range for each environment
in Table 1, except Indian Head where the maximum severity
of disease was less than 100%. Plant height showed a larger
range with the average shortest 55 cm and the highest
148 cm while DTA was observed in a range of 13 days
in 2017 and 20 days in 2015 (Table 1 and Supplementary
Figure 2). For both INC and SEV, moderate to high broad
sense heritability was observed with the two sites under
artificial inoculation showing lower heritability than the natural
infection site (Table 1). HT showed the highest heritability,
while DTA had the lowest heritability (Table 1). For FHB
INC and SEV, moderate to high correlations were observed in
all tested environments (years and sites). Generally, both HT
and DTA had very significant negative correlations with INC
and SEV (Figure 3). Analysis of variance (ANOVA) revealed
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FIGURE 1 | Population structure analysis of the durum association mapping (AM panel). (A) Principal component analysis (PCA). (B) Phylogenetic tree constructed
with Neighbor Joining (NJ) method, green color and red color represented subpopulations 1 and 2 inferred from Structure analysis. (C) Population structure analysis
with K = 2 of the AM panel. Green color, subpopulation 1 and red color subpopulation 2.

that genotypic effects were significant for all phenotypic traits
(P < 0.001, Supplementary Table 2).

GWAS Analysis of FHB Resistance, HT

and DTA

With GWAS analysis, 31 genomic regions were significantly
associated with FHB resistance traits (Figures 4, 5). The quantile-
quantile (QQ) plots (Supplementary Figure 3) showed that, for
the majority of traits, an appropriate model was fitted for the
GWAS test. The GWAS results were summarized in Table 2 and
Supplementary Table 3. SNPs located within the same region
were grouped into QTL, and Table 2 shows the QTL names
and physical location of the associated SNPs based on their
location on the IWGSC Chinese Spring (CS) reference 1.0 (CS
Ref 1.0; International Wheat Genome Sequencing Consortium
[IWGSC], 2018). For each significant QTL, the lowest -log10 (p-
value) is shown for each environment and trait tested whenever
the p-value is less than p = 0.05. As shown in Table 2, there
was significant variation in detection of QTL across all of the
environments, and more detection of INC than SEV across
the environments. The majority of the FHB resistance QTL
colocalized with DTA and/or HT.

A major QTL, 1B.1, was found between 544 and 580 Mb on
1B (Figure 5 and Table 2). It was significant for INC, SEV and
IND, and explained as much as 20% of the phenotypic variation
(Table 2 and Supplementary Table 3). The QTL 1A.3 was located
in the syntenic region of 1B.1, between 503 and 580 Mb (Figure 5
and Table 2), and it was also significant for IND and INC though
present in fewer environments and with lower significance than
1B.1 (Table 2). 1B.1 colocated with significant HT and DTA QTL,
while 1A.3 was significant for DTA.

Another major QTL was at 30-31 Mb on 2AS, termed 2A.1
(Figure 5 and Table 2). This QTL was significant for INC,
IND and SEV, as well as being associated with HT and DTA
(Figures 4, 5, Tables 2, and Supplementary Table 3). It was
one of the more stable QTL detected, being present for INC
in all environments. Another significant QTL, 2B.1, was located
between 8.6 and 22 Mb and was associated with all tested
traits and explained up to 15% phenotypic variation (Table 2
and Supplementary Table 3). QTL 2A.2 was also stable, and
detected for INC in seven, IND in eight and SEV in five
environments (Supplementary Table 3). It was located from 138
to 142 Mb, and was consistently associated with DTA (Table 2
and Supplementary Table 3). QTL 2A.2 explained up to 10%
of phenotypic variation (Table 2). On group 5, the QTL 5A.1
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FIGURE 2 | Distribution of FHB resistance of the durum association mapping panel (AM) in field trials at (A) Morden, MB; (B) Brandon, MB; and (C) Indian Head, SK.
INC: incidence (%), percentage of spikes showing symptoms; SEV: severity (%), percentage of spike area infected. 15, 16 and 17: years 2015, 2016, and 2017.

in the region between 585 and 591 Mb of 5A had a relatively in one environment. 5B.2 was located from 577 to 691 Mb on
stable effect for INC in both Brandon, MB, and Indian Head, SK  5BL (Table 2). It explained up to 9.6% of phenotypic variation,
(Figures 4, 5 and Table 2). It was detected at a low level for HT — and was most stable for INC in Brandon and Morden. This
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TABLE 1 | Mean, range and heritability of the durum association mapping panel
(AM) for FHB incidence, FHB severity, plant height (cm), and days to anthesis
(DTA) for the individual trial in Morden, Brandon, and Indian Head across the
2015-2017 trial series, and across sites between Modern and Brandon.

Sites Traits Year Mean Max Min H?
Morden FHB incidence 2015 83.0 100 15 0.82
2016 90.3 100 10
2017 89.3 100 0
Overall 87.5 100 0
FHB severity 2015 63.9 100 10 0.86
2016 66.8 100 10
2017 67.3 100 0
Overall 66.0 100 0
Plant height 2015 94.9 135 55 0.94
2016 99.6 148 62
2017 92.4 136 55
overall 96.6 148 55
Day to anthesis 2015 59.1 72 52 0.56
2016 62.7 73 54
2017 67.6 76 63
Overall 63.3 76 52
Brandon FHB incidence 2015 84.8 100 0 0.86
2016 85.0 100 0
2017 76.2 100 0
Overall 82.0 100 0
FHB severity 2015 70.7 100 0 0.77
2016 42.3 100 0
2017 39.2 100 0
Overall 50.7 100 0
Morden and FHB incidence 84.0 100 0 0.72
Brandon
FHB severity 58.4 100 0 0.67
Indian Head FHB incidence 2015 70.6 100 0 0.60
2016 33.1 100 0
Overall 51.6 100 0
FHB severity 2015 9.5 40 0 0.59
2016 22.7 60 0
Overall 16.1 60 0

Maximum (Max) and minimum (Min) values observed for traits, broad sense
heritability coefficient (H?).

QTL was also associated with DTA, and minor effects were
observed on IND and SEV, including at Indian Head (Figure 4
and Table 2).

Three QTL were identified on chromosome 3B (Figure 5).
The 3B.1 QTL was located around 3.7 Mb. It was identified
in significant levels for INC, IND and SEV, and explained as
much as 20.8% of phenotypic variation (Table 2). The QTL
also affected HT with a very large effect on DTA. A stable
QTL, designated 3B.3, was located on chromosome 3B at 141-
233 Mb (Table 2). This QTL affected up to 9% of phenotypic
variation, and also conferred a very stable effect on HT and
smaller effect on DTA (Table 2). The third 3B QTL, 3B.2, was
located around 9.8 Mb (Table 2), approximately 1 Mb from
Fhbl in common wheat (Rawat et al., 2016; Li et al., 2019; Su
et al., 2019). It had no observable effect on HT or DTA, but also

had a quite minor effect, explaining at most 7.7% of phenotypic
variation (Table 2). Though this QTL was less stable, because
of the location of 3B.2 in the region of FhbI and because of the
importance of this gene to FHB resistance in common wheat, we
chose to further characterize the QTL in the durum AM panel.
Pedigree information and genotypes of 3B.2 identified three
different haplotypes for the significant marker, BS00079522_51,
which were defined as tSumai3, tNative and tEmmer types
(Supplementary Table 4). The tSumai 3 haplotype was derived
from the introgression of Fhbl from Sumai 3 into durum wheat
(Supplementary Table 4). All Canadian cultivars shared the
tNative haplotype, and the tEmmer haplotype was found in
durum wheat introgressed from Td161 and a few durum wheat
experimental lines from Austria (Supplementary Table 4). Allele
effect analysis identified that the tEmmer type of 3B.2 conferred
an effect that increased disease susceptibility (Figure 6).

There were a small number of QTL that did not co-locate
with DTA or HT QTL. These include 1A.1, 1A.2, 6A.1, and
7A.3. The QTL 1A.1, located near the distal end of the short
arm of chromosome 1A within a region from 13 to 20 Mb, was
only significant for INC. Also on 1A was IA.2, which mapped
to 366 Mb on chromosome 1AL. It was detected in seven of
the eight different environments, though not consistently across
INGC, IND and SEV, and a minor association with HT was also
identified in one environment at this locus (Figure 4, Table 2,
and Supplementary Table 3). 6A.1 was positioned at 12-23 Mb
on 6AS. It had a significant effect on FHB, explaining up to
16% of phenotypic variation. This QTL also had a very minor
effect for both HT and DTA with each only observed in a single
environment. The 7A.3 QTL located to the distal region of 7A,
around 671 Mb, had an effect on INC, SEV and IND, with no QTL
for height or DTA found in this region (Figure 4 and Table 2).
This QTL was detected only in Brandon and Morden field sites,
and explained up to 9.6% phenotypic variation (Table 2).

DISCUSSION

Phenotypic Data Analysis

The moderate to high heritability observed for FHB resistant
traits in multiple environments in the durum AM panel indicated
a large part of the phenotypic variation was contributed by
genetic variation. The positive correlation between plant height
and days to anthesis indicated that the genetic control of
plant height and flowering time was partially shared (Table 1;
Langer et al., 2014). The high proportion of disease susceptibility
we observed in the field tests supports literature emphasizing
the limited tetraploid wheat resources with a high level of
FHB resistance (Oliver et al., 2008). The observed significantly
negative correlations between FHB resistance and plant height
and days to anthesis also agreed with previous findings
summarized by Prat et al. (2014) and Steiner et al. (2017). Because
the significant negative correlations between both DTA and HT
and FHB traits ranged from —0.24*** to —0.60*** and —0.18*
to —0.42***, respectively, there is considerable scope to shift
this negative relationships (i.e., to have DTA more consistently
around —0.24 and the correlation with HT toward —0.18). By
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FIGURE 3 | Pearson correlation analysis of fusarium head blight resistance related traits. INC, Incidence (%), FHB incidence, percentage of spikes showing
symptoms; SEV, severity (%), percentage of spike area infected; HT, plant height (cM); and DTA, day to anthesis. MD, Morden, MB; BD, Brandon, MB; IH, Indian
Head, SK; 15, 16, and 17, field trials in year 2015, 2016 and 2017. Correlation coefficients were shown in upper triangle. Levels of significance claimed at *P < 0.05;

**p < 0.005, **p < 0.0001.

adopting strategies to stratify experimental genotypes into groups
by both days to anthesis and plant height, it may be possible
to recombine earlier to flower and shorter plants with reduced
FHB symptoms. The correlation will not be broken but it can
be shifted so that earlier maturing and shorter genotypes can be
recombined with reduced FHB symptoms. Using this strategy,
the negative relationship between plant height and FHB traits has
been shifted by recombining semi-dwarf stature with a moderate
level of resistance in hexaploid wheat cultivars such as Carberry
(DePauw et al., 2011) and AAC Brandon (Cuthbert et al., 2017),
both of which became widely adopted by producers. Adopting
this strategy in durum wheat genetic enhancement could prove
equally effective.

Genetic Architecture of FHB Resistance

in the Durum AM Panel and Its

Association With Flower Time and Plant
Height

Compared to common wheat, durum wheat has limited genetic
variation, and less effort has been committed to improve durum
resistance to FHB (Buerstmayr et al., 2009, 2019; Prat et al., 2014,
2017). Within the current study, we identified a large number of
QTL associated with FHB resistance with GWAS analysis from
multiple environments and sources, broadening the resistance
gene pool in durum wheat. The minor effect of these multiple
QTL reinforces what is already known about the polygenic nature
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FIGURE 4 | Manhattan plots displaying genome wide marker-trait association analysis for FHB incidence (INC), index (IND) and severity (SEV) at (A) Morden, MB
from the years 2015 to 2017; (B) Brandon, MB for years 2015 to 2017; (C) Indian Head, SK from 2015 to 2016 (with natural infection); and for (D) plant height (HT)
and day to anthesis (DTA) at Morden, MB for 2015 to 2017 trials.

of FHB resistance, but also reveals the necessity of combining The major and most consistent FHB QTL found in previous
genes from multiple sources (Buerstmayr et al., 2009, 2019; studies is the hexaploid wheat Sumai 3 derived Fhb1, located on
Liu et al., 2009). 3BS around 7.6-13.9 Mb (Anderson et al., 2001; Liu et al., 2006).
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TABLE 2 | Quantitative trait loci names, physical positions, associated traits, explained phenotypic variance and significance of association with Fusarium head blight incidence (INC), index (IND), severity (SEV), days to
anthesis (DTA), and plant height (HT) identified from durum association mapping panel across environments.

DTA HT FHB incidence FHB index FHB severity
aTL Physical 1“3 1‘9 ": v"e 1‘2 1': 0 © =~ 1) © 2 ‘“3 1': Lol © ~ [T © v"e 1‘2 1': 0 © ~ [Te) © 1“2 1‘9 v': o
name posion & & § & & &8 § § 8 z 5 8 8 & § § § 5 5 8 f 8 § § %8 z 5 8% 8 & %
(Mb) [a] [=) (=) [=] o [=) a a a N [ [a) (=) a a a a [ N [=] [a) a a a a N N o [=) a [}
= 2 2 2 2 2 @@ m@m £ I = =2 2 @ @m@ma £ I 25 2 2 @ o ama £ £ = = = =
1A.1 13.4-209 03 12 03 08 02 05 09 18 18 24 00 00 82 29 08 15 02 10 08 03 27 08 10 23 01 14 02 04 34 09 81

1A.2 366 00 04 03 02 03 19 36 09 21 21 05 07 21 15 34 19 26 05 04 14 18 17 82 12 25 05 02 12 19 20 86
1A.3 503-580 23 19 26 13 18 04 02 382 14 02 17 22 16 11 08 30 18 04 06 16 19 18 07 384 15 02 06 04 17 14 78
1B.1 544-581 19 02 49 00 16 14 27 43 32 16 17 05 44 79 16 19 03 15 18 02 30 21 21 26 10 14 02 00 52 15 203
1B.2 662-668 10 03 00 20 16 06 06 19 18 04 12 03 10 15 08 36 34 12 12 21 18 22 09 18 40 11 02 24 10 18 80
2A.1 30-31 26 34 06 30 20 26 28 385 14 20 26 83 37 18 26 25 12 05 18 17 83 29 19 87 22 04 11 02 17 22 90
2A.2 138-142 19 23 30 07 04 10 22 23 381 26 34 39 19 08 36 21 383 20 16 34 17 25 30 19 23 08 06 16 07 22 101
2A.3 713-717 02 24 33 47 18 06 39 23 15 18 03 03 01 19 16 06 03 01 01 09 07 11 26 07 06 03 07 07 12 17 95
2A.4 762-769 18 22 07 15 40 21 27 24 18 26 26 03 384 62 23 17 25 138 24 06 35 383 26 21 20 13 07 02 38 32 129
2B.1 8.6-22 30 26 43 32 32 17 18 43 20 03 19 28 36 6.0 20 387 17 03 18 03 23 26 27 22 00 11 10 02 35 26 151
2B.2 92-102 00 08 08 07 17 16 33 21 29 07 09 02 47 81 22 12 04 06 10 07 35 18 82 22 10 12 03 07 55 15 208
2B.3 717-781 04 15 83 04 09 18 81 30 20 18 18 14 16 26 25 16 16 16 18 09 19 28 381 18 19 10 17 04 16 33 79

3A.1 9.6-13 16 03 29 06 17 22 62 15 17 22 14 05 46 54 46 16 33 15 17 04 29 20 46 21 25 17 13 20 32 24 154
3A.2 512-556 03 03 06 38 45 26 41 20 16 10 28 05 25 48 23 14 14 05 387 06 15 40 26 08 13 06 18 02 28 39 119
3B.1 3.7 14 08 40 09 14 23 41 32 29 25 08 01 381 81 34 11 18 08 05 02 32 27 85 11 14 06 05 03 45 26 208
3B.2 9.8 10 08 12 07 04 08 16 04 11 32 14 02 06 02 17 16 15 08 15 11 06 06 18 08 05 00 02 20 02 06 7.7

3B.3 148-233 00 14 22 45 35 29 30 23 17 21 25 01 38 18 256 29 15 14 382 01 37 24 26 26 08 18 23 00 25 23 92
4A.1 664-737 17 09 49 35 28 33 45 34 38 06 06 07 55 118 21 08 15 06 01 08 38 30 34 22 16 16 16 04 7.2 33 318

4B.1 3.8 09 165 04 07 10 1383 25 40 06 43 03 20 32 20 24 19 03 283 03 10 28 33 17 15 03 13 05 06 18 34 105
4B.2 197-347 04 16 03 01 06 03 13 19 37 12 07 02 18 19 065 09 22 14 07 01 18 26 06 10 16 13 20 01 11 27 7.3
4B.3 673 00 04 20 27 06 18 15 25 2383 22 381 31 20 30 23 18 24 22 380 381 26 42 24 25 27 14 382 22 18 38 838
5A.1 585-591 04 06 04 17 11 05 38 12 20 43 26 27 05 03 385 19 15 15 85 17 11 03 86 22 11 09 22 06 08 02 88
5B.1 19.5 02 15 46 10 09 20 66 28 21 52 08 10 11 26 42 10 06 25 09 10 13 14 50 07 01 14 16 04 13 15 145
5B.2 577-691 16 21 13 01 14 07 12 28 17 13 12 31 29 37 15 21 14 01 21 25 25 17 04 11 00 01 18 15 28 15 096
6A.1 12-23 07 18 14 03 15 18 27 24 32 06 24 06 58 63 24 26 24 02 14 05 38 34 21 383 29 05 14 22 40 34 157

6A.2 601-694 17 18 19 01 05 25 41 35 16 17 04 06 52 64 22 09 22 38 10 08 26 37 20 15 26 383 1.7 15 19 42 16.0
6B.1 585-707 18 18 19 05 02 04 40 30 14 22 00 03 50 41 25 10 02 25 02 01 385 11 25 05 05 11 01 01 40 09 122

7A.1 7.5-12 20 05 08 18 09 31 14 20 37 27 14 14 27 65 36 16 21 06 15 11 19 20 40 14 02 18 10 01 27 19 111
7A.2 102-113 15 21 26 11 03 14 51 383 387 27 07 05 54 52 47 16 05 09 05 00 45 28 50 05 00 03 04 00 38 34 135
7A.3 671 02 03 02 05 03 02 39 06 18 27 07 02 21 17 380 19 18 08 11 04 23 04 80 19 25 03 08 05 20 04 96

7B.1 610-658 17 01 60 04 16 11 52 40 25 36 09 15 19 47 40 20 26 14 10 17 19 18 40 07 29 21 01 11 17 16 129

The highest —log10 (p-value) of the markers from the QTL is given across all traits measured from the field trials performed in Brandon (BD), Morden (MD), and Indian Head (IH) in the years 2015, 2016 and 2017. —log10
(p) > 3 are in bold, values above the stringent Bonferroni significance threshold are underlined, and values below —log10 (p) = 1.3 are not shown.

Physical position (Mb): physical location of SNP markers in the QTL from Chinese Spring assembly (International Wheat Genome Sequencing Consortium [IWGSC], 2018).

Max R?: highest value for explained phenotypic variation for the marker across the traits and environments tested, expressed as%.
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FIGURE 6 | Haplotype effects (mean values across years in each site) of Fhb1 (3BS.2) QTL on (A) FHB incidence (Inc); (B) FHB severity (Sev); and (C) FHB index
(Ind). Three types of haplotype were identified and defined as tEmmer, tNative and tSumai3. Site: BD, Brandon, MB; IH, Indian Head, SK; and MD, Morden, MB.
Y-axis, effects of haplotype on disease susceptibility, larger number indicates that haplotype increases disease susceptibility.
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Introgression of Fhbl into durum wheat has been challenging,
with one possible reason being the unstable expression in
a durum genetic background (Zhao et al., 2018). Recently,
Prat et al. (2017) successfully introgressed Fhbl into durum
wheat, and some of those introgression lines are part of this
AM panel. A QTL was found in the same region as Fhbl
in this study, designated 3B.2. This QTL was detected in
limited environments with a minor effect. QTL 3B.2 had three
distinct haplotypes (Supplementary Table 4), and compared
to haplotypes of Sumai 3 (tSumai 3) and Canadian cultivars
(tNative), the haplotype from the experimental lines derived from
emmer wheat Td161 (tEmmer) conferred disease susceptibility
(Supplementary Table 4). This finding confirms previous
findings that the Fhbl region from Td161 contributed to disease
susceptibility when compared to the susceptible durum wheat
Floradur (Buerstmayr et al., 2012). The resistance haplotype
found in the GWAS study by Steiner et al. (2019b) corresponds
to the tNative haplotype presented in this study. The tNative
haplotype is the only haplotype found in the Canadian and
American cultivars presented in both studies, while both the
tNative and tEmmer haplotypes exist in durum wheat from
Austria, CIMMYT, ICARDA, Italy and Morocco (Steiner et al.,
2019b). Altogether, these findings indicate that one of the
two non-Sumai 3 Fhbl region haplotypes found in tetraploid
wheat contributed to disease susceptibility when compared to
the other. Further characterizing the region with additional
markers is needed to help resolve the source of the alleles

and further understand the effects of the three haplotypes
identified in this study.

Two additional 3B QTL were found significantly associated
with all of the traits, 3B.1 in the telomeric region of 3BS,
and 3B.3 in the centromeric region of the short arm (3BSc).
Recently, Wu et al. (2019) reported a QTL positioned at 2.0 Mb
on the reference sequence from elite Chinese common wheat
germplasm, almost the same region as the 3B.1 identified in this
durum AM panel study. The 3B.3 QTL was one of the most
stable QTL identified, with a larger effect on FHB resistance
than other QTL in this AM panel. Notably, the resistant 3BSc
haplotypes were identified in the durum wheat lines that also
had Fhbl introgressed from Sumai 3 by Prat et al. (2017). The
location of 3B.3 corresponds to the 3BSc region QTL previously
reported as important to FHB resistance, particularly in Canadian
elite germplasm, where 3BSc conferred a larger effect than Fhbl
(McCartney et al., 2007). Also in agreement with findings from
McCartney et al. (2007), the 3BSc QTL conferred a large effect
on both plant height and DTA in elite Canadian wheat. Further
research is needed to explore effects of FhblI, 3B.1 and 3BSc in
durum wheat.

QTL With No or Weak Association With

Flowering Time and Height
The common association between plant height, flowering time
and FHB resistance was illustrated in this study. Of the 31 FHB
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QTL regions identified, all but five also had strong associations
with plant height and/or flowering time. The relatively small
effects of these QTL compared to other QTLs detected in
this study may be related to the strong influence of flowering
time on FHB resistance, potentially overinflating the effects of
the QTL for FHB resistance due to the timing of flowering.
Due to the progression of the FHB symptoms over time, the
correlation between days to anthesis and disease development are
confounded by the length of time for disease development. Due
to cost constraints, disease rating was not evaluated over a time
course to control for this effect, and thus we cannot exclude the
observed correlation between FHB resistance and DTA may be
caused by these confounding effects.

Fusarium head blight resistance QTL that are not associated
with height or flowering time are much more appealing targets,
as the negative influence of taller plants and complicated
relationship with flowering time can be avoided. The targeted
breeding of these QTL for resistance that do not carry extra
undesirable traits will have the most likely success. The most
favorable of these QTL may be 3B.2, but the QTL IA.I,
IA.2, 6A.1, and 7A.3 with no association or weak association
with DTA and HT are also desirable candidates. The 1A.1
QTL was located in the same region as the major QTL
previously reported on the distal part of 1AS (summarized
by Buerstmayr et al, 2009; Liu et al, 2009; Venske et al,
2019). Jiang et al. (2007a,b) located an FHB SEV QTL from
the Chinese wheat line CJ9306 to position 27.2 Mb, and
GWAS by Zhu et al. (2020) similarly identified an FHB QTL
for IND from Chinese elite germplasm in the same region.
A recent study by Sari et al. (2018) of T. carthlicum cv.
Blackbird identified an important FHB QTL for INC, SEV and
IND in the region of 1AS that agrees well with the IA.1.
The 1A.2 QTL colocalized with a QTL positioned at around
350 Mb for FHB severity and DON identified in Chinese elite
germplasm (Wu et al,, 2019) and for FHB resistance based on
point inoculation in CIMMYT line C615 (Yi et al., 2018). In
our study, we found this QTL was also associated with FHB
incidence, index and severity. Within the AM panel of our
study, although the resistance allele of 1A.1 was not found
in Canadian cultivars, the 1A.2 occurred in several current
Canadian cultivars with improved FHB resistance, including
CDC Precision (Pozniak and Clarke, 2017b) and Brigade (Clarke
et al., 2009; Supplementary Table 3).

The 6A.1 QTLs large effect on FHB resistance makes it
appealing despite a small undesirable influence on DTA and HT.
No major QTL clusters have been reported in a similar region as
6A.1, though Yi et al. (2018) reported a minor QTL in this region
detected from a susceptible wheat line in one environment, and
Lu et al. (2013) identified a minor QTL in the proximal 6A
region for both FHB resistance and plant height. Because the 6A.1
resistance haplotype is present in a large number of Canadian
durum wheat cultivars, including Brigade (Clarke et al., 2009),
Transcend (Singh et al., 2012), CDC Credence (Sari et al., 2018)
and CDC Precision (Pozniak and Clarke, 2017b; Supplementary
Table 3), it should be possible for Canadian breeding programs to
build on this resistance, though the effect of the QTL in Canadian
elite durum cultivars remains to be validated.

The 7A.3 QTL, located at 671 Mb, with its relatively large
effects on all FHB resistant traits without being associated with
plant height or flowering time also make it another good target
for breeding FHB resistance. Previous research identified a major
QTL for type II resistance based on point inoculation in the
vicinity of 7A.3 through the physical mapping of the SSRs
gwm276 and gwm262 to positions of 642.9 and 681.4 Mb (Semagn
et al., 2007; Buerstmayr et al, 2009). Wu et al. (2019) also
reported a QTL affecting DON accumulation in the same region
of elite Chinese germplasm, while Sari et al. (2018) reported QTL
for SEV and IND in the same region from the durum wheat
inbred line DT696.

From the durum AM panel in our study, 2A.2 located
in the same region as a native durum FHB resistance QTL
in previous research in cultivars Ben by Zhang et al. (2014)
and Joppa by Zhao et al. (2018). In addition, the QTL 2A.2
was also found consistently associated with DTA, suggesting it
plays a role in controlling flowering. In this durum AM panel,
the resistance haplotype of 2A.2 was found in DT696 (Sari
et al., 2018), an adapted source of FHB resistance in durum
wheat, as well as several Canadian cultivars with improved
FHB resistance derived from this line, including Brigade (Clarke
et al., 2009), Transcend (Singh et al., 2012) CDC Credence (Sari
et al.,, 2018), and CDC Precision (Pozniak and Clarke, 2017b;
Supplementary Table 3). Despite its association with DTA, the
effectiveness of the 2A.2 in native durum cultivars from Canada
and United States make it another good target to breed durum
wheat with improved FHB resistance.

QTL Co-located With Flowering Genes
The majority of the QTL identified from this AM panel were
found associated with flowering time and/or plant height. As
mentioned previously, the Notably, three QTL pairs, including
IA.3 and 1B.1, 2A.1 and 2B.1, and 5A.1 and 5B.2, were found
in syntenic regions of the A/B genome that harbor known
orthologous gene pairs controlling flower time. 1A.3 was in a
similar region of a major QTL found in United States winter
wheat cultivar NC-Neuse (Petersen et al., 2016, 2017). The
FLOWERING LOCUS T3-Al (TaFT3-Al) gene that promotes
flowering was found physically mapped around 528.1 Mb of
1A in CS Ref 1.0 (Zikhali et al., 2017; International Wheat
Genome Sequencing Consortium [IWGSC], 2018), which is close
to the region of 1A.3. The major QTL IB.I located to the region
coinciding with a QTL of FHB resistance from the European
winter wheat Arina (Semagn et al., 2007; Buerstmayr et al., 2009;
Liu et al., 2009), as well as loci controlling DTA identified in
the recent durum wheat GWAS by Steiner et al. (2019b). This
QTL conferred a stable and large effect for INC, SEV, HT and
DTA. Recently, the photoperiod gene FLOWERING LOCUS T3-
Bl (TaFT3-Bl) that promotes flowering time, was physically
identified at position 581 Mb of 1B (Zikhali et al., 2017), the same
region as IB.1. The 1B.1 and 1A.3 QTL occur in syntenic region
of the genome, indicating the orthologous gene pair, TaFT3-
Bl and TaFT3-Al, as candidate genes underling the QTL effect
in these regions.

The 2A.1 QTL conferred main effects for INC, IND, DTA and
HT, physically positioned to around 27-31 Mb on chromosome
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2A. This location is very near to the photoperiod gene PpdIA,
which has an important role in controlling flowering time and
height, indicating 2A.1 as candidate gene controlling the QTL.
Giancaspro et al. (2016) found a similar QTL positioned at
10 Mb on 2AS for FHB resistance in durum wheat, derived from
the introgression of FHB resistance from Sumai 3, but with no
report on its association with plant height. Gadaleta et al. (2019)
identified a wall-associated receptor-like kinase (WAK2) in this
region as the candidate gene for FHB resistance. Our study found
a 2B QTL, designated 2B.1 that colocalizes with Ppd1B located
in a syntenic region of 2A.1. This QTL contributed to INC, SEV,
IND, DTA and HT. Thus, our findings support the Ppd loci on
2AS and 2BS as candidate genes responsible for the observed
effects, although further studies with well stratified plant height
and FHB rating DTA are required in order to explore the factors
underlying these QTL.

Both the QTL 5A.1 on 5AL and 5B.2 on 5BL occur in syntenic
regions that harbor orthologs of the well-known vernalization
genes VRNAI (at 585.1 Mb) and VRNBI (at 613.0 Mb). 5A.1
and 5B.2 both conferred a stable effect for INC and IND, and
while 5B.2 also had a large effect of on DTA, 5A.1 had no effect
on DTA and only a minor effect on HT in one environment.
Sari et al. (2018) reported a major FHB resistance QTL from
the Canadian durum wheat line DT696 in the same region as
5A.1, also finding no DTA or HT QTL in this region. Xu et al.
(2020) found QTL located in the same regions as 5A.1 and 5B.2
in common wheat that controlled anther extrusion, heading time
and FHB resistance. There is potential that these vernalization
genes are responsible for the FHB resistance coming from these
regions, and that the VRNAI gene has just a minor effect on
flowering time in durum wheat. The resistance haplotype of
5A.1 was found in Canadian durum cultivars including Brigade
(Clarke et al., 2009) and CDC Alloy (Pozniak and Clarke, 2017a;
Supplementary Table 3). Because of the presence of the resistant
haplotype in current durum cultivars, and the minor effect on
flowering time, we believe the VRNAI region QTL from this
study and Sari et al. (2018) is a good target to improve FHB
resistance in durum wheat. However, there is still need for further
research to explore the mechanism of colocalization between
the vernalization genes and FHB resistance and their effect on
flowering in durum.

CONCLUSION

With genome wide association analysis we identified 31 QTL
for FHB resistance. This confirms the quantitative nature and
polygenic control of the FHB resistance and also signifies that
this durum AM panel contains a large amount of genetic
variation for FHB resistance loci. These QTL capture a large
amount of the major QTL reported for hexaploid and tetraploid
wheat which should facilitate improving FHB resistance in
durum wheat. Five QTL found primarily for FHB resistance,
including 1A.1, 1A.2, 5A.1, 6A.1, and 7A.3, could be used as
initial targets to improve resistance in durum wheat without
detrimental effects. Although 2A.2 is associated with DTA, the
resistant haplotype exists in several Canadian and United States

cultivars with improved FHB resistance, and we think that
due to its adaption to durum cultivars in North America it
is also a good target. The majority of these QTL identified
were associated with plant height and/or flowering time,
indicating that phenology, flowering and height genes formed
a complex network affecting FHB resistance in durum wheat.
Prior knowledge of the haplotypes of these genes in breeding
materials will provide an informed approach to stack these
genes and give breeders the ability to design a better strategy
to use these sources to improve FHB resistance. However,
more research is needed to identify the mechanism of the
trait associations, and truly determine whether pleiotropic
effects of same gene, linkage drag of resistant genes, and/or
disease escape due to flowering time and plant height are in
effect. Only by completely understanding these relationships,
can a better strategy, from genetic, genomics and breeding
perspectives be developed to significantly increase FHB resistance
in durum wheat. Finally, considering the attributes of QTL
identified in this study, including the large number of minor
effects, the varied expression across environments, and the
complex interaction with flowering time and height, we suggest
intercrossing the multiple sources of resistance. Then the progeny
should be selected using a multi-trait based, high-throughput
marker assisted selection approach that incorporates resistance,
flowering time and height loci, in combination with intensive
phenotyping, with the genotypes grouped by days to flower
and plant height, across multiple target environments, as the
most promising approach to develop durum wheat with a better
level of resistance.
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Eucalyptus grandis is one of the most important species for hardwood plantation
forestry around the world. At present, its commercial deployment is in decline because
of pests and pathogens such as Leptocybe invasa gall wasp (Lepto), and often co-
occurring fungal stem diseases such as Botryosphaeria dothidea and Teratosphaeria
zuluensis (BotryoTera). This study analyzed Lepto, BotryoTera, and stem diameter
growth in an E. grandis multi-environmental, genetic trial. The study was established
in three subtropical environments. Diameter growth and BotryoTera incidence scores
were assessed on 3,334 trees, and Lepto incidence was assessed on 4,463 trees
from 95 half-sib families. Using the Eucalyptus EUChip60K SNP chip, a subset of 964
trees from 93 half-sib families were genotyped with 14,347 informative SNP markers.
We employed single-step genomic BLUP (ssGBLUP) to estimate genetic parameters in
the genetic trial. Diameter and Lepto tolerance showed a positive genetic correlation
(0.78), while BotryoTera tolerance had a negative genetic correlation with diameter
growth (—0.38). The expected genetic gains for diameter growth and Lepto and
BotryoTera tolerance were 12.4, 10, and —3.4%, respectively. We propose a genomic
selection breeding strategy for E. grandis that addresses some of the present population
structure problems.

Keywords: ssGBLUP, genetic correlation, Eucalyptus grandis, Leptocybe invasa, Botryosphaeria dothidea,
Teratosphaeria zuluensis

INTRODUCTION

Fast-growing plantation forests are essential to the pulp, paper, and timber industries and the
emerging biorefinery and biomaterials industries (Perlack et al., 2005; Cetinkol et al., 2012; Devappa
et al., 2015; Stafford et al., 2020). The sustainability of many of these industries is dependent
on woody biomass from plantation-grown Eucalyptus trees. Eucalyptus species are adaptable,
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fast-growing, generally resilient to pests and pathogens, and have
the desired wood qualities for diverse wood products (Malan,
1993; Stafford et al., 2020). Volume growth and wood density are
essential measures for forest plantation productivity (Raymond,
2002). However, pest and pathogen challenges have increased
in severity in the past decades, posing a significant risk to
Eucalyptus plantation forestry productivity and sustainability
in subtropical regions (Wingfield et al., 2015). How to ensure
continued genetic gains for volume growth in the presence of
severe pest and pathogen challenges has become an essential
question for plantation species such as Eucalyptus grandis.

Leptocybe invasa Fisher & La Salle is one of the most
damaging insect pests of Eucalyptus species that affects growth
by forming galls on leaves and leaf petioles. The insect is native
to Queensland, Australia, known as the Blue Gum Chalcid
wasp (Hymenoptera: Eupholidea). It has spread across the
globe, infesting a wide range of commercially grown Eucalyptus
species and their hybrids, resulting in severe losses in young
plantations and nursery seedlings (Mendel et al., 2004; Nyeko
et al, 2010; Chang et al, 2012; da Silva et al., 2020). First
reported in the Mediterranean Basin and the Middle East in
2000 (Viggiani et al., 2000; Mendel et al., 2004), L. invasa
subsequently spread throughout countries in Africa, America,
and Asia (Nyeko, 2005; Wiley and Skelly, 2008; Prabhu, 2010;
Zhu et al, 2012). Two parasitoid species of L. invasa from
Australia, Quadrastichus mendeli and Selitrichodes kryceri, were
deployed as biological controls to manage severe infestation levels
in Eucalyptus plantations in Israel (Kim et al., 2008). Tracking the
introduction of L. invasa in South Africa, Q. mendeli was recently
discovered, and the biological control potential of L. invasa
in South African Eucalyptus plantations was investigated (Bush
et al., 2018). Another recently discovered parasitoid species of
L. invasa from Australia, S. neseri, was described and investigated
for its parasitism rates in South Africa, ranging from 9.7 to 71.8%
(Dittrich-Schroder et al., 2014).

Resistance-linked DNA markers for molecular breeding is
an alternative strategy to manage pest challenges. Towards this,
simple sequence repeat (SSR) markers have been identified that
jointly explained 3-37% of the variation of resistance in E. grandis
and were validated in E. tereticornis explaining 24-48% of the
variation of resistance (Zhang et al., 2018). Due to the significant
variation that exists within and between Eucalyptus species, there
is opportunity to breed for L. invasa tolerance (Mendel et al.,
2004; Thu et al., 2009; Durand et al, 2011; Sangtongpraow
et al,, 2011; Dittrich-Schroder et al., 2012; Nugnes et al., 2015;
Zheng et al., 2016). A recent genome-wide association study in
an E. grandis breeding population identified candidate genomic
regions on chromosomes 3, 7, and 8 that contained putative
candidate genes for tolerance. These candidate genomic regions
explained ~17.6% of the total phenotypic variation of L. invasa
tolerance (Mhoswa et al., 2020).

Teratosphaeria zuluensis, a fungal pathogen that causes
stem canker, previously known as Coniothyrium canker, is a
devastating stem disease of Eucalyptus species and is one of
the most severe pathogens of plantation-grown Eucalyptus spp.
(Wingfield et al., 1996; Crous et al., 2009; Aylward et al., 2019).
It was first recognized in South Africa in 1989 and described

in 1996 (Wingfield et al., 1996). T. zuluensis has been reported
on Eucalyptus spp. in Malawi, Mozambique and Zambia (Jimu
et al., 2015), Hawaii (Cortinas et al., 2004), Ethiopia (Gezahgne
etal., 2003), and Argentina and Vietnam (Gezahgne et al., 2004b).
Infections from T. zuluensis results in necrotic spots on green
branches and the main stem, giving a “cat-eye” appearance that
develops into large cankers on susceptible trees. T. zuluensis
infection reduces wood quality by penetrating the cambium
to form black kino filled pockets and may lead to tree death
(Wingfield et al., 1996; Gezahgne et al., 2003).

Botryosphaeria dothidea is also a devastating fungal pathogen
of eucalypt species affecting the stem. B. dothidea is known to
have endophytic characteristics with instances of opportunistic
latent infections (Smith et al, 1996; Slippers et al., 2009).
Species of the Botryosphaeriaceae family infect plants via natural
apertures (Bihon et al., 2011) and wounding (Epstein et al., 2008).
B. dothidea infection results in longitudinal cracks that penetrate
the bark into the xylem forming kino pockets in the wood,
and stem cankers and tip dieback (Smith et al., 1994). It infects
eucalypts in many countries including the Congo (Roux et al,,
2000), Australia (Burgess et al., 2019), South Africa (Smith et al.,
1994), Ethiopia (Gezahgne et al., 2004a), Venezuela (Mohali et al.,
2007), Colombia (Rodas et al., 2009), Uruguay (Perez et al., 2008),
and China (Chen et al., 2011). Field assessment of the two fungal
stem pathogens has revealed that the symptoms of B. dothidea
and T. zuluensis can be present separately or concurrently at
varying levels on trees in the population in the form of a fungal
stem disease complex.

In general, tree breeding strategies use pedigree information
to estimate genetic merit, often in trials with large numbers
of individuals in open-pollinated families. The availability of a
reference genome sequence of E. grandis (Myburg et al., 2014)
and the development of a robust single-nucleotide polymorphism
(SNP, EUChip60K) chip for high-throughput genotyping in
multiple eucalypt species (Silva-Junior et al., 2015) have created
opportunities for implementing new breeding strategies based on
the genomic prediction of breeding values. While conventional
pedigree relationships represent the average proportion of shared
alleles, SNP markers can track Mendelian segregation patterns
enabling the detection of unknown (cryptic) relationships and
more precise estimation of known relationships (Habier et al.,
2007; Hayes et al, 2009; Hill and Weir, 2010). However,
the genotyping of all individuals in large open-pollinated tree
breeding populations would be prohibitively expensive. Single-
step genomic (ssG)BLUP analysis is an attractive alternative
that blends the known pedigree of the entire population with
the genomic relationship matrix of a subset of genotyped
individuals (Legarra et al., 2009; Misztal et al., 2009; Aguilar et al.,
2010; Christensen and Lund, 2010). Thereby, ssGBLUP analysis
extends the benefits of applying of genomic selection to non-
genotyped individuals (Legarra et al., 2014), therefore allowing
for multivariate and univariate analysis (Guo et al., 2014) in
livestock (Lourenco et al., 2015; Ma et al., 2015) and forest trees
(Ratcliffe et al., 2017; Klapste et al., 2018, 2020; Cappa et al., 2019).

Improving forest plantation productivity requires recurrent
selection of multiple traits, such as growth, wood quality, and
tolerance to pests and pathogens. A multivariate analysis involves
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estimating genetic correlations between traits to understand their
correlated responses (Burdon, 1977). The correlated phenotypes
of growth and pest and disease traits are attributable to shared
genetic factors (pleiotropy) and/or linked genetic factors (linkage
disequilibrium) and their interrelationships with environment
factors (Falconer and Mackay, 1996). Being able to partition these
components will help improve breeding strategies for correlated
traits (Chen and Lubberstedt, 2010).

In this study, we measured breeding trials of E. grandis
composed of trees from three half-sib pedigree linked generations
and some unrelated families for diameter growth at breast
height, tolerance to stem disease caused by the co-occurrence of
B. dothidea and T. zuluensis (BotryoTera), and tolerance to leaf
gall caused by L. invasa (Lepto). The study aimed to obtain genetic
parameters and genetic gains for growth, pest, and pathogen
tolerance in this multi-generation breeding trial comparing
ABLUP (pedigree-based BLUP analysis) and ssGBLUP models.
We further investigated the additive genetic correlations and
genotype-by-environmental (G x E) interactions of diameter
growth and tolerance to Lepto and BotryoTera. Based on the
results, we discuss the utility of genomic selection in E. grandis
for simultaneous improvement of growth and tolerance to the gall
wasp and fungal stem disease.

MATERIALS AND METHODS

Breeding History and Phenotyping of the

Study Population

Eucalyptus grandis W. Hill ex Maiden was introduced to
South Africa in the early 1900s and included various government
breeding populations as a timber resource for the mining
industry. Private breeding programs only started in the early
1970s, initiated from government landrace breeding populations.
Breeding objectives for these landrace breeding populations
gradually shifted to target traits for pulp and paper products
rather than timber production in successive generations and trial
series (Figure 1). We had access to seed from two first-generation
selections from the 2nd trial series in this study population, with
32 selections from the 3rd trial series as our third-generation
families and 28 selections from the 4th trial series as our fourth-
generation families (Supplementary Table 1). Also included
in the study was 33 unrelated (no pedigree link) families as
controls, with seed sourced in the early 1990s from selections
in Swaziland. The 93 half-sib pedigree linked families and the
33 unrelated control families were planted across three sites
Mtunzini, Kwambonambi, and Nyalazi in KwaZulu Natal, a sub-
tropical region in South Africa (Figure 2 and Supplementary
Table 1). Families from the different generations were planted
together in the three trial sites. The experimental design was
a randomized complete block planted at single tree plots at 15
replicates per family. Field tolerance to Lepto was assessed at age
1 using a four-scale incidence score in which trees with a score of
4 shows no evidence of an attack on the leaf midrib or petiole, a
score of 3 shows evidence of an attack on the leaf midrib or petiole
without galls, and a score of 2 indicates trees with an attack on the
leaf midrib or petiole with galls. Trees with a score of 1 present a

lethal outcome from an attack on the leaf midrib or petiole with
galls (Figure 3). Field tolerance to BotryoTera was assessed at
age 3 using an incidence score in which a score of 6 represents
trees with no spots/cracks or redness and trees with a score 5
show symptoms of T. zuluensis spots with redness, whereas trees
with a score of 4 have B. dothidea cracks with redness. Trees
with a score of 3 shows symptoms with T. zuluensis spots and
B. dothidea cracks with redness, and a score of 2 represents trees
with heavy T. zuluensis spots, and B. dothidea cracks with redness,
and a score of 1 represents trees with heavy T. zuluensis spots and
B. dothidea cracks with redness and cankers (Figure 4). Diameter
growth at breast height (1.3 m over-bark) was measured at age 4.

Genotyping of the Study Population

DNA was extracted from leaves using the NucleoSpin DNA
extraction kit (Machery-Nagel, Germany). The Eucalyptus
(EUChip60K) SNP chip as described by Silva-Junior (Silva-Junior
et al., 2015) available from GeneSeek (Neogen, Lansing, MI,
United States) was used to genotype 964 trees across the families
and trials (Supplementary Table 1). Of the 95 families in the
trials, 93 contained a subset of 964 genotyped trees ranging from
2 to 24 trees per family. The two second-generation families
were not genotyped. An average of four trees per family were
genotyped of the unrelated families. For the third generation, 15
trees per family were genotyped, while in the fourth generation,
14 per family were genotyped. Of the 64,639 markers on the
SNP chip (Silva-Junior et al., 2015), there are a total of 14,347
informative SNP markers with GenTrain score ranging from
0.37 to 0.93. Retained markers had a call rate of above 90%
and a minor allele frequency above 0.05. The SNP genotypes
frequencies of the 14,347 markers were AA (0.307), GG (0.283),
AG (0.270), CC (0.068), AC (0.065), and 0.007 missing. The
number of SNP markers distributed on linkage groups ranged
from 1018 (Chromosome 1) to 1877 (Chromosome 10). The SNP
marker frequencies and distribution analysis were performed
with the synbreed 0.10-2 R package (Wimmer et al., 2012) and the
imputing of the missing SNP data based on allelic distribution,
assuming Hardy-Weinberg equilibrium.

Statistical Analyses

Mixed Model Analysis

Linear mixed models were fit to estimate variance components
and solve mixed model equations to obtain solutions for fixed and
random effects. The matrix notation for the linear mixed models
used is as follows:

y=Xp+Zu+e (1)

where y is a vector of phenotypes, X is the design matrix for the

fixed effects (site), P is the vector of the fixed effect coefficients
(intercept site), Z is an incidence matrix for the random effects
of individual trees, u is the vector of random effect coefficients
(genotype, genotype by site interaction, replication effect nested
in site effect), and ¢ is the vector of residual effect coefficients. The
expectations of y, u, and e are E (y) =XB,E(W) =N (0, ci) R
and E (¢) = 0 and the variances are Var (y) =V = ZGZ +R,
Var (g) = R = N(0, Io?), and Var (1) = G = Ac?, respectively,
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Mid 1990’s: Emergence
of the co-occurring B.
dothidea and T.
zuluensis fungal stem
disease complex causing
the decline of E. grandis
planting in the sub-
tropical regions.

2007: Introduction of L.
invasa into South Africa
resulting in the further
decline of E. grandis
planting in the sub-
tropical regions.

FIGURE 1 | Historical overview of E. grandiis breeding in South Africa, including a transition from government to private breeding and introduction of major pest and
pathogens. The trial series timeline, as well as the generational timeline, are shown. Selection strategies are noted for each trial series, shifting from timber to pulp
and paper related traits, as well as pest and disease tolerance. Selection refers to the selection of phenotyped individuals based on their breeding values, whereas
evaluation refers to the selection of individuals based on visual screening without breeding values.

1897 — 1970

Government breeding programme:
Landrace population with breeding strategy
focusing on timber production for the mining
industry.

1st trial series: 1971 — 1983
PO seedlings

Private breeding programme: Breeding
strategy focusing on timber, pulp and paper
production. Target traits: selection for
diameter growth and evaluation of tree form.

2nd trial series: 1988 — 1993
15t Gen seedlings

Private breeding programme: Breeding
strategy focusing on timber, pulp and paper
production. Target traits: selection for
diameter growth and evaluation of tree form.

3rd trial series: 1994 — 2001
27 Gen seedlings

Private breeding programme: Breeding
strategy focusing on pulp and paper
production. Target traits: selection for
diameter growth and evaluation of tree form
and fungal stem disease.

4t trial series: 2002 — 2010

3rd Gen seedlings

Private breeding programme: Breeding
strategy focusing on pulp and paper
production. Target traits: selection for
diameter growth and evaluation of tree form
and fungal stem disease.

5th series: 2012 — 2020
4th Gen seedlings

Private breeding programme: Breeding
strategy focusing on pulp and paper
production. Target traits: selection for
diameter growth and evaluation of tree form
and fungal stem disease.

where A is the relationship matrix of the random effects, o2 is
the variance associated with the residuals, and o2 is the variance
associated with the random effects. The assumptions of residual
matrix R was relaxed to have a heterogeneous error variance

across the environments. Similarly, the assumption of the G
matrix was relaxed to model full G x E and heterogeneous genetic
variances at each site (s 4+ 1 variance parameters), where s is the
number of environments (Isik et al., 2017). Empirical breeding
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FIGURE 2 | Geographical representation of the trial sites in the KwaZulu Natal province, South Africa. The region has a sub-tropical climate. The distance (straight
line) between Mtunzini and Nyalazi is 112 km. The details of the environmental conditions are in Supplementary Table 1. Darker shades of green indicate nature

value prediction for the half-sibs was performed by solving the
mixed model equations.

XX Xz Bl [XYy @
ZXZZ+A N Lu] [ Zy
where A™! is the inverted additive genetic relationship matrix

derived from the pedigree and \ = Zé is the shrinkage factor.

The genomic relationship matrix G from the genotyped trees was
computed as described in VanRaden (2008):

_z-P)(z-P)
2 pi(1-p;)

where Z and P are two matrices of dimension # (individuals) x p
(markers). The base pair calls were transformed into gene content
values of the minor alleles at each SNP loci in each individual
in matrix Z, with elements —1 (homozygote major allele), 0
(heterozygote), and 1 (homozygote minor allele). The frequencies
of the genotypes were 0.584, 0.338, and 0.078, respectively. The
allele frequencies in matrix P are presented as 2(p;—0.5), where p;
is the observed allele frequency at the marker i for all individuals.

3)

The 2" pi (1—p;) is the variance of alleles summed across all the
loci. A ssGBLUP model was fitted using a blended relationship
(H) matrix, incorporating the (G) matrix of genotyped trees that
are linked to the non-genotyped trees by the half-sib pedigree (A)
matrix (Legarra et al., 2009; Aguilar et al., 2010; Christensen and
Lund, 2010).

The H matrix used in the ssGBLUP was formulated as follows:
where u is a vector of genetic effects with variances Var (1) =
Ac?. Within the genetic effects (u), there are non-genotyped and
(u1) and genotyped (u2) individuals partitioned in the A matrix

as:
An A12:|
A= 4)
[Au Ap

where Aj; is the relationship matrix of non-genotyped
individuals, A, is the relationship matrix for the genotyped
individuals, and A}, and its transpose Aj; are the covariances
between the genotyped non-genotyped individuals. We then
replaced the u, genetic effects with the pedigree relationship of
Ay with their G matrix as constructed in Eq. 3. The relationship
between the non-genotyped and (u;) and genotyped (u3)
individuals in A, and A is then adjusted by the G matrix via
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FIGURE 3 | Symptoms and incidence scores of Leptocybe invasa (Lepto). (A) Score 4 — No evidence of an attack on the leaf midrib or petiole, (B) Score 3 —
Evidence of attack on the leaf midrib or petiole without galls (indicated by red arrows), (C) Score 2 — Evidence of attack on the leaf midrib or petiole with galls, and
(D) Score 1 — Evidence of a lethal outcome of an attack on the leaf midrib or petiole with galls.

the pedigree relationship of all other individuals in the H matrix
(Legarra et al., 2009):

g [ AntArAy (G—An)Ay Ay Andy) G %)
GA,'A,, G

The upper left corner of the H matrix is the variance of the u;
individuals, with Var (1) = [A11A1245, (G—Ax)A5, Axlo?,
and Var(u;) = Go% and Cov (u1, uy) = ApAL Goi. The
inverse of the H matrix is:

0 0
H'=4A" 6

" [0 G_I_A2_21:| ©
Variance components from the ABLUP and ssGBLUP were

estimated along with the heritability for diameter growth and
Lepto and BotryoTera tolerance across and within the three sites.

Multivariate Analysis

A multivariate linear mixed model was fitted to estimate additive
genetic correlations between three pairs of traits as described in
Isik et al. (2017), following the multivariate model general design:

ynxd:an(p+1)B(p+1)xd+znxr”rxd+9nxd (7)

where n is the number of rows of individuals and d is the
number of dependent variables (traits). The design matrix X
has the dimensions n = (p1), where p is the number of fixed
estimators, which are replication nested in location for the traits,
and the additional column is added for the intercept. f is the
matrix of coefficients of fixed predictor effects to be estimated
with dimensions (p1) = d. The rows of p correspond to predictor
variables, and the columns are response variables. The design
matrix of Z has dimensions n = r, where r is the number of
random effects (individual trees) per trait, and u is a r = d matrix
of the random effects.

The G and R variance-covariance matrices of the multivariate
model were designed with the variances for the three traits on
the diagonal and the covariances between the traits on the oft-
diagonals:

2
0411 OA12 OA13

2
G=A® | 0421 0%y 0423 (8)
2
O0A31 0A32 Oy33
2
O¢11 Oel2 O¢l3
2
R=1,® | 0e21 0%y Oe23 )

2
O¢31 O¢32 Og33

Frontiers in Plant Science | www.frontiersin.org

February 2021 | Volume 12 | Article 638969


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Mphahlele et al.

Genomic Breeding in Eucalyptus grandis

FIGURE 4 | Symptoms and incidence scores for Botryosphaeria/Teratosphaeria stem disease complex (BotryoTera). (A) A score of 6 represents trees with no
spots/cracks or redness. (B) A score of 5 represents trees with T. zuluensis spots with redness. (C) A score of 4 is given for trees with B. dothidea cracks with
redness. (D) A score of 3 shows a tree with T. zuluensis spots and B. dothidea cracks with redness. (E) A score of 2 represents trees with heavy T. zuluensis spots
and B. dothidea cracks with redness. (F) A score of 1 represents trees with heavy T. zuluensis spots and B. dothidea cracks with redness and cankers.

where the G matrix is the direct product of the A matrix
(pedigree relationship) for the ABLUP model and substituted
with the H matrix for the ssGBLUP model with an unstructured,
heterogeneous variance and covariance structure, where each
environment has a unique genetic variance, and each pair of the
environments has a unique covariance, with an s (s1) 2 variance
parameter (Isik et al., 2017). The R matrix is the direct product
of the identity matrix (I,,,) with m dimensions, m is the number
of genotypes with variance oZfor diameter growth, o2, for
BotryoTera,and 02, for Lepto and their covariances nested within.

The construction of the expected additive (A matrix) and
the realized genomic (G) was calculated using the package
synbreed 0.10-2 (Wimmer et al., 2012) in the R environment
v3.5.3. The blended genetic relationships and its inverse were

obtained using scripts according to Isik et al. (2017). All the
statistical models were performed using ASReml software v4.1
(Gilmour et al., 2015).

Expected Direct and Indirect Genetic Gains

The direct genetic gains for diameter growth and Lepto and
BotryoTera tolerance were calculated from the ABLUP and
ssGBLUP models breeding value predictions. The selection
differential was based on the top 10% of individuals for direct
selection. The indirect responses of the remaining traits were
calculated based on the ranking of the direct selections. The
percentage expected genetic gains were calculated as the fraction
of the selection differential over the population mean.
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RESULTS

Genetic Parameters

To assess the increased accuracy of the ssGBLUP model,
we compared the heritability estimates from ssGBLUP with
those from ABLUP analysis. The ssGBLUP model generally
produced lower heritability estimates compared to the ABLUP
model for the three sites (Table 1). The exception was the
heritability estimates for BotryoTera tolerance in Kwambonambi
and Nyalazi, which were higher for ssGBLUP (0.45 vs. 0.29
and 0.11 vs. 0.08, respectively). Overall, the Kwambonambi site
produced the highest heritability values ranging from 0.29 to
0.63 (ABLUP) and from 0.45 to 0.70 (ssGBLUP) across the
traits (Table 1). In contrast, the heritability estimates for Lepto
tolerance from the ABLUP and ssGBLUP models were the highest
at 0.71 and second highest at 0.38, respectively, in Nyalazi, while
the estimates for diameter growth and BotryoTera tolerance at the
Nyalazi site were reasonably low, ranging from 0.07 to 0.11 for the
ABLUP and ssGBLUP models, respectively (Table 1). The overall
heritability estimates across sites were higher for the ABLUP
model with Lepto tolerance moderately high at 0.54, diameter

TABLE 1 | Site-specific variance components and genetic parameters estimated
using the ABLUP and ssGBLUP mixed models for diameter growth, BotryoTera
and Lepto tolerance.

o2 (se) o2 (se) h2(se)
Diameter
ABLUP
Mtunzini 6.655 (0.281) 2.360 (0.655) 0.36 (0.092)
Kwambonambi 13.193 (0.662) 8.250 (1.945) 0.64 (0.129)
Nyalazi 11.928 (0.547) 0.884 (0.579) 0.07 (0.048)
ssGBLUP
Mtunzini 6.670 (0.277) 1.620 (0.504) 0.24 (0.072)
Kwambonambi 13.592 (0.682) 7.852 (1.487) 0.58 (0.092)
Nyalazi 11.958 (0.552) 0.779 (0.582) 0.07 (0.048)
BotryoTera
ABLUP
Mtunzini 1.450 (0.055) 0.424 (0.115) 0.29 (0.0752)
Kwambonambi 2.334 (0.099) 0.115 (0.203) 0.30 (0.0823)
Nyalazi 1.411 (0.059) 0.109 (0.056) 0.08 (0.0393)
ssGBLUP
Mtunzini 1.447 (0.053) 0.222 (0.077) 0.15 (0.052)
Kwambonambi 2.404 (0.110) 1.088 (0.227) 0.45 (0.083)
Nyalazi 1.418 (0.060) 0.154 (0.073) 0.11 (0.051)
Lepto
ABLUP
Mtunzini 0.454 (0.017) 0.161 (0.039) 0.36 (0.080)
Kwambonambi 0.762 (0.035) 0.524 (0.105) 0.70 (0.118)
Nyalazi 0.764 (0.037) 0.542 (0.112) 0.71 (0.125)
ssGBLUP
Mtunzini 0.452 (0.016) 0.110 (0.026) 0.24 (0.055)
Kwambonambi 0.770 (0.083) 0.538 (0.070) 0.70 (0.072)
Nyalazi 0.744 (0.031) 0.281 (0.049) 0.38 (0.059)

The residual variance (o), additive genetic variance (v2), narrow-sense heritability
(h?), and their standard errors (se) are shown.

growth at 0.33, and BotryoTera tolerance at 0.23 (Table 2).
The heritability estimates with the ssGBLUP across sites were
lower with Lepto tolerance at 0.36, diameter growth at 0.25, and
BotryoTera tolerance at 0.23 (Table 2). The heritability estimates
for ssGBLUP may be more accurate due to the blended pedigree
relationship matrix increased precision.

ssGBLUP Additive and Type-B Genetic

Correlations

The additive genetic correlations of diameter growth and Lepto
tolerance estimated with the ssGBLUP model was high at 0.78
(Table 3, Eq. 7). In contrast, the additive genetic correlation
of diameter growth and BotryoTera tolerance was moderate at
—0.38. The additive genetic correlation for BotryoTera and Lepto
tolerance was also moderate at —0.47 (Table 3). These results
suggest that tandem improvement of diameter growth and Lepto
tolerance is possible, but they predict a negative response in
BotryoTera tolerance, which presents a challenge to breeders.
The overall Type-B genetic correlation (Eq. 7) was high, ranging
from 0.77 to 0.81 for the three traits associated with small
standard errors (Table 4), suggesting low G x E interactions
across the sites.

Trait Performance Across Site and

Generations

Diameter growth and the Lepto incidence scores resembled
a normal distribution (Supplementary Figure 1). BotryoTera
incidence scores had a high frequency of score 6, representing

TABLE 2 | Overall variance components and genetic parameters across the three
sites for solving ABLUP and ssGBLUP mixed models for diameter growth,
BotryoTera, and Lepto tolerance.

o2 (se) o2 (se) h2(se)

ABLUP

Diameter 10.581 (0.314) 3.450 (0.720) 0.33 (0.063)
BotryoTera 1.732 (0.044) 0.407 (0.092) 0.24 (0.051)
Lepto 0.659 (0.021) 0.357 (0.059) 0.54 (0.077)
ssGBLUP

Diameter 10.729 (0.313) 2.733 (0.469) 0.26 (0.040)
BotryoTera 1.755 (0.046) 0.396 (0.071) 0.23 (0.038)
Lepto 0.655 (0.017) 0.238 (0.024) 0.36 (0.032)

The residual variance (o2), additive genetic variance( oZ), narrow-sense heritability

(h?), and its standard error (se) are presented.

TABLE 3 | Additive genetic correlations (ry) of diameter growth, BotryoTera, and
Lepto tolerance based on ABLUP and ssGBLUP models with standard errors in
the parenthesis.

BotryoTera Lepto
ABLUP
Diameter —0.46 (0.116) 0.81 (0.054)
BotryoTera —0.47 (0.111)
ssGBLUP
Diameter —0.38 (0.106) 0.78 (0.055)
BotryoTera —0.47 (0.089)
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TABLE 4 | Overall Type-B genetic correlation (rz) across sites for diameter
growth, BotryoTera, and Lepto tolerance based on ABLUP and ssGBLUP models
with standard errors in the parenthesis.

rg (se)

ABLUP

Diameter 0.90 (0.096)
BotryoTera 0.99 (0.000)
Lepto 0.88 (0.055)
ssGBLUP

Diameter 0.80 (0.140)
BotryoTera 0.81 (0.147)
Lepto 0.77 (0.072)

uninfected stems, and Kwambonambi has a high frequency of
score 3 (Supplementary Figure 1). The latter may be ascribed to
the second-generation families’ higher susceptibility (Figure 5B
and Supplementary Figure 2). The Kwambonambi site had the
lowest mean BotryoTera tolerance compared to the Nyalazi and
Mtunzini (Figure 5E). The average diameter growth improved
by 3.2% from the third to the fourth generation (Figure 5A),
whereas Lepto tolerance improved by 3.6% (Figure 5C). The
improvement in diameter growth is driven by recurrent selection
over the generations with Lepto tolerance benefiting from

its strong additive genetic correlation with diameter growth
(Table 3). There was a 13.3% improvement of BotryoTera
tolerance from the second to the third generation; however, it was
unchanged from the third to the fourth generation (Figure 5B).
The apparent absence in genetic gain for BotryoTera tolerance
from the third to the fourth generation is in part due to the
moderately negative genetic correlation with diameter growth
(Table 3). The above results suggest that a revised breeding
strategy is needed to improve the three traits simultaneously.

Correlated Response Based on
ssGBLUP Breeding Values

The direct genetic gains estimated for diameter growth and Lepto
tolerance were 12.4% and 24.7%, respectively, with BotryoTera at
9.8% (Table 5). There is an indirect loss of 3.4% in BotryoTera
tolerance and a gain of 10.0% in Lepto tolerance when selecting
for diameter growth. Direct selection for BotryoTera tolerance
would result in an expected indirect loss of 5.6% for diameter
growth and 6.5% for Lepto tolerance. However, direct selection
of Lepto tolerance would result in an expected gain of 6.0%
for diameter growth and loss of 3.8% in BotryoTera tolerance
(Table 5). Together, these results illustrate the challenge of
achieving genetic gains for all three of these traits and the need
for customized breeding strategies to deal with this challenge.
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FIGURE 5 | Marginal trait means with error bars indicating the 95% confidence interval. (A) Mean diameter growth (cm) for families in the three sites. (B) The mean
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TABLE 5 | Expected genetic gains (%) based on the top 10% selected individuals
in the population for diameter growth, BotryoTera, Lepto tolerance, and the
indirect response in the expected genetic gains of the paired traits.

Diameter BotryoTera Lepto
ABLUP
Direct response 15.1 8.9 32.2
Indirect response Diameter 151 -3.5 9.9
BotryoTera —6.1 93 -8.0
Lepto 5.9 -1.9 264
ssGBLUP
Direct response 12.4 9.8 24.7
Indirect response Diameter 124 -3.4 10.0
BotryoTera -5.6 10.1 —-6.5
Lepto 6.0 -3.8 209

The bold diagonals are the direct response with the off-diagonal as the
indirect responses.

DISCUSSION

Pest and pathogens are significant risk factors in forest
plantations (Wingfield et al, 2015). These risk factors are
highlighted in African agroforestry systems affecting indigenous
and natural forests (Graziosi et al., 2020). Mitigation of these
risk factors will require recognizing the parallels and synergies
in management methods between pest and pathogen studies
(Jactel et al., 2020) and integrating system genetic and systems
biology (Naidoo et al., 2019) particularly in this genomic era
(Naidoo et al., 2014). The continued improvement of economic
traits such as volume growth, density, and pulp yield in the
context of pest and pathogen challenges is vital. Here, we
combined phenotypic data for a large half-sib breeding trial
with genotypic data for a subset of siblings in a single-step
genomic BLUP approach to estimate genetic parameters and
response to selection for diameter growth and BotryoTera
and Lepto tolerance in E. grandis breeding population. We
also proposed a practical genomic selection breeding strategy
that is likely to improve all three traits in E. grandis.
One of the study strengths was the availability of replicated
trials with BotryoTera infections and Lepto infestation across
all three sites.

Furthermore, the study benefited from planting pedigree-
linked families from three successive generations in the same
space and time. Therefore, the trials provided an opportunity
to evaluate the outcomes of three different artificial selection
regimes applied in successive generations. A limitation was
the inability to score B. dothidea and T. zuluensis infections
separately, which we mitigated by developing a combined
phenotypic score (Figure 3). Diameter growth and BotryoTera
and Lepto tolerance had moderate heritability estimates (0.25-
0.36, Table 2). Diameter growth and Lepto tolerance had a
strong positive additive genetic correlation. However, both were
negatively correlated with BotryoTera tolerance, though the
correlations were not strong. This presents a challenge to achieve
genetic gains in all three traits simultaneously.

Genetic Parameters for Diameter Growth

and Lepto and BotryoTera Tolerance
Coeflicients of relationship from pedigree data are expectations
and do not represent the actual genome shared between
relatives, estimated from various allelic frequency parameters
(Forni et al., 2011). Forest trees with deep full-sib pedigrees
have estimated coefficients of relationship that are much
closer to the actual genetic relationships (Batholome et al,
2016; Chen et al., 2018). However, more precise coefficients
of relationship are estimated using DNA markers such
as SNPs (Habier et al, 2007; Hayes et al, 2009). When
expected genetic relationships are combined with the
genome estimated relationships, this precision can be
extrapolated to the A matrix with the blended H matrix
used in ssGBLUP analyses (Legarra et al., 2009; Aguilar et al.,
2010). Half-sib pedigree relationships do not include cryptic
genetic relationships in the population, in some instances
leading to biased estimation of additive genetic variances
(Ratcliffe et al., 2017).

In this study, we generally observed lower heritability
estimates from ssGBLUP compared to ABLUP (Table 2).
Lower additive genetic correlation estimates were also observed
for ssGBLUP compared to ABLUP (Table 3). Luo et al
(2014) presented heritability estimates of Lepto tolerance in
E. camaldulensis and E. tereticornis breeding populations in
China of 0.54 and 0.52, respectively. da Silva et al. (2020),
also presented heritability estimated from multiple Eucalyptus
species ranging from 0.27 to 0.68, with E. grandis at 0.58. These
heritability estimates are similar to what we obtained in our study
at 0.54 for E. grandis (Table 2). The Lepto tolerance scores in the
study by Luo et al. (2014) were based on the proportion of the
canopy affected, with a score of 0 indicating no symptoms on the
canopy and a score of 4 meaning greater than 75% of the canopy
affected (Thu et al., 2009).

In contrast, our scoring system was not based on canopy
proportions, but rather the severity of gall formation with
a score of 4 indicating no evidence of gall formation and
a score of 1 indicating lethal outcome from gall formation
in both mid-ribs and petioles of the leaves (Figure 3). Luo
et al. (2014) reported a moderately negative genetic correlation
between tree height (at 9 months) and Lepto susceptibility in
E. camaldulensis at —0.33 and for E. tereticornis at —0.47.
Due to the inverted scores used in our study, we report
a positive genetic correlation (0.78) with diameter growth
at 48 months (Table 3). These results suggest that vigorous
tree growth is positively related to tolerance to L. invasa.
Plant growth regulators are well-characterized phytohormones
involved in influencing plant development and abiotic stress
responses (Wani et al., 2016) and pest tolerance (Harun-or-
Rashid and Chung, 2017). There is evidence to suggest that
the microbiome of the maternal environment may affect the
performance of their progeny and tolerance to pathogens
in E. grandis (Vivas et al, 2017). A study to characterize
the relationship of maternal and/or progeny microbiomes,
phytohormones, and their interactions, on superior tree growth
and health, is warranted.
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Genotype-by-Environment Interaction

and Trait Performance

The mean annual precipitation of the three sites in the
subtropical region of South Africa decreases from South to North,
tracking the increase in the mean annual temperature maximum
(Figure 2). Therefore, Nyalazi in the North is on average warmer
and drier compared to Mtunzini in the South, which is on
average colder and wetter, whereas Kwambonambi has mid-
ranged environmental conditions (Supplementary Table 1). The
pairwise Type-B genetic correlation for diameter growth and
Lepto and BotryoTera tolerance across the sites ranged from
0.77 to 0.81 (Table 4), indicating low G x E interaction.
The Nyalazi trial was surrounded by a commercial stand of
E. grandis x E. camaldulensis (G x C) clone that was highly
susceptible to L. invasa. The G x C hybrid genotype has been
shown in the literature to be susceptible to L. invasa (Thu et al.,
2009; Luo et al., 2014). The G x C clone planted in the Nyalazi
site had an increased infestation of L. invasa translating into the
high frequency of Lepto tolerance score 2 in the trial and much
lower frequency of Lepto tolerance score 3 and 4 (Supplementary
Figure 1). In Mtunzini, there was also an increased frequency of
Lepto score 2; however, the trial was surrounded by a tolerant
E. grandis x E. urophylla (G x U) clone (Supplementary
Figure 1). There are above-average actively growing shoots
in Mtunzini due to its favorable environmental conditions
(Supplementary Table 1). These actively growing shoots are
targets for L. invasa infestation. The heritability estimates of Lepto
tolerance in Mtunzini and Nyalazi were adjusted lower from 0.35
to 0.24 and 0.71 to 0.38, respectively, by the ssGBLUP model
(Table 1). It is not clear why the heritability correction in Nyalazi
was so significant compared to that in Mtunzini.

In Kwambonambi, the mid-range environmental conditions
to Mtunzini and Nyalazi, which was also surrounded by
a tolerant G x U clone, Lepto tolerance showed similar
heritability estimates between ABLUP (0.69) and ssGBLUP (0.70)
and for diameter growth ABLUP (0.63) and ssGBLUP (0.58)
(Table 1). The similar heritability estimates in Kwambonambi
of diameter growth and Lepfo tolerance may result from
their relatively high positive additive genetic correlation. The
estimated marginal means for diameter growth and Lepto
tolerance in Kwambonambi further support this relationship
(Figures 5D,F).

There is an increased incidence of BotryoTera tolerance score
3 in Kwambonambi (Supplementary Figure 1), resulting from
the increased susceptibility from the second-generation families
(Supplementary Figure 2). BotryoTera appeared as a fungal
stem disease in the mid- to late 1990s, which means that
the first-generation parents (second-generation families) were
selected in the absence of the BotryoTera disease explaining
the higher susceptibility of the second generation families. The
environmental conditions at the Kwambonambi site are optimal
for diameter growth, and, due to the negative correlation with
BotryoTera tolerance, there was high susceptibility to BotryoTera
in Kwambonambi (Figure 5E). Diameter growth and Lepto and
BotryoTera tolerance in the Kwambonambi site, which is the mid-
range of Nyalazi and Mtunzini environmental conditions, seem

to reflect the trait performances, corresponding to their additive
genetic correlation.

Generational Performance for Diameter
Growth and Lepto and BotryoTera

Tolerance
Recurrent selection in tree breeding ensures the gradual
improvement of target economic traits over generations. Such
efforts are under threat from pest and pathogen pressures as well
as climate change (Wingfield et al., 2015). Reversing the decline
of E. grandis in the subtropical region of South Africa due to
L. invasa gall wasp and the co-occurrence of B. dothidea and
T. zuluensis fungal stem disease is vital. BotryoTera fungal stem
disease was discovered and described in South Africa in the early
to mid-1990s (Smith et al., 1994; Wingfield et al., 1996). This
meant that selections or evaluations in the government landrace
breeding populations did not involve BotryoTera tolerance until
the first generation in the 2nd trial series and onwards in the
private breeding population (Figure 1), evidenced by the high
BotryoTera incidence score 3 (Supplementary Figure 2) of the
second-generation families in particular in the Kwambonambi
site (Supplementary Figure 1). Evaluation for BotryoTera
tolerance in the second generation resulted in the increased
tolerance in the third generation and maintained in the fourth
generation (Figure 5B). When looking at the high frequency
of BotryoTera score 6 in Supplementary Figures 1, 2, it does
suggest that the evaluation strategy has had a limited role to
play in improving BotryoTera tolerance, because this trait seems
to have plateaued in the last generations. The limitation of the
evaluation strategy for BotryoTera tolerance is that selection was
only performed within families already selected for diameter
growth and further compounded by the fact that BotryoTera
tolerance is negatively correlated with diameter growth.
Leptocybe invasa was reported in South Africa in 2007 (Neser
etal., 2007), coinciding with the third generation tested in the 4th
trial series (Figure 1). Leptocybe appeared when the trial series
was at age 5. The canopies were already inaccessible for scoring
and selecting Lepto tolerance for the fourth generation (Figure 1).
The indirect improvement of Lepto tolerance from the third to
the fourth generation is due to the strong positive additive genetic
correlation with diameter growth (Figure 5C). This study showed
that the recurrent selection strategy successfully improved
diameter growth and indirectly improved Lepto tolerance, with
limited impact on BotryoTera tolerance.

Proposed Selection Strategies for
Diameter Growth and Lepto and

BotryoTera Tolerance

Eucalypts, including E. grandis, are currently experiencing
a decline, mainly due to pest and pathogen pressures for
commercial deployment and breeding populations such as
Puccinia psidii (Silva et al., 2013), L. invasa (da Silva et al., 2020),
T. zuluensis (Wingfield et al.,, 1996; Aylward et al.,, 2019), and
B. dothidea (Smith et al., 1996; Marsberg et al., 2017). This study
offers opportunities to revise historical evaluation and selection
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strategies to improve diameter growth and BotryoTera and Lepto
tolerance. Testing all these pedigree-linked E. grandis generations
in the same space and time has highlighted the successes and
challenges of traditional evaluation and selection strategies and
their direct and indirect impact on economic traits over the
generations as new pests and pathogens emerge. First, pests and
pathogens may appear during a growth stage within a breeding
cycle when trees cannot be effectively scored and selected.
Second, pests and pathogens affect different parts of the tree,
young leaves (early in the growth cycles), and stem (later in the
growth cycles); therefore, the correct timing of scoring is crucial.
Third, although present, pests and pathogens may differ in their
infestation and infection severity due to many factors, leading
to highly varying levels of challenge and incomplete expression
of tolerance or susceptibility. Fourth, the emergence of pests
and pathogens sometimes may reveal inadequacies of already
established selection strategies, thereby requiring revision, as is
the case for BotryoTera.

A multivariate approach to deal with these challenges requires
an understanding of the traits additive genetic correlations.
Such a strategy would require turning over a generation in
which all three traits were measured on each tree to estimate
their between- and within-family breeding values. The challenge
with field trials is that there are often difficulties to score pest
and pathogen tolerance accurately, as discussed. Breeders may
adopt a multivariate approach to primarily select for diameter
growth and indirectly for Lepto tolerance and then only consider

selecting BotryoTera tolerant individuals from high ranked
families (Figure 6A).

Circumventing field trials and the inconsistency of pest
infestations or pathogen infections, tree breeders may consider
a proposed serial selection strategy with genomic selection and
controlled pollination in potted trials (Figure 6B). This approach
would require the integration of nursery and field phenotypes
to develop a more accurate GS model. Such an approach was
demonstrated in Populus deltoids for tree height to accelerating
its breeding strategies (Alves et al., 2020). The proposed GS
approach in this involves challenging potted families with
L. invasa and scoring Lepto tolerance 6 months after potting
and then advancing the most tolerant individuals across families
for BotryoTera tolerance scoring at 12 months after potting.
The best individuals from the top Lepto and BotryoTera tolerant
families are then cloned to validate the pest and pathogen
tolerance (Set A).

Meanwhile, the second set of ramets from the same clones
(Set B) is planted in field trials to validate the expected correlated
diameter growth response, while the third set of ramets (Set C)
are subjected to flower induction to produce control-pollinated
next-generation families. The clonal phenotypic data can be
used together with genome-wide genotyping to train a genomic
selection model for implementation (pink arrows in Figure 6B).
Genomic estimated breeding values and genomic relationship
matrices will inform the control pollination (diallel in the potted
orchard) (Munoz et al., 2014; Li et al, 2019). This approach
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FIGURE 6 | Proposed breeding strategies to improve diameter growth under pest and pathogen pressures. (A) Traditional field-based multivariate selection strategy
whereby diameter growth (genetically correlated with Lepto tolerance) is the target trait. BotryoTera tolerance selections are made within top-ranked diameter growth
families to produce open-pollinated (OP) families for the next generation. (B) Proposed non-field-based serial selection strategy in which Lepto tolerance and
BotryoTera tolerance are scored after successive (6 and 12 months) controlled infestation and inoculations, respectively. Candidate seedlings from within these
tolerant families are cloned and used for flower induction (Set C) and generation of CP families for the next generation. Another set of candidate clones is used to
validate the Lepto and BotryoTera tolerance (Set A). The third set is then planted in field clonal trials for diameter growth (Set B). Accurate phenotypes from the clonal
material and genome-wide genotyping of the clones create an opportunity to train a genomic selection model that can reduce (pink arrows) the need for expensive
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should increase the selection intensity and reduce the need for
costly controlled pest and pathogen challenges, thereby fast-
tracking clonal tests and producing next-generation control-
pollinated (CP) seedlings (with breeding value predictions for
all three traits) to improve gains per unit time over what
can be achieved in a traditional open-pollinated (OP) field
testing approach.

CONCLUSION

Diameter growth and pest and pathogen tolerance are essential
components of sustainable plantation forestry. Therefore, a
multivariate selection approach informed by their additive
genetic correlations is key to improving genetic gains in these
traits simultaneously. This study shows that evaluation and
selection strategies implemented for E. grandis over the past
three generations have succeeded in improving diameter growth
and indirectly Lepto tolerance, while limited gain was achieved
for BotryoTera tolerance. We proposed an alternative to the
traditional field-based multivariate strategy, which has many
challenges mainly limited by the reliability of assessing pest
infestations and pathogen infections in the field. The proposed
serial genomic selection strategy involves controlled infestations
with Lepto and inoculations with BotryoTera of cloned families
in pots to achieve validated and accurate tolerance scores
and diameter growth measurements from clonal field trials.
This approach will ensure a reliable multivariate genomic
selection training and development to exploit the additive
genetic correlations void phenotyping challenges with field
trials. The proposed genomic selection strategy, possibly via
ssGBLUP (Misztal et al., 2013), would be a feasible approach to
improve diameter growth and Lepto and BotryoTera tolerance in
E. grandis.
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Spot blotch (SB) disease causes significant yield loss in wheat production in the warm
and humid regions of the eastern Gangetic plains (EGP) of South Asia (SA). Most of the
cultivated varieties in the eastern part of SA are affected by SB under favorable climatic
conditions. To understand the nature of SB resistance and map the underlying resistant
loci effective in SA, two bi-parental mapping populations were evaluated for 3 years,
i.e., 2013-2015 for the BARTAI x CIANO T79 population (denoted as BC) and 2014-
2016 for the CASCABEL x CIANO T79 population (CC), at Varanasi, Uttar Pradesh,
India. DArTSeq genotyping-by-sequencing (GBS) platform was used for genotyping
of the populations. Distribution of disease reaction of genotypes in both populations
was continuous, revealing the quantitative nature of resistance. Significant “genotype,”
“year,” and “genotype x year” interactions for SB were observed. Linkage map with the
genome coverage of 8,598.3 and 9,024.7 cM in the BC and CC population, respectively,
was observed. Two quantitative trait loci (QTLs) were detected on chromosomes 1A
and 4D in the BC population with an average contribution of 4.01 and 12.23% of
the total phenotypic variation (PV), respectively. Seven stable QTLs were detected on
chromosomes 1B, 5A, 5B, 6A, 7A, and 7B in the CC population explaining 2.89-10.32%
of PV and collectively 39.91% of the total PV. The QTL detected at the distal end of 5A
chromosome contributed 10.32% of the total PV. The QTLs on 6A and 7B in CC could
be new, and the one on 5B may represent the Sb2 gene. These QTLs could be used in
SB resistance cultivar development for SA.

Keywords: Bipolaris sorokiniana, SNPs, bi-parental mapping, DArTSeq, wheat QTLs for SB resistance

INTRODUCTION

Spot blotch (SB) disease caused by Cochliobolus sativus (Ito and Kuribayashi) Drechsler ex Dastur
[anamorph Bipolaris sorokiniana (Sacc.) Shoemaker] is considered a significant disease of wheat
(Triticum aestivum L.) in South Asia (SA) (Gupta et al., 2018). High temperature and humidity
favor the disease development in the warmer wheat growing areas of the eastern Gangetic plains
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(EGP), particularly in Bangladesh (Siddique et al., 2006), Nepal
(Sharma et al., 2007b), and eastern India (Joshi et al., 2007a).
The long-established practice of rice-wheat cropping system
in the EGP delays the sowing of wheat crop that provides a
congenial humid and warm environment for the SB development
in the later stages of crop growth. Average yield loss due to SB
ranges from 15 to 20%, but under favorable environment, up
to 87% yield loss has been observed in susceptible genotypes
(Hetzler et al., 1991). Delayed seeding of wheat in the EGP
resulted on an average loss of 30% yield due to complex foliar
blights, especially SB (Duveiller et al., 2005). Trait association
analysis revealed that days to heading (DH) and plant height
(PH) often showed a negative correlation with SB severity
(Singh et al., 2015). Several attempts have been made including
cultural practices and chemical application to control SB, but
none of them was completely successful. Integrated disease
management using host resistance, chemical control, and cultural
practices is considered most effective in managing the disease
(Joshi and Chand, 2002).

Except for a recent attempt (Kumar et al., 2019), no host
immunity has been observed for SB, and the best released
cultivars are only partially resistant. SB resistance is under
polygenic control, with quantitative trait loci (QTL) of various
phenotypic effects; hence, the progress of cultivar development is
relatively slow. Genetic studies for SB resistance have identified
multiple QTLs, of which four with major effects have been
nominated, ie., Sbl through Sb4. The Sbl is located on
chromosome 7DS flanked by the markers Xgwm1220 and
Xgwm295, being co-located with the leaf rust resistance locus
Lr34 having pleiotropic effects on resistance to yellow rust
(Yr57), powdery mildew (Pm8), and leaf tip necrosis (Ltn+)
(Lillemo et al., 2013). The Sb2 (Qsb.bhu-5B) has been mapped on
chromosome 5BL flanked by the simple sequence repeat (SSR)
markers Xgwm639 and Xgwm1043 (Kumar et al., 2015). The
third gene, Sb3, was mapped on chromosome 3BS (Lu et al,
2016), being in the same region where two previously reported
QTLs Qsb.bhu 3B and Qsb.cim 3B reside. Recently, the Sb4
gene has been mapped on the long arm of chromosome 4B,
where 21 putative genes were predicted (Zhang et al., 2020).
QTLs with minor effects are also important for SB resistance
since stacking such QTLs significantly reduced SB severity (Singh
et al., 2018). Multiple minor QTLs have been mapped on 1A,
1B, 1D, 2B, 2D, 3A, 3B, 4A, 5A, 5B, 6A, and 7A (Gurung
et al., 2014; Zhu et al,, 2014; Singh et al., 2016; Bainsla et al,,
2020).

Germplasm development for SB resistance started in the
1980s, which led to the identification of several wheat genotypes
with variable resistance like Saar, Yangmai 6, Shanghai 4, M3,
Chirya 1, Chirya 3, Chirya 7, and SYN1 (Ibeagha et al., 2005).
Looking at the growing incidence of SB in SA, CIMMYT
developed a special nursery in 2009 for SA named CSISA-
SB, under the Cereal System Initiative for South Asia (CSISA)
project. The purpose was to share CIMMYT breeding lines
with SB resistance and good agronomic performance with the
researchers of other countries and to test the nursery over
various locations. This nursery was renamed Helminthosporium
Leaf Blight Screening Nursery (HLBSN) in 2015 and distributed

beyond SA to South American and African countries like Brazil,
Bolivia, Paraguay, and Zambia, where SB is of major concern.
The SB screening platform of CIMMYT in Mexico is located
at Agua Fria, where the climate is similar to SA, providing
strong support in the selection of SB-resistant genotypes for SA
(Singh et al., 2015).

In SA, the Varanasi center of India has been identified as
one of the most suitable sites for the evaluation of SB; it has a
close similarity with the climatic conditions of Bhairahawa and
Rampur of Nepal (Joshi et al., 2007a). Previously, four bi-parental
mapping populations were evaluated at Agua Fria, Mexico, and
their underlying QTLs have been identified (Singh et al., 2018;
He et al., 2020). In the present study, we evaluated two of those
four mapping populations at Varanasi, India, to determine the
resistant QTLs effective under the SA environment.

MATERIALS AND METHODS

Plant Materials

Two SB-resistant lines BARTAI (BABAX/LR 42//BABAX/3/ERA
F 2000) and CASCABEL (SOKOLL//W15.92/WEEBILL1)
identified in the previous experiments were crossed with a
common susceptible parent CIANO T79 (BUCKY/(SIB)MAYA-
74/4/BLUEBIRD//HD-832.5.5/OLESEN/3/CIANO-
67/PENJAMO-62) to develop two bi-parental mapping
populations  (Singh et al, 2018; He et al, 2020).
Recombinant inbred lines (RILs) were generated following
the single seed descent method from F, generation of
the cross BARTAI x CIANO T79 (BC population) and
CASCABEL x CIANO T79 (CC population) at CIMMYT,
Mexico. Field experiments were conducted using a total of
231 RILs of BC and 226 RILs of CC in F,.; generation along
with the parents constituting the populations, and genotypes
Chirya 3 and Sonalika were included as resistant and susceptible
check, respectively.

Field Experiments

Field evaluation was carried out at the experimental station
of Banaras Hindu University (BHU, 25.2°N, 83.0°E), Varanasi,
India, in the years 2012-2013 (denoted as 2013), 2013-2014
(2014), and 2014-2015 (2015) for the BC population, and
in the years 2013-2014 (2014), 2014-2015 (2015), and 2015-
2016 (2016) for the CC population. Sowing was done in
December, under late sown conditions to expose the crop to high
temperature and humidity at the later stage of crop growth, which
favors SB disease development. The experiments were conducted
in a randomized complete block design with two replications,
where each entry was sown in 2-m double rows spaced 25 cm
apart, with a plant-to-plant distance of 5 cm.

Inoculation Method and SB Assessment

The pure culture of B. sorokiniana (isolate HD 3069/MCC
1572) was maintained using potato dextrose agar (PDA) medium
(Chand et al., 2003). The pathogen was mass multiplied on
previously soaked and autoclaved sorghum grains, which was
kept under room temperature for at least 6 weeks. Spore
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suspension culture was prepared at a concentration of 1 x 10*
spores ml~!. To create an artificial epiphytotic condition, the
spore suspension was inoculated at the heading stage [Zadok’s
growth stage (GS) 55] in the evening time. Light irrigation
was given after inoculation to maintain high humidity for
disease development.

Disease scoring was done for three subsequent growth stages
at the beginning of anthesis (GS 63), after completion of anthesis
(GS 69), and late milking (GS 77) using a double-digit (00-
99) scale as prescribed by Saari and Prescott (1975). The first
digit (D1) measured disease progress in PH and the second digit
(D2) measured the disease severity in terms of the proportion
of infected leaf area. The percentage of disease severity for each
score was measured as:

Severity(%) = (D1/9) x (D2/9) x 100

Area under disease progress curve (AUDPC) was calculated using
percent of severity estimations corresponding to disease rating as:

n

AUDPC = > [{(Y;+Yi+1)/2} x {tq.1) —ti}]
1

where

Y; = disease level at the time ;.

Y(i4+1) = disease level at time ;1 1.

tiv1 — t; = time difference in days between two disease scores.

n = number of readings.

Area under disease progress curve average of two replications
in a single year and mean AUDPC across all 3 years were used for
QTL analysis. DH and PH were also measured to determine their
association with SB.

Statistical Analysis

Analysis of variance (ANOVA) and Pearson correlation
coefficients were calculated using statistical software OPSTAT".
Marker-based narrow sense heritability was calculated with the
“heritability” package of R (Kruijer et al., 2015).

Genotyping and Linkage Analysis

Genomic DNA was isolated using the cetyltrimethylammonium
bromide (CTAB) method from each entry including the parental
lines of respective populations. Genotyping was carried out
using the DArTSeq genotyping-by-sequencing (GBS) platform
(Li et al., 2015) at the Genetic Analysis Service for Agriculture
(SAGA) in Guadalajara, Mexico. Several gene-based markers
and D-genome-specific single-nucleotide polymorphism (SNP)
markers using “Kompetitive allele-specific PCR” (KASP) were
also used. QTL analysis was carried out using an integrated
software package ICIMapping version 4.1 (Meng et al., 2015).
Monomorphic markers, markers with missing value >20%, and
minor allele frequency <30% were removed from QTL analysis.
Chromosome anchoring was done for each marker as per the
GBS map described by Li et al. (2015). Linkage groups (LGs)
were constructed using the MAP function in the ICIMapping

Uhttp://14.139.232.166/opstat/

software version 4.1, with the LOD threshold set at 15 and the
rest parameters at default.

Quantitative trait loci mapping was performed using the
BIP function of ICIMapping, where interval mapping was first
carried out to identify significant QTLs and after that inclusive
composite interval mapping was performed to identify more
robust QTLs. QTL mapping was also carried out after adjusting
for DH and PH. Adjusted mean was calculated by the software
Multi-Environment Trial Analysis with R (META-R) version 6.0
using DH and PH as cofactors. A QTL was considered significant
when it exceeded the LOD threshold of 3.4 (1,000 permutations at
a=0.05) for BC and LOD of 3.6 for CC populations in at least one
environment. However, QTL with an LOD value of 2.5 or above
appearing in more than one environment was also considered as
significant. To draw the LGs and LOD curve, software MapChart
v. 2.3 (Voorrips, 2002) was used.

RESULTS
Phenotyping for SB Resistance

Significant genetic variation was observed for SB among the
genotypes in both the BC and CC populations. Effects of
climatic fluctuations across years on SB development were
revealed by significant variation in “year” and “genotype x year”
interaction effects; however, for the CC population, the latter
effect was non-significant (Table 1). Disease pressure was
maximum in the year 2014 and least in 2015 for both populations.
A similar trend was also observed for Sonalika and Chirya 3,
the susceptible and resistant checks, respectively. Continuous
distribution of genotypes for SB resistance in different years and
their mean were observed (Figure 1). Transgressive segregants
for resistance and susceptibility were obtained in both the
populations. Twenty-three resistant transgressive segregants
were found in the BC population, out of which seven
genotypes performed better than the resistant check Chirya 3,
whereas in the CC population, 55 genotypes showed higher

TABLE 1 | Analysis of variance and heritability estimates of spot blotch resistance
in BARTAI x CIANOT79 (BC) and CASCABEL x CIANOT79 (CC) populations.

Source of DF Mean F calculated Significance Heritability
variation squares

BC population

Year 2 13,488.82 5,748.176 <0.0001

Rep (year) 3 2.34 2.46 NS

Genotype 230 58.91 2.784 <0.0001 0.61
Year x genotype 460 21.15 21.162 <0.0001

Pooled error 690 0.95

CC Population

Year 2 108.37 58.033 <0.01

Rep (year) 3 1.78 1.78 NS

Genotype 225 28.58 126.553 0.0001 0.73
Year x genotype 450 0.22 0.226 NS

Pooled error 675 1.00

NS, non-significant.

Frontiers in Plant Science | www.frontiersin.org

March 2021 | Volume 12 | Article 641324


http://14.139.232.166/opstat/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Roy et al. QTL for Spot Botch Resistance
A B C D
8 B 2532 % { B 3781 . B 1604 ¥ - B 263.9
s c 723 4 cos2 ® C 4807 . C 706.0
:‘ ; v—“ ) : j—‘ : : J ‘
£ lE=m [ S, - ; = el - o] —
% 25 = 3 0 200 400 80 800 o 200 00 00 800 Zc:u 400 w0 €00
-.‘5‘ E F G H
£ sq —_[ 84 «‘ cA 2450 " T CA 2473 | CA 2673
ER cA S089 § C 5689 { C 699.0 11 F C 690.5
% 8- — R - —_ T %] m
- ’7 == f] [l - ) = J ]
A 30 P 0 I Wbt Bon A G s @ Mo 0 200 ) s 200 = . o b
AUDPC values of spot blotch
FIGURE 1 | Frequency distribution of AUDPC scores in the BC population in the year 2013 (A), 2014 (B), 2015 (C), and mean (D) and CC population in the year
2014 (E), 2015 (F), 2016 (G), and mean (H). AUDPC score of parents BARTAI, CASCABEL, and CIANO T79 is denoted as B, CA, and C.

resistant than CASCABEL, out of which 10 genotypes were
better than Chirya 3.

Moderate heritability estimates for SB in BC (0.61) and
CC (0.73) were recorded (Table 1). DH and PH were mostly
negatively correlated with SB. PH was found to be more
closely associated with SB than DH as exhibited in the
significantly negative association across all the environments in
both populations (Table 2).

Genotyping and Linkage Analysis

Out of 18,000 GBS markers scored in both populations, 3,174
and 3,197 high-quality non-redundant markers in BC and
CC populations, respectively, were screened out for linkage
analysis and QTL mapping (Supplementary Tables 1, 2). Both
populations contained 21 large LGs representing all the 21 wheat
chromosomes, as well as a few fragmented LGs that were not used
in subsequent analysis. The linkage map of the BC population
covered 8,598.3 cM with an average distance of 2.71 cM between
markers, while in the CC population, 9024.21 cM was covered
with an average distance of 2.82 cM between markers. All
chromosomes were in good coverage with the least length of
199.22 ¢M for 1D in the BC population and 223.69 cM for
4D in the CC population. The coverage for chromosomes of A
and B sub-genome was better than that of D genome in both
populations (Supplementary Tables 1, 2).

TABLE 2 | Pearson correlation coefficient analysis of spot blotch resistance with
days to heading and plant height in BARTAI x CIANOT79 (BC) and
CASCABEL x CIANOT79 (CC) populations.

Year 2013 2014 2015
BC population

Days to heading —0.430** 0.033N\S —0.111Ns
Plant height —0.432* —0.344** —0.230*
CC population

Year 2014 2015 2016
Days to heading —0.096NS —0.194* —0.121NS
Plant height —0.296** —0.299** —0.334**

“P < 0.001; MSnon-significant.

QTL Identification for SB Resistance

The QTL with the largest phenotypic variation explained (PVE)
in the BC population was detected on chromosome 4D, with
a mean PVE of 12.23% (Table 3). This QTL was found to be
associated with PH. Another QTL was detected on chromosome
1A with the mean phenotypic effect of 4%. Two additional QTLs
with minor effects were detected on 4D in 2013 and 5B in 2015
(Table 3 and Figure 2). All the resistance alleles of the QTLs in
BC population were contributed by the resistant parent BARTAL
When PH was used as a covariate, the effect of the QTL reduced;
in addition, few other QTLs on 4B, 5B, and 6B chromosomes were
detected (Supplementary Table 3).

Seven QTLs were detected in the CC population, altogether
explaining 39.91% of phenotypic variation (PV). The QTLs were
detected on six chromosomes (1B, 5A, 5B, 6A, 7A, and 7B) with
the mean PVE ranging from 2.89 to 10.32%. The resistance alleles
of QTLs on 1B, 5A (proximal), 7A, and 7B were contributed
by CIANO T79, whereas those of QTLs on 5A (distal), 5B,
and 6A were contributed by CASCABEL. Out of 55 resistant
transgressive segregants, 40 were carrying at least one QTL
contributed by CIANO T79. The major QTL was detected on the
distal end of chromosome 5A with a PV ranging from 8.93 to
12.62% in 2015 and 2014, respectively, with a mean PV of 10.32%.
The effect of QTLs in the reduction of AUDPC appeared to be
additive in nature (Figure 3).

DISCUSSION

Due to global warming and climate change, wheat production
is predicted to be adversely affected (Rosyara et al., 2010).
Higher temperature combined with rains during the grain
filling stages increases the chances of SB in EGP, resulting in
significant yield losses. Since the vulnerability of the wheat
crop to SB increases when temperature exceeds 26°C at post-
anthesis stage (Chaurasia et al,, 2000), sowing in this study
was delayed, exposing the populations under higher disease
pressure. Joishi et al. (2002) reported that the resistance is
independent of plant growth stage as there is appearance of
substantial proportion of resistance in tall and dwarf progenies
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TABLE 3 | Quantitative trait loci (QTLs) identified for SB in the BARTAI x CIANO T79 (BC) and CASCABEL x CIANO T79 (CC) populations and their associated QTLs in literature.

Chromosome Position (cM) Left marker® Right marker LOD® 20134 2014 2015 Mean Source of resistance Associated QTLs in literature

BARTAI x CIANO T 79 (BC)

1A 1563.79-155.61 4989967 1026215 2.86 2.31 - 3.97 4.01 BARTAI Zhuetal., 2014

4D2 70.49-90.31 BS00036421_51 1119387 6.40 10.45 9.53 - 12.23 BARTAI Singh et al., 2018; He et al., 2020

4D 112.48-131.93 12002205 1072422 3.46 4.49 - - - BARTAI

5B 135.84-138.59 9724385 2267710 2.59 - - 4.75 - BARTAI Jamil et al., 2018; He et al., 2020

Percentage of accumulated phenotypic variation 16.24

CASCABEL x CIANO T 79 (CC)

1B 261.53-263.82 1168776 1037914 3.1 3.1 2.90 2.79 2.89 CIANO T79 Singh et al., 2018; Bainsla et al., 2020; He
et al., 2020

5A2 331.49-332.06 1067537 2257572 7.72 12.62 8.93 11.26 10.32 CASCABEL Ayana et al., 2018; Singh et al., 2018; Bainsla
et al., 2020; He et al., 2020

5A 472.56-481.59 1218172 1683258 4.51 4.59 4.13 5.71 5.89 CIANO T79

5B 522.08-525.15 3958735 1137742 2.74 5.32 5.77 4.02 5.56 CASCABEL Kumar et al., 2009, 2010, 2015; Jamil et al.,
2018; He et al., 2020

6A 5.08-61.14 1125980 100193832 3.10 5.79 5.24 6.48 5.70 CASCABEL

A 328.34-367.52 1126352 1208614 3.74 5.45 5.32 5.19 5.27 CIANO T79

7B 134.52-173.55 1125523 1007745 2.82 4.56 4.18 4.31 4.28 CIANO T79 Singh et al., 2016; Ayana et al., 2018; Singh
etal., 2018

Percentage of accumulated phenotypic variation 39.91

aNumber used to distinguish QTLs exceeded the LOD threshold of 3.4 for BC and 3.6 for CC population.

bSequence information of the markers is available in Supplementary Table 4.
CLOD values of QTLS in the mean population were used.
dpercentage of phenotypic variation explained (PVE) is provided; QTLs in bold remained significant after the ICIM algorithm.
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obtained from resistant tall x susceptible dwarf and in early
and late progenies from resistant tall x susceptible early cross,
respectively. However, to avoid the influence of growth stages
on the disease appearance, scoring was done at different growth
stages. The present observation on the negative correlation of DH
and PH with SB has shown similarity with the previous reports
from Agua Fria (Singh et al., 2018) and SA (Singh et al., 2016).
Negative association of DH and PH with SB implies the selection
of late and tall genotypes for better SB resistance, but such
cultivars are not suitable for high rainfall and warmer regions like
EGP of SA (Joshi et al., 2007b). Fortunately, this association has
been broken, and several early maturing SB resistance cultivars
have been identified for warm climatic conditions of SA (Sharma
et al., 2004; Joshi et al., 2007b).

All experiments in the current study exhibited a typical
quantitative inheritance of SB resistance with strong
genotype x environment (G x E) interactions, which has
also been reported in earlier studies constituting Indian
germplasm, CIMMYT derivatives, and Afghan landraces
(Kumar et al., 2016; Singh et al., 2018; Bainsla et al., 2020). Strong
G x E interaction has always been a concern for plant breeders
as it influences varietal adaptation across the environments.
QTL X environment interaction, a component of G x E
interaction, affects the efficiency of marker-assisted selection.
Identification of QTLs across the location and year helps
breeders in design and implementation of breeding strategies

for the improvement of complex traits for adaptation in specific
or mega environment. Veldboom and Lee (1996) reported
that QTLs identified in the mean and across the environment
are of major importance. In our study, two stable QTLs on
chromosomes 1A and 4D were detected in the BC population,
with the latter explaining major PVs. In a previous report,
when the same population was evaluated at CIMMYT’s Agua
Fria station, a QTL on 4D chromosome was mapped at the
same chromosomal region but was significant only in 1 year,
having a PVE of 3.6% (Singh et al., 2018), implying a stronger
influence of PH on SB resistance in SA. The QTL on 1A was
not found in Singh et al. (2018) and thus might be specific
only to SA environments. In a previous study, Zhu et al. (2014)
identified a QTL on 1A, being close to the QTL identified in
the present study.

A QTL on chromosome 5A delimited by the flanking markers
1067537-2257572 was significant in all 3 years explaining major
PV in CC population. The same QTL was identified in the
previous studies at Agua Fria but with higher phenotypic effects
that reduced significantly when adjusted for PH and DH (Singh
et al., 2018; He et al,, 2020). In the current study, the QTL
was identified 47.0 cM distance away from the vernalization
locus Vrn-Al; also, the effect of QTL remained significant in
all the 3 years when DH and PH were used as covariates. The
allele vrn-A1l responsible for late maturity was associated with
SB resistance, escaping the disease due to delayed phenology.

Frontiers in Plant Science | www.frontiersin.org

49

March 2021 | Volume 12 | Article 641324


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Roy et al.

QTL for Spot Botch Resistance

A
o o
S 4
5 ° 0
g 4
B o 1 Q
g 87 | ¢ 0
£ i
S 8- — ! | :
< [ ]
R : — | | ——
= 5 ! ) i
< 8 J e —_—
1A = + - +
4D + +
No. of lines 86 50 57 38
M 416.8% 366.3° 351.4° 331.9¢
B
=
[*3
E o
=] - °
= — N
ey 7T
o B H i —
© S ; —
o] F 7 [—| 1
2 A i:‘ | !
= Sl I H 1 T
Z = — —
5A - - + +
5B = + - +
No. of lines 107 49 70 21
Mean 394.082 371.3% 328.8¢ 286.8
FIGURE 3 | Effects of QTL combinations in reducing AUDPC in the BC (A)
and CC (B) population.

However, the possibility of the presence of a SB resistance QTL in
close proximity of Vrn-A1 cannot be excluded (Singh et al., 2018;
He et al., 2020) due to remnant effects of the QTL after adjusting
for DH. Similarly, Bainsla et al. (2020) reported a marker 0.8 Mb
away from Vrn-Al that is responsible for SB resistance. Likewise,
Zhu et al. (2014) mapped a SB resistance QTL QSb.cim-5A at
30.3 cM away from Vrn-Al. The strong marker trait association
would be useful for the selection of SB resistance QTL based on
Vrn-Al.

The QTL identified on 5B chromosome in the CC population
was also reported earlier when evaluated at Agua Fria (He et al,,
2020). However, in the present study, the contribution of this
QTL was lower than the previous report, ranging from 4.02
to 5.77% in different years of evaluation. Comparing the QTL
position using the sequences of flanking markers through BLAST
to the IWGSC RefSeq v1.0 genome sequence of Chinese Spring
(CS), the position of this QTL coincides with the previously
identified Sb2 gene (He et al., 2020). The presence of Sb2 was
reported in resistant genotypes Yangmai 6 (Kumar et al., 2009),
Ning8201 (Kumar et al, 2010) and CASCABEL (He et al,
2020). Additionally, this gene has been detected in an Afghan
population (Bainsla et al., 2020), CIMMYT germplasm (Jamil
et al,, 2018), and a diverse germplasm panel with global origin
(Gurung et al., 2014), suggesting that Sb2 has been selected by
breeders of different continents due to its positive effects on SB
resistance. Recently, Tsnl on 5BL was identified as a sensitivity
gene for the pathogen carrying the corresponding virulent gene
ToxA (Friesen et al., 2018). It was suggested that Tsnl gene is the
susceptibility gene of Sb2 (Friesen et al., 2018), but He et al. (2020)

proposed that the two genes might be different. A recent study of
Indian B. sorokiniana population indicated that about 70% of the
isolates carried ToxA (Navathe et al., 2019). The presence of ToxA
in Mexican B. sorokiniana isolates (Wu et al., 2021) indicates
the similarity in virulence factors of pathogenic population in
Mexico and SA that reflects why the selections in Agua Fria are
effective for SA.

Three QTLs on 6A, 7A, and 7B in the CC population were
identified only in SA. Anchoring the flanking markers of the 6A
and 7B QTLs in the CS reference genome indicated that they
both reside at the distal end of their respective chromosomes.
Earlier, SB resistance QTL was mapped on 6A (Sharma et al,
2007a) and 7B (Singh et al, 2016; Ayana et al.,, 2018) but at
different positions, implying that those mapped in the current
study might be new. However, the QTL on 7A might not be new,
since QTLs with similar confidence intervals were reported in
the KATH x CIANO T79 population (Singh et al., 2018), in a
CIMMYT wheat panel (Jamil et al., 2018), as well as in the Afghan
landrace collection (Bainsla et al., 2020).

The pathotype diversity of B. sorokiniana and some climatic
difference among SA and Mexico environments possibly play a
significant role in the identification of effective QTLs. In our
study, QTLs specific to SA were detected in both populations,
providing an opportunity for breeding SB resistance cultivars in
SA. In CC, an average of 27.2% reduction in SB was observed
when the 5A and 5B QTLs were combined, compared to a 42.3%
reduction of SB at Agua Fria (He et al, 2020). Detection of
QTLs on 5A and Sb2 at both SA and Agua Fria indicated the
potentiality of these genes in resistance breeding for SA, but their
lower phenotypic effects for SB in SA environment indicates the
role of other QTLs, like those on 4D, 6A, and 7A. Furthermore,
validation of these QTLs and markers over multiple locations and
years will provide not only more insight into the SB resistance
in SA but also more robust markers for the development of
SB-resistant cultivars targeting SA.
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Genome-Wide Association Studies
Reveal All-Stage Rust Resistance
Loci in Elite Durum Wheat Genotypes

Meriem Aoun™, Matthew N. Rouse??, James A. Kolmer?3, Ajay Kumar' and
Elias M. Elias™

" Department of Plant Sciences, North Dakota State University, Fargo, ND, United States, 2 Cereal Disease Laboratory,
United States Department of Agriculture-Agricultural Research Service, St. Paul, MN, United States, ° Department of Plant
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Leaf rust, caused by Puccinia triticina (Pt), stripe rust caused by Puccinia striiformis f.
sp. tritici (Pst), and stem rust caused by Puccinia graminis f. sp. tritici (Pgt) are major
diseases to wheat production globally. Host resistance is the most suitable approach
to manage these fungal pathogens. We investigated the phenotypic and genotypic
structure of resistance to leaf rust, stem rust, and stripe rust pathogen races at the
seedling stage in a collection of advanced durum wheat breeding lines and cultivars
adapted to Upper Mid-West region of the United States. Phenotypic evaluation showed
that the majority of the durum wheat genotypes were susceptible to Pt isolates adapted
to durum wheat, whereas all the genotypes were resistant to common wheat type-Pt
isolate. The majority of genotypes were resistant to stripe rust and stem rust pathogen
races. The durum panel genotyped using lllumina iSelect 90 K wheat SNP assay
was used for genome-wide association mapping (GWAS). The GWAS revealed 64
marker-trait associations (MTAs) representing six leaf rust resistance loci located on
chromosome arms 2AS, 2AL, 5BS, 6AL, and 6BL. Two of these loci were identified
at the positions of Lr52 and Lr64 genes, whereas the remaining loci are most likely
novel. A total of 46 MTAs corresponding to four loci located on chromosome arms
1BS, 5BL, and 7BL were associated with stripe rust response. None of these loci
correspond to designated stripe rust resistance genes. For stem rust, a total of 260
MTAs, representing 22 loci were identified on chromosome arms 1BL, 2BL, 3AL, 3BL,
4AL, 5AL, 5BL, 6AS, 6AL, 6BL, and 7BL. Four of these loci were located at the positions
of known genes/alleles (Sr7b, Sr8155B1, Sr13a, and Sr13b). The discovery of known
and novel rust resistance genes and their linked SNPs will help diversify rust resistance
in durum wheat.

Keywords: leaf rust, stripe rust, stem rust, durum wheat, resistance, association mapping, molecular markers

INTRODUCTION

Durum wheat [2n = 4x = 28, AABB, Triticum turgidum L. Var. durum (Desf.)] is the second most
cultivated wheat crop. It accounts for about 8% of the world’s total wheat production (Mengistu
and P¢, 2016) and is mainly produced in the Mediterranean region, Eastern Europe, and North
America (Royo et al., 2009). Annual worldwide durum wheat production is estimated to be around
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36 million tons (Magallanes-Lopez et al, 2017), with
approximately, 2.5 million tons produced in the United States.
North Dakota’s production of durum wheat accounts for over
50% of total U.S. production (NASS, 2018). Leaf rust, stripe rust
and stem are major fungal diseases threatening durum wheat
production globally. Rust resistance is the most environmentally
and economically feasible approach for managing these diseases.
Therefore, the development and deployment of rust resistant
cultivars is a major goal of wheat breeding programs worldwide.

Tetraploid durum wheat has historically been more resistant
to leaf rust than hexaploid common wheat (T. aestivum L.)
(Singh et al., 2004; Herrera-Foessel et al., 2006). However, during
the last 20 years, new durum-type Pt races have emerged and
caused leaf rust epidemics in several durum wheat producing
regions (Singh et al., 2004; Goyeau et al.,, 2012; Mishra et al,,
2015; Aoun et al., 2016). Virulent Pt isolates have not been
found yet in North Dakota, however, a highly virulent race
(BBBQJ) was reported in California and Kansas, United States
(Kolmer, 2013, 2015a). This poses a threat to the major durum-
producing regions of the USA and Canada. Pt-isolates from
durum wheat are often avirulent to most leaf rust resistance
(Lr) genes in common wheat (Huerta-Espino and Roelfs,
1992; Ordofiez and Kolmer, 2007a). The durum wheat type-
Pt isolates from several durum wheat producing countries
have similar phenotypic reactions on ‘Thatcher’ wheat near-
isogenic lines and similar or identical SSR and SNP genotypes,
suggesting a common origin (Ordofiez and Kolmer, 2007a,b;
Aoun et al, 2020; Kolmer et al., 2020). Other Pt-isolates
collected on tetraploid wheat in Ethiopia (designated as race
EEEEE) are avirulent to Thatcher wheat and have a unique
molecular genotype compared to all other Pt-isolates collected
from durum wheat and common wheat globally (Ordofiez and
Kolmer, 2007a,b; Kolmer and Acevedo, 2016; Aoun et al., 2020;
Kolmer et al., 2020).

A total of 79 Lr genes have been identified in wheat,
only 20 of them are known to be present in durum wheat
(Desiderio et al., 2014; Qureshi et al, 2018). In response to
leaf rust epidemics in many durum producing countries, a
number of Lr genes were identified in this crop including
Lr3a, Lrl4a, Lr27+Lr31, Lr61, Lr79, and LrCamayo (Herrera-
Foessel et al., 2007, 2008a,b; Huerta-Espino et al., 2009;
Qureshi et al, 2018). Other not yet cataloged Lr genes
were also detected in durum wheat landraces and cultivars
(Loladze et al., 2014; Aoun et al, 2016, 2017, 2019; Kthiri
et al, 2018, 2019). However, due to continuous virulence
evolution of Pt isolates on many of the identified Lr genes,
diversifying the genetic basis for leaf rust resistance in durum
wheat is a priority.

Stripe rust is another major disease of wheat worldwide
(Chen, 2005). Aggressive Pst races adapted to high temperatures
have emerged and spread into most wheat producing regions
(Milus et al., 2009). Over 80 stripe rust resistance (Yr) genes
have been designated in wheat (McIntosh et al, 2013, 2017,
Gessese et al., 2019). The Yr genes that were derived from
tetraploid wheat (T. turgidum L. ssp) include Yr7, Yrl5,
Yr24/Yr26, Yr30, Yr35, Yr36, YrH52, Yr53, Yr64, and Yr65
(McFadden, 1939; Macer, 1966; McIntosh and Lagudah, 2000;

Peng et al., 2000; Ma et al., 2001; Marais et al,, 2005; Uauy
et al., 2005; Xu et al, 2013; Cheng et al, 2014). However,
most of the Yr genes identified in wheat are race specific
and have become ineffective against the rapidly evolving
pathogen (Chen, 2013; McIntosh et al., 2013; Rosewarne et al,,
2013). Therefore, identification and pyramiding of new genes
is needed for more effective management of this rapidly
evolving pathogen.

Stem rust has historically threatened common wheat and
durum wheat production. The Ug99 race group that appeared
in East Africa overcame several widely used wheat stem rust
resistance (Sr) genes (Jin et al, 2007; Singh et al, 2011).
More than 70 cataloged Sr genes have been characterized in
durum and common wheat. Only 31 genes are still effective
against at least one race of the 13 Ug99 variants (Rouse
et al., 2011, 2014; Singh et al,, 2011, 2015). Approximately half
of these genes were introgressed into wheat from secondary
and tertiary gene pools (Rouse et al, 2014; Singh et al,
2015) and only a few genes have been identified in durum
wheat Designated Sr genes that have be reported in tetraploid
wheat include Sr2, Sr7a, Sr8b, Sr8155B1, Sr9d, Sr9e, Sr9g,
Srll, Sr12, Srl3a, Sri3b, Sri4, and Sr17 (Jin et al, 2007;
Singh et al., 2015; Nirmala et al, 2017; Saini et al, 2018;
Zhang et al., 2017).

In North American durum wheat cultivars, resistance to the
Ug99 lineage is mainly due to Sri13, of which the Sri3a allele
was first identified in Khapstein, a hexaploid wheat derivative of
cultivated emmer wheat (T. turgidum L. ssp. dicoccum, 2n = 4x
= 28, AABB) cv. Khapli (Knott, 1962; Jin et al., 2007; Klindworth
et al,, 2007; Zhang et al., 2017). Sr9 is also another Sr gene
frequently deployed in durum wheat (Olivera et al., 2012; Saini
etal,,2018). Nirmala et al. (2017) recently identified a possible Sr8
allele, designated as Sr8155B1, in the durum wheat line ‘8155-B1.’
Sr8155B1 is effective to a variant of the Ug99 race TTKST but not
to race TTKSK (Nirmala et al., 2017). However, the frequency
of this allele in durum wheat cultivars is not yet determined.
Besides the Ug99 race group, additional Pgt-races with broad
virulence spectra have also emerged during the last decade
including TRTTEF, JRCQC, and TKTTF. These races do not
belong to the Ug99 lineage and pose serious threat to common
wheat and durum production (Olivera et al., 2012, 2015). Among
these races, TRTTF and JRCQC were reported to be virulent to
the major known components of stem rust resistance in North
American durum cultivars Sr13 and Sr9e (Olivera et al., 2012).
However, according to Zhang et al. (2017), Sr13a is effective
to both JRCQC and TRTTE and Sri3b is effective to TRTTE
but not JRCQC. Identifying and characterizing new sources
of stem rust resistance in durum wheat is needed to manage
future outbreaks.

This study was designed: (1) to determine levels of leaf rust,
stem rust, and stripe rust resistance in a large collection of elite
durum wheat lines at seedling stage, (2) to determine the genetic
architecture of rust resistance loci using GWAS and Infinium
90K wheat SNP assay (3) to detect novel seedling resistance (all-
stage resistance) loci to Pt, Pst, and Pgt races that could be used
in breeding programs, and (4) to identify SNPs associated with
seedling rust resistance loci for marker assisted breeding.
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MATERIALS AND METHODS

Plant Materials

A collection of 248 durum wheat genotypes was used in
this study. The collection represented advanced breeding lines
evaluated in the North Dakota State University’s (NDSU)
Uniform Regional Durum Nursery (URDN) from 1997 to 2014
(for more details, see Johnson et al, 2019; Supplementary
Table 1). These genotypes were regularly evaluated for agronomic
and quality traits over the years in multiple environments. Thus,
this plant material represents the core of the NDSUs durum
breeding program.

Leaf Rust Phenotyping

The durum wheat collection was screened at the seedling stage
with six Pt isolates (Supplementary Table 1). Five of these
isolates (TUN 20-1, ETH 13D17-1, MEX10, ETH 63-1, and
MOR 33-1) were durum wheat type isolates, while ALK-ND
is a common wheat type isolate from North Dakota. The
virulence/avirulence phenotypes of the Pt isolates were based on
the infection types (ITs) of 20 Thatcher near-isogenic lines (NILs)
at seedling stage as described by Long and Kolmer (1989). The
Tunisian (TUN 20-1) and Moroccan (MOR 33-1) isolates were
both of race BBBS] (virulent to the Lr genes LrB, Lr10, Lrl4a,
Lr14b, and Lr20). The Mexican isolate MEX10 was of race BBBQ]J
(virulent to the Lr genes LrB, Lr10, Lr14b, and Lr20). The two
Ethiopian isolates ETH 63-1 and ETH 13D17-1 designated as race
EEEEE are avirulent on the Thatcher wheat. The common wheat
type isolate ALK-ND, designated as race MBDSS was isolated
from the durum wheat cultivar ‘Alkabo’ (PI 642020) in North
Dakota and is virulent to the Lr genes Lrl, Lr3a, Lr3bg, Lr10,
Lri4a, Lr14b, Lr17, Lr20, and LrB.

The phenotyping wusing isolates EEEEE ETH 63-1,
BBBS]_MOR 33-1, and MBDSS_ALK-ND was performed
at the biosafety level-2 facility at the Agricultural Experiment
Station Greenhouse Complex, Fargo, ND, United States using a
randomized complete block design (RCBD) with two replicates.
In each replicate five-to-seven plants/line were tested and the
common wheat cultivar Thatcher and the leaf rust susceptible
durum line ‘RL6089” were included twice as checks in each of the
50-cell trays. For each experiment, two replicates of Thatcher NIL
differentials were included to confirm the virulence phenotype
of Pt-isolates. Seedling growth conditions, inoculum increase
and preparation, inoculation, and greenhouse conditions under
which the inoculated plants were kept until disease phenotyping
were as described by Aoun et al. (2019).

The screening experiments with the remaining three isolates
EEEEE_ETH 13D17-1, BBBQJ_MEX10, and BBBS]_TUN 20-1
were done at the U.S. Department of Agriculture- Agricultural
Research Service (USDA-ARS), Cereal Disease Laboratory
(CDL) in Saint Paul, MN, United States. The seedling tests
using these three isolates were performed in a single replicate
with five-to-seven plants/line. The common wheat Thatcher and
the durum line RL6089 were included as checks. The detailed
protocols of plant growing conditions and inoculation were
described in Kolmer and Hughes (2013).

Leaf rust ITs were taken 12-14 days after inoculation on
the second leaf using a 0-4 scale (Long and Kolmer, 1989;
MclIntosh et al., 1995) where IT of ‘0’ = no visible symptoms,
IT of ; = hypersensitive flecks, IT of ‘1’ = small uredinia with
necrosis, IT of 2’ = small-to medium-size uredinia surrounded
by chlorosis, IT of 3’ = medium-size uredinia with no chlorosis
or necrosis, and IT of ‘4’ = large uredinia with no necrosis or
chlorosis. Larger and smaller uredinia than expected for each
IT were designated with ‘+” and ‘- respectively. Seedling plants
exhibiting ITs of 0-2% and ‘X’ (a mixture of resistant and
susceptible reactions evenly distributed on the leaf surface) were
considered resistant, whereas seedling plants with I'Ts of 3-4 were
considered susceptible (Long and Kolmer, 1989; McIntosh et al.,
1995). In situations where multiple ITs were observed on the
same leaf surface, the plant reaction was recorded as the most
predominant IT followed by the least predominant IT.

Stripe Rust Phenotyping

Three Pst races (PSTv-37, PSTv-41, and PSTv-52) collected from
common wheat in North Dakota (Supplementary Table 2) were
used to screen the durum genotypes. These three Pst races are
the only ones currently present in North Dakota. PSTv-37 has
been the most widely distributed race across the United States
(Wan et al.,, 2016) and has a virulence/avirulence phenotype of
Yr6, 7,8, 9, 17, 27, 43, 44, Trl, Exp2/Yrl, 5, 10, 15, 24, 32, SP,
76. The race PSTv-52 that has been widely distributed in the
United States' has a virulence/avirulence profile of Y76, 7, 8, 9,
17, 27, 43, 44, Exp2/Yrl, 5, 10, 15, 24, 32, SP, Trl, 76. The race
PSTv-41 is considered the most virulent race in ND and has a
virulence/avirulence profile of Y76, 7, 8, 9, 10, 17, 24, 27, 32, 43,
44, Trl, Exp2/Yrl, 5, 15, SP, 76.

To screen for stripe rust, three separate experiments (one
experiment/Pst race) with the same set of durum genotypes
(n = 248) were planted at the Fargo Agricultural Experiment
Station Greenhouse Complex, ND, United States. In each
experiment, five-to-seven seeds/genotype were planted in 50-
well trays. The susceptible cultivar ‘Avocet’ was included twice
in each tray as check. To confirm the race identity, a set of
18 differential lines containing each a single Yr gene (Wan and
Chen, 2014) was included alongside each single-race experiment.
The seedlings were grown in a rust-free greenhouse at 22°C/18°C
(day/night) and 16 h photoperiod. When the second leaves were
fully expanded, the plants were spray inoculated with fresh rust
urediniospores suspended in Soltrol-170 oil (Phillips Petroleum,
Bartlesville, OK, United States) at a concentration of 0.01 g/mL.
After the Soltrol-170 oil dried on the leaf surface, the inoculated
plants were incubated in a dark dew chamber at 10°C with 100%
relative humidity for 24 h. The seedlings were later transferred
to a rust-free incubated growth chamber at 17°C/8°C (day/night)
and 16 h photoperiod. The seedling ITs were recoded 16-18 days
post-inoculation on a scale of 0-9 (Line and Qayoum, 1992).
IT of ‘0’ = no visible signs or symptoms, IT of ‘I’ = necrotic
or chlorotic flecks with no sporulation; IT of 2° = necrotic
and/or chlorotic blotches or stripes with no sporulation; IT of
‘3" = necrotic and/or chlorotic blotches or stripes with only a

'http://striperust.wsu.edu
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trace of sporulation; IT of ‘4, ‘5, and ‘6’ corresponds to necrotic
and/or chlorotic blotches or stripes with light, intermediate,
and moderate sporulation, respectively; and IT of 7, 8} and
‘9’ corresponds to abundant sporulation with necrotic and/or
chlorotic stripes or blotches, chlorosis around the sporulation
area, and no chlorosis or necrosis, respectively. ITs from 0 to
3 were considered resistant responses, ITs from 4 to 6 were
considered intermediate responses and ITs from 7 to 9 were
considered susceptible responses.

Stem Rust Phenotyping

The durum wheat genotypes were tested at seedling stage with six
African Pgt races TTKSK (isolate 04KEN156/04; Jin and Singh,
2006), TTKST (06KEN19v3; Jin et al., 2008), TTKTT (14KEN58-
1; Newcomb et al., 2016), TKTTF (13ETH18-1; Olivera et al.,
2015), TRTTF (06YEM34-1; Olivera et al., 2012), and JRCQC
(09ETHO08-3; Olivera et al., 2012) (Supplementary Table 3). The
durum lines were phenotyped in the biosafety level-3 facility
at the USDA-ARS CDL in St. Paul, MN, United States. The
lines were planted in two replicates corresponding to different
experiments with different planting and inoculation dates. Five
seedlings per line were planted per replicate for all six Pgt races.
The inoculum preparation, inoculation, greenhouse conditions,
and disease screening were as described by Hundie et al. (2019).
In brief, the urediniospores stored at -80°C were heat shocked
at 45°C for 15 min. For inoculation, gelatin capsules including
14 mg spores were suspended in 0.75 ml mineral oil (Sotrol
170, Phillips Petroleum, Borger, TX, United States) and sprayed
onto the plant primary leaves of 240 wheat seedling plants
corresponding to 48 wheat lines. After the Soltrol-170 oil dried on
the leaf surface, the inoculated plants were placed in a humidity
chamber in the dark for 14-to-16 h at 22°C, then exposed to high
pressure sodium vapor lamps for 3-4 h. The plants were then
transferred to the greenhouse and kept at temperature of 19-
22°Cand 16 h photoperiod for 10-12 days. The seedling ITs were
scored using the Stakman 0-4 scale (Stakman et al., 1962). Plants
with ITs of 0-273 were considered resistant and those with IT of
3-4 were considered susceptible.

Phenotypic Data Analysis

For statistical analysis, the 0-4 scale for leaf rust and stem
rust screening was converted to a linearized 0-9 scale (Zhang
et al., 2014) where plants with ITs of 0-6 were classified as
resistant and those with ITs of 7-9 were considered susceptible.
For further analysis, the mean of replicates per trait were used.
Pairwise Pearson’s correlations between traits were calculated and
plotted using the ‘corrplot’ package (Wei and Simko, 2013) in the
software R 3.4.1 (R Core Team, 2016). Correlation values were
considered significantly different from zero at P-value < 0.05.

Genotyping

The durum collection was genotyped as described by Johnson
et al. (2019) using the Ilumina iSelect 90K wheat SNP assay
(Wang et al., 2014). The 90K wheat SNP assay generated 17,377
polymorphic SNPs. Markers which were in common with those
included in the tetraploid wheat consensus map (Maccaferri et al.,
2015) were kept for further analysis (Supplementary Table 4).

Additionally, a diagnostic marker for the presence of either
Sr13 allele (Zhang et al., 2017), a linked marker to Sr8155B1
(Nirmala et al., 2017), and three dCAPS markers used to
discriminate Sr13a and Sri3b were also used to genotype
the durum wheat collection. The durum wheat collection
was genotyped using derived cleaved amplified polymorphic
sequence (dCAPS) markers for Sr13 and its three alleles R1
(Sr13a-R1), R2 (Sr13b), and R3 (Sr13a-R3). Markers dCAPS_Sr13
(Zhang et al., 2017), dCAPS_Sr13_RIcut, dCAPS_Sr13_R2nocut,
and dCAPS_Sr13_R3nocut were used to identify Sr13, Sr13a-R1,
Sr13b, Sr13a-R3, respectively (Supplementary Table 5). Sr13a-
RI and Srl13a-R3 correspond to the two resistant haplotypes
of Sr13a: R1 and R3 (Zhang et al., 2017). The dCAPs markers
used to discriminate among the two Sr13 alleles were designed
based on the sequence information of the resistant haplotypes
of Sr13 in Zhang et al. (2017). The primer sequences of Sr13
gene/alleles, the restriction enzymes (RE), and the resulting PCR
product sizes after RE digestion are described in Supplementary
Table 5. The Kompetitive Allele Specific PCR (KASP) marker
(KASP_6AS_IWBI10558) was used to postulate the presence of
the gene Sr8155B1 (Nirmala et al., 2017). Heterozygotes were
converted into missing data. Polymorphic markers with >10%
missing data and minor allele frequency (MAF) < 3% were
excluded from further analysis.

Linkage Disequilibrium and Population

Structure

Linkage disequilibrium (LD) was performed using JMP
Genomics 8.1 software (SAS Institute Inc, 2004) as described
by Aoun et al. (2016). The LD estimates for intrachromosomal
markers were calculated as the squared correlation coefficient
(R?) for each of the marker pairs. The genome-wide LD decay
was estimated by plotting LD estimates (R?) from all 14 durum
wheat chromosomes against the corresponding pairwise genetic
distances in cM. The genetic positions of the markers were
according to the durum wheat consensus map of Maccaferri et al.
(2015). Smoothing spline fit was applied to LD decay plot.

The principal component analysis (PCA) was used to examine
the population structure (Q matrix). SNPs with LD (R?) < 0.2
were used to estimate the Q matrix. The identity-by-state
(IBS) matrix or Kinship matrix (K matrix) that represents the
proportion of shared alleles for all pairwise comparisons between
genotypes was also estimated. The K and Q matrices were
estimated using JMP Genomics 8.1 software.

Genome-Wide Association Analysis

For each trait, mixed linear model for genome-wide association
analyses were performed using JMP Genomics 8.1 software. Five
regression models were tested to identify the best model per trait
from which MTAs will be derived. The tested models include
(i) naive, (ii) kinship, (iii) kinship plus population structure
(first two PCs), (iv) kinship plus population structure (first three
PCs), and (v) kinship plus population structure (first four PCs).
The K and the Q matrices were included in the genome-wide
association analysis model to reduce the chance of false-positive
MTAs. Each of the markers was fitted into the regression equation
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FIGURE 1 | Distributions of the seedling responses of the durum wheat genotypes to Puccinia triticina isolates BBBSJ_TUN 20-1, EEEEE_ETH 13D17-1,
EEEEE_ETH 63-1, BBBSJ_MOR 33-1, BBBQJ_MEX10, and MBDSS_ALK-ND. X-axis corresponds to linearized Stakman scale (0-to-9).

to generate a P-value. The best association mapping model (of
the five tested regression models) was selected based on the
Bayesian Information Criterion (BIC), where the lowest BIC
value corresponded to the best model (Ghosh et al., 2006; Zhang
et al., 2010). For each trait, the marker P-values of the selected
model were used to calculate the P-value of the false positive
discovery rate (FDR) (Benjamini and Yekutieli, 2001). MTAs
were considered significant at P-value of FDR < 0.05. The
LD estimates between significant markers and marker genetic
positions on the tetraploid consensus map (Maccaferri et al.,
2015) were used to group MTAs from the GWAS into the
same or different underlying loci. Each locus was represented
by the most significant SNP marker. The physical and genetic
position of the most significant marker per locus and any markers
from the literature used for comparative mapping was based
on the durum wheat cv. Svevo genome v1 (Maccaferri et al.,
2019) and the tetraploid consensus map (Maccaferri et al., 2015),
respectively. In the case of multiple identified loci on the same
chromosome, the loci were ordered according to their most
significant SNP genetic positions on the tetraploid consensus
map of Maccaferri et al. (2015).

RESULTS

Phenotypic Data
Leaf Rust

All the durum wheat genotypes were resistant to the common
wheat type isolate MBDSS_ALK-ND. For the Pt durum wheat

type isolates, the percentage of susceptible lines varied depending
on the isolate (Supplementary Table 1). For instance, 10% of the
genotypes were susceptible to the Ethiopian isolate EEEEE_ETH
63-1, while 28% of the genotypes showed susceptibility to
the Ethiopian isolate EEEEE_13D17-1. The distribution of the
ITs to EEEEE 13D17-1 was bimodal, where two ITs were
observed. A total of 72% of the genotypes exhibited a mesothetic
reaction (IT = ‘37%), while the remaining genotypes showed
IT = 3%, The plant reactions to EEEEE_ETH 63-1 ranged
between 5 and 3%. Even though the two Ethiopian isolates
had similar race designation EEEEE (avirulent to the common
wheat cv. Thatcher), they carried different virulence/avirulence
phenotypes to the durum genotypes in our study (Figure 1 and
Supplementary Table 1).

In contrast to the Ethiopian isolates, the percentages of
susceptible genotypes to durum wheat type isolates from
Morocco, Tunisia, and Mexico were much higher. For
instance, all the durum genotypes were susceptible to isolate
BBBQJ_MEX10. Similarly, 74 and 98% of the genotypes were
susceptible to isolates BBBSJ_TUN 20-1 and BBBS]_MOR
33-1, respectively. The most resistant lines to race BBBS]_MOR
33-1 had IT of 23] whereas the most resistant lines to race
BBBSJ_TUN 20-1 had IT of ‘suggesting that these two isolates
of the same race (based on Thatcher wheat differentials) carried
different virulence/avirulence profiles to durum wheat (Figure 1
and Supplementary Table 1).

The top four durum wheat cultivars grown in ND in 2019
were Joppa (PI 673106, 30.2%), Divide (PI 642021, 21.2%),
Alkabo (PI 642020, 7.8%), and Carpio (PI 670039, 6.1%)

Frontiers in Plant Science | www.frontiersin.org

April 2021 | Volume 12 | Article 640739


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Aoun et al.

Rust Resistance in Durum Wheat

¢ ] PSTv-37 g PSTv-52
» B 2
E e R+
2 8 8 -
< 8 8 -
-
ol B 2
S 8 8 -
Eg-‘ &1

24 e

o sl

PSTv-41

PRt

0 10 20 30 40 50 €0 70 60 O

] -

| e [y ot e o o
o 1 2 3 4 5 & 7 8 O 9 XS

Infection types

Infection types

S S S S S e p |

$ 3 T8 ¢ 56 8% 3

Infection types

FIGURE 2 | Distributions of the seedling responses of the durum wheat genotypes to Puccinia striiformis f. sp. tritici races PSTv-37, PSTv-41, and PSTv-52.

(USDA, NASS, North Dakota Field Office, 2019). All of these
cultivars were resistant to EEEEE_ETH 13D17-1, EEEEE_ETH
63-1, and MBDSS_ALK-ND but susceptible to the Mexican
isolate BBBQJ_MEX10. Joppa showed intermediate IT to
BBBS]_TUN 20-1 (IT = 23’) and to BBBSJ_MOR 33-1
(IT = ‘32+/). Divide was resistant to BBBS]_TUN 20-1, whereas
Alkabo and Carpio were susceptible to this Tunisian isolate.
Divide was resistant to BBBSJ]_MOR 33-1, while Alkabo and
Carpio were susceptible to this isolate (Supplementary Table 1).

Stripe Rust

A total of 69% of the durum wheat genotypes were resistant
to races PSTv-37 and PSTv-52, while 67% of the lines were
resistant to race PSTv-41. The ITs to the three Pst races ranged
between 1 and 9. The cultivars Divide, Alkabo, Carpio were
resistant to all the three Pst races. Joppa was resistant to
races PSTv-37 and PSTv-41 but not to PSTv-52 (Figure 2 and
Supplementary Table 2).

Stem Rust

About 81-99% of the genotypes were resistant to the three Ug99-
lineage races TTKSK, TTKST, and TTKTT. For race TTKSK, the
ITs ranged from 1 to 37 with most of the lines showing IT of 27".
The ITs to races TTKST and TTKTT ranged between 0; and 337
with most of the genotypes showing IT = ‘0;". For race TKTTE
only the breeding line ‘D07726 showed a susceptible I'T, while the
remaining genotypes showed resistant ITs that ranged between
‘0 and 2’ with the most frequent resistant IT = ‘0;” (Figure 3
and Supplementary Table 3).

All the durum wheat genotypes showed resistant ITs to race
TRTTF ranging between ‘0;’ and 2. Like races TTKST, TTKTT,
and TKTTE the most frequent resistant IT to race TRTTF
was ‘0;". Even though, 99-100% of the durum genotypes were
resistant to race TTKST, TTKTT, TKTTE and TRTTE there
were phenotypic variations within the resistant ITs (Figure 3
and Supplementary Table 3) appropriate to conduct further
analysis (e.g., GWAS). Of all the Pgt races used for screening,
race JRCQC was the most virulent race on the durum wheat
collection, with 44% of the genotypes showing susceptibility. The
resistant ITs to JRCQC ranged from ‘15" to 273" with most of
the resistant genotypes showing ITs of 221" to 2*3’ (Figure 3
and Supplementary Table 3). The durum cultivars Carpio and
Alkabo showed resistance to all Pgt-races. Divide was resistant to

all races except TTKSK and JRCQC, while Joppa was resistant to
all races except TTKSK (Supplementary Table 3).

Phenotypic Data Correlations

For correlation analyses, we considered only traits with
phenotypic variations (Figure 4). Pearson’s correlation between
linearized ITs showed a significant correlation (r = 0.8,
P-value < 0.05) between the durum genotype responses to
the Ethiopian Pt races EEEEE_ETH 63-1 and EEEEE_13D17-1.
However, there were no significant correlations between the ITs
to BBBSJ_TUN 20-1 and the ITs to both Ethiopian isolates of race
EEEEE. There were strong significant correlations between ITs to
the three Pst races that ranged between 0.8 and 0.9. For Pgt races,
we observed significant correlations (r = 0.7-0.9, P-value < 0.05)
between ITs to races TTKST, TTKTT, TKTTE and TRTTF. ITs
to TTKSK and JRCQC were not significantly correlated with ITs
to any of the remaining four Pgt-races. There was no correlation
between ITs to TTKSK and JRCQC. We found no significant
correlations between ITs to different rust pathogens, suggesting
that different genetic loci confer resistance to leaf rust, stripe rust,
and stem rust in this durum wheat collection (Figure 4).

Marker Properties and Linkage
Disequilibrium Analysis

After marker filtering, 10,891 SNPs included in the tetraploid
wheat consensus map with MAF > 3% and missing data
points < 10% were used for further analysis. Of the 10,891
SNPs, there were 4,779 (43.9%) SNPs on the genome A and
6,112 (56.1%) SNPs on the genome B. Additional four diagnostic
dCAPS markers for Sr13 gene/alleles and a single KASP marker
for Sr8155B1 gene were included. The genome-wide linkage
disequilibrium (LD) dropped by half to 0.33 within 2.5 cM on
average (Figure 5). Therefore, MTAs from the GWAS within
2.5 cM on average and with LD (R?) > 0.3 were considered
underlying the same locus. In addition, we considered the
pairwise LD (R? cutoff = 0.3) between significant markers on the
same chromosome arm to identify the loci.

Kinship Analysis, Population Structure,
and Regression Model Selection for
GWAS

For the identity-by-state matrix or kinship matrix (K matrix),
there were some hotspots (red color in the heat map) between
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FIGURE 3 | Distributions of the seedling responses of the durum wheat genotypes to Puccinia graminis f. sp. tritici races TTKSK, TTKST, TTKTT, TKTTF, TRTTF, and
JRCQC. X- axis corresponds to the linearized Stakman scale (0-to0-9).

some of the durum genotypes (Supplementary Figure 1). This
suggests intermediate familial relatedness between genotypes
as described by Johnson et al. (2019). The PCA showed that
the first two, three, four, and 10 PCs explained a cumulative
variance of 9.4, 13.2, 16.5, and 31.4% of variation, respectively.
The genotypes were clustered into three groups (Johnson et al.,
2019) with majority of the lines grouped within the same
cluster (Supplementary Figure 2). This is expected because
the genotypes are from the same breeding program. Based on
BIC values, mixed linear models that include both Q and K
matrices were used for the GWAS for most traits. For traits
associated with responses to Pgt races TTKST and TKTTE the
best GWAS regression models included the K matrix but not the
Q matrix (Table 1).

Marker-Trait Associations

Association Analysis for Leaf Rust Response

The GWAS based on the linearized ITs to the three Pt isolates
BBBSJ_TUN 20-1, EEEEE_ETH 13D14-1, and EEEEE_ETH 63-
1 identified 64 significant SNPs (MTAs) at FDR < 0.05. Based
on the LD between significant markers, these MTAs represented
six loci located on chromosome arms 2AS, 2AL, 5BS, 6AL,
and 6BL. The most significant marker/locus explained 6-31%
of phenotypic variation (Table 2, Figure 6, and Supplementary
Table 6). Chromosome arms 5BS and 6BL carried most of

the MTAs. Therefore, the pairwise LD between the significant
markers on each of these chromosome arms were presented in
Supplementary Figure 3 that was used to determine the number
of loci on chromosomes 5BS and 6BL.

On chromosome arm 2AS, the large-effect loci, QLrdu.2AS
(Tag SNP: IWBI10489, 67.5 cM, 61 Mbp) was associated with
response to the Ethiopian isolates EEEEE_ETH 13D14-1 and
EEEEE_ETH 63-1. On chromosome arm 2AL, QLrdu.2AL
(IWB38096, 197.6 cM) was associated with response to race
BBBS]_TUN 20-1. On chromosome arm 5BS, two loci were
associated with response to BBBS]_TUN 20-1 and designated
as QLrdu.5BS-1 (IWB47425) and QLrdu.5BS-2 (IWB26157).
QLrdu.5BS-1 explained higher phenotypic variation compared
to QLrdu.5BS-2. These two loci spanned a genomic region
from 2.0 to 35.8 cM corresponding to 4-21 Mbp on Svevo
physical map (Maccaferri et al., 2019). On chromosome arm
6AL, a small-effect locus, QLrdu.6AL (IWB24755, 129.4 cM,
612 Mbp) was associated with response to EEEEE_ETH 63-
1. An additional locus on chromosome arm 6BL, QLrdu.6BL
(IWB52926, 154.6 cM, 696 Mbp) was also associated with
response to EEEEE ETH 63-1. All the leaf rust resistance
loci identified in this study were race/isolate specific, except
QLrdu.2AS that was associated with two Ethiopian isolates
(Table 2, Figure 6, and Supplementary Table 6).

The postulation of the six Lr loci in each genotype in this
germplasm was based on the most significant marker per locus
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and is presented in Supplementary Table 1. We found that all
genotypes carry at least one of the identified loci in this study
except lines D06707, D06710, D091721, and D97780. A total
of 91% of the genotypes carry QLrdu.6AL and QLrdu.6BL,
whereas 88% of the genotypes carry QLrdu.2AS, QLrdu.6AL, and
QLrdu.6BL. Nine genotypes carry all the six identified loci in
this study including Plaza (P1 613619), D98015, D98016, D01279,
D011238, D03004, D05547, D101558, and D101650.

Association Analysis for Stripe Rust Response
The GWAS to the three Pst isolates PSTv-37, PSTv-52, and PSTv-
41 identified 46 significant MTAs, corresponding to four loci
located on chromosome arms 1BS, 5BL, and 7BL. The most
significant SNP/locus explained 6-19% of phenotypic variation
(Table 3, Figure 7, and Supplementary Table 7). Most of the
MTAs were on chromosome arms 5BL and 7BL. Therefore,
the pairwise LD between the significant markers on each of
these chromosome arms were presented in Supplementary
Figure 4 that was used to determine the number of loci on
each chromosome.

On chromosome arm 1BS, QYrdu.1BS (Tag SNP: IWB31649,
33 cM, 89 Mbp) was associated with response to race PSTv-
52. On chromosome 5BL, two loci were detected. QYrdu.5BL-1
(IWA6271, 187.1 cM, 682 Mbp) was associated with response to
the three Pst races, whereas QYrdu.5BL-2 (IWB64287, 193.4 cM,

691 Mbp) was associated with response to race PSTv-41. On
chromosome 7BL, QYrdu.7BL (IWB10533, 187.5 cM, 697 Mbp)
was associated with response to the three Pst races and explained
most of the phenotypic variations. Two of the four identified
stripe rust resistance loci in this study, QYrdu.5BL-1 and
QYrdu.7BL were associated with response to the three Pst-races,
whereas the reaming QYrdu.1BS and QYrdu.5BL-2 were race
specific (Table 3, Figure 7, and Supplementary Table 7).

The postulation of the four Yr loci in each genotype in this
germplasm was based on the most significant marker per locus
and is presented in Supplementary Table 2. All genotypes carry
at least one of the identified Yr loci in this study. A total of 78%
of the genotypes carry QYrdu.5BL-1 and QYrdu.5BL-2, whereas
52% of the genotypes carry QYrdu.5BL-1 and QYrdu.5BL-2 and
QYrdu.7BL. Twenty-six genotypes carry all the four Yr loci
identified in this study.

Association Analysis for Stem Rust Response

The GWAS detected 260 significant markers (MTAs), underlying
22 putative loci that were associated with stem rust response to
the six Pgt races (TTKSK, TTKST, TTKTT, TKTTE TRTTE and
JRCQC) (Table 4, Figure 8, and Supplementary Table 8). The
highest number of MTAs were on chromosome arms 6AS (98
MTAs, three loci), 6AL (129 MTAs, three loci), 5AL (12 MTAs,
three loci), and 6BL (seven MTAs, three loci). The pairwise LD
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TABLE 1 | Bayesian Information Criterion of association mapping models for each trait.

Rust trait Races/isolates Naive Kinship 2PCs + Kinship? 3PCs + Kinship® 4 PCs + Kinship®
Leaf rust BBBSJ _TUN 20-1 1206.9 1195.9 1183.5 1180.6 1175.69
EEEEE_ETH 13D17-1 683.5 672.4 6711 661 658
EEEEE_ETH 63-1 1088.5 1077.5 1074.1 1057.6 1049.3
Stripe rust PSTv-41 1204.8 1193.8 1180.9 1124 1173.3
PSTv-52 1158.3 1068.2 1131.1 1123.8 1120.5
PSTv-37 1180.6 1169.6 1159.2 1152.3 1150.8
Stem rust TTKSK 1023.2 935.4 935.3 955.7 955.7
TTKST 948.5 752.9 893.9 869.3 867.6
TTKTT 957.6 752.9 749.7 752.9 889.3
TKTTF 796.5 666.5 702.5 686.4 685.0
TRTTF 663.9 652.8 611.5 600.7 599.7
JRCQC 1002 864.2 863.4 863.2 853.2

42PC, population structure matrix (Q matrix) based on the first two principal components explaining 9.4% of variation.

b3PC, population structure matrix (Q matrix) based on the first three principal components explaining 13.2% of variation.

C4PC, population structure matrix (Q matrix) based on the first four principal components explaining 16.5% of variation.

INumbers in bold indicate the lowest Bayesian Information Criterion that corresponds to the best regression model for each trait. The best model was used to investigate

marker-trait associations.

between the significant markers on each of these chromosome
arms were presented in Supplementary Figure 5 and were used
to determine the number of loci per chromosome. Other MTAs
were identified on chromosomes 3AL (three MTAs, two loci),
4AL (four MTAs, a single locus), 5BL (two MTAs, two loci), and
7BL (two MTAs, a single locus). Each of the chromosome arms
1BL, 2BL, and 3BL carried a single MTA. Of the 22 identified loci,
seven loci, QSrdu.2BL, QSrdu.4AL, QSrdu.5AL-1, QSrdu.6AS-1,

QSrdu.6AL-2, QSrdu.6AL-3, and QSrdu.6BL-3, were the most
important loci in this study as they explained high phenotypic
variations and/or associated with response to multiple Pgt races.
These seven large-effect loci (highlighted in bold in Table 4)
are the most robust Sr loci and were well represented in this
germplasm (MAF > 19%).

The most important large-effect locus identified on the
distal end of chromosome arm 6AS was QSrdu.6AS-1 (58-80
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E % AR '—'_-" '—'_-', E| E‘ § é é :,5) 3 -g s § %‘ response to race TKTTF. On chromosome arm 6BL, QSrdu.6BL-
2 T Q44 mbHe 5598800 7%% 1 (IWB21973, 103.7 ¢M, 622 Mbp) and QSrdu.6BL-2 (IWB5378,
g Q BESHHHEHIQPOIZoELR 146.0 cM, 682 Mbp) was associated with response to race TRTTF
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FIGURE 6 | Manhattan plots showing P-values for single-nucleotide polymorphism (SNP) markers associated with response to leaf rust in durum wheat genotypes
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and TTKSK, respectively. QSrdu.6BL-3 (IWB46893, 155.1 cM,
693 Mbp) was associated with responses to races TTKSK
and JRCQC. The major allele of the most significant marker
in QSrdu.6BL-3, IWB46893, was associated with resistance to
TTKSK but with susceptibility to JRCQC.

On chromosome arm 5BL, two small-effect loci were
identified: QSrdu.5BL-1 (IWB9652, 181.5 c¢M, 675 Mbp) and
QSrdu.5BL-2 (IWB64287, 193.4 cM, 691 Mbp). Interestingly,
IWB64287 was also associated with response to Pst-race PSTv-
41 (Tables 3, 4). This suggests that this locus on 5BL at 691
Mbp is associated with response to both stripe rust and stem
rust and the allele ‘C’ of marker IWB64287 provides resistance
to both rust pathogens. Few MTAs were identified on each
of the chromosomes 1BL, 2BL, 3AL, 3BL, and 7BL and most
of these associations had minor effects on disease response
(6-12%), except QSrdu.2BL (IWB48212, 193.6 cM, 789 Mbp)
that explained relatively higher phenotypic variations (9-21%) to
races TTKST, TTKTT, TKTTE and TRTTE. Of the 22 identified
loci for stem rust, five (QSrdu.1BL, QSrdu.2BL, QSrdu.5AL-1,
QSrdu.6AS-1, and QSrdu.6BL-3) were associated with response

to more than one race while the remaining loci were race specific
(Table 4, Figure 8, and Supplementary Table 8).

Frequencies of Sr8155B1, Sr13, and Sr7b in the
Durum Wheat Genotypes and Their Marker
Accuracies

Gene postulation for Sr8155BI1, Sri3 alleles, and QSrdu.4AL
in each of the durum wheat genotypes is presented
in Supplementary Tables 3, 5. Both phenotypic data
(Supplementary Table 3) and marker data (Supplementary
Table 9) were used to postulate the gene combinations
present in each of the durum wheat genotypes. For
the genotypic data, the markers dCAPS_Sri3, dCAPS
_Sr13_Rlcut, dCAPS_Sr13_R2nocut, dCAPS_Sr13_R3nocut,
KASP_6AS_IWBI10558, and IWA4651 were used to postulate
Sr13a-R1, Sr13b, Srl3a-R3, Sr8155B1, and QSrdu.4AL
(designated in this study as Sr7b), respectively. We found
that 81, 79, and 64% of the durum wheat genotypes carry Sri3,
Sr8155B1, and Sr7b, respectively. A single breeding line (D07726)
does not carry any of these genes.
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'q>: Iy 88 HhShHh = allele and Sr7b. We found that 54% of the durum genotypes have

- © 5 = G = — ©
£ 228828 IY aleast Sr8155B1 and Sr7b and 40% of the genotypes have the three
§’ genes Srl13, Sr8155B1, and Sr7b. Based on Sr13 allele markers,
9 5T ol I g Sr13 functional alleles Sr13a-RI1, Sri3b, and Srl13a-R3 were
3t 52 S S05 92 identified in the durum genotypes. Sr13b was the most common

& 0 % 8§ % b 2 % allele, being present in 56% of the durum genotypes. Sr13a-RI
228828 RY . and Sr13a-R3 were less frequent and occurred in only 17 and 7%
2 of the durum accessions, respectively (Supplementary Table 9).
< 888838383 o Because gene postulation for these three genes was possible
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s . > 2 o 9 2
T T ey oo 5 of markers dCAPS_Sr13, IWB69393, KASP_6AS_IWBI10558,
o 0 o © D I~ O i~ I~ 3 and IWA4651. For the gene Sr13, the accuracy for dCAPS_Sr13
o o - - O e
[:4 === §i and IWB69393 was 100 and 95% (3% false positives and
_ S 2% false negatives), respectively. For Sr8155B1, the marker
28 6 Yo @ oo © € KASP_6AS_IWBI10558 had an accuracy of 99.6% (0.4% false
o 0 RPu g 2P y

s | - 2 "

_|‘|°£ RN IR = é positives), whereas for Sr7b, the marker IWA4651 had an
= >  accuracy of 98.8% (1.2% false positives). The postulation
c S of the remaining three large-effect Sr loci in each genotype

- — — — @

%%‘ K g 35 g S § g 5 (Supplementary Table 3) showed that 30 genotypes
e~ - - @ carry Sr8155B1, Srl13, Sr7b, QSrdu.2BL, QSrdu.5AL-1, and
5 QSrdu.6BL-3.
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E S 00T OO0 e F % regions of the United States (Kolmer and Hughes, 2014). This
S
z ® T % N agrees with previous studies indicating that Pt-isolates from
<8 g g common wheat are generally avirulent on durum wheat (Singh,
«

T, s 2 2 05 1991; Huerta-Espino and Roelfs, 1992; Ordofiez and Kolmer,
us z ﬁ g‘ 8‘ g‘ g‘ 8‘ g‘ % 8‘ NS § ®§ 8 2007a; Aoun et al., 2016). Herrera-Foessel et al. (2014) reported
g ® 25 g S g S that most of the CIMMYT durum wheat germplasm carry Lr72
e 'i I =23 % that is effective against common wheat type races. Thus, Lr72
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g z § g § % 2 ’g}*g N ?3 tackling in future challenges. For instance, previously identified
3 @ 95462888 g Lr genes like those identified in CIMMYT germplasm (Herrera-
= A QU3 o g ® o3 g g p
2 _ e % $s8§8 E s¢ g Foessel et al., 2007, 2008a,b; Huerta-Espino et al., 2009) and in
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virulence profiles on durum wheat genotypes in our study. These
results agree with Aoun et al. (2020) observations showing that
different virulence phenotypes were found within a collection of
isolates of race EEEEE based on a set of durum wheat differentials.

Comparative mapping between the identified six all-stage leaf
rust resistance loci in this study and designated wheat Lr genes
showed that any of the two loci on chromosome 5BS could be
Lr52 that was previously identified in the durum wheat cultivar
Wallaroi (Singh et al, 2010). Similarly, QLrdu.6AL is most
likely Lr64 that originated from wild emmer wheat (Triticum
dicoccoides) (Dyck, 1994; Mclntosh et al., 2009; Kolmer et al.,
2019). The remaining loci did not map close to known Lr genes
and thus could be novel. Comparison of the map locations
suggests that QLrdu.2AS (67.5 cM, 61 Mbp) is likely the same
locus which was earlier found associated with leaf rust response
in durum wheat and tagged by the SSR marker wmc522 (63.6 cM,
58 Mbp) (Maccaferri et al., 2010). The nine genotypes that carry
all the six identified Lr loci in this study are useful to keep these
resistance sources in future released varieties.

Stripe Rust Resistance in Durum Wheat

Genotypes

Many of the durum wheat genotypes (67-69%) in this study were
resistant to the three U.S. Pst races (PSTv-37, PSTv-52, and PSTv-
41). A previous study that screened a worldwide collection of
elite durum wheat lines to six US and Italian Pst-races (including
PSTv-37) showed that only 7.8-31.5% of the genotypes were
resistant (Liu et al., 2017). This suggests that the durum wheat
collection in this study had undergo selection to accumulate
potentially useful loci for stripe rust resistance to the North
American Pst races. The durum wheat responses to these three
Pst- races used in this study were highly correlated, showing
that the NDSU durum genotypes had a broad spectrum of stripe
rust resistance.

With rapid and dangerous shifts in Pst populations globally
(Solh et al., 2012), our study will help durum wheat breeding
programs by providing new stripe rust resistance sources. We
identified four loci associated with all-stage stripe rust resistance
that did not correspond to any designated stripe rust resistance
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TABLE 4 | Summary of stem rust resistance loci in the durum wheat genotypes.

Svevo genome vii

Pgt race Locus? Num. Tag-SNP® Chr.d SNP SNP major SNP minor MAFf Position -Logi, R2"  pFDR Start End
SNPs/locus® alleles® allele allele (cM)9 (P-value)
TTKSK QSrdu.3AL-2 1 IWB72044 3A A/G A G 0.05 177.9 3.85 0.06 1.64E-02 736,648,215 736,64,8115
TTKSK QSrdu.3BL 1 IWB49397 3B T/G T G 0.05 771 7.61 0.12 4.73E-06 370,964,536 370,964,636
TTKSK QSrdu.5BL-1 1 IWB9652 5B T/C C T 0.08 181.5 3.28 0.05 5.42E-02 674,697,988 674,698,088
TTKSK QSrdu.5BL-2 1 IWB64287 5B A/C C A 0.07 1938.4 3.36 0.05 4.58E-02 691,154,062 691,153,962
TTKSK QSrdu.6AL-2 92 IWB69393/ B6A T/C T C 0.19 128.9 19.92 0.32 6.57E-17 611,710,729 611,710,829
dCAPS_Sr13
TTKSK QSrdu.6BL-2 6 IWB5378 6B TG G T 0.05 146.0 7.61 0.12 4.73E-06 682,240,129 682,240,229
TTKSK QSrdu.6BL-3 1 IWB46893 6B AG G A 0.38 155.1 3.46 0.05 3.65E-02 693,337,728 693,337,628
TTKST QSrdu.1BL 1 IWB50554 1B A/G G A 0.11 27.6 5.66 0.09 3.28E-04 NA NA
TTKST QSrdu.2BL 1 IWB48212 2B A/C A C 0.20 193.6 12.77 0.20 4.11E-11 789,417,490 789,417,417
TTKST QSrdu.5AL-1 1 IWB62132 5A T/G G T 0.21 136.3 11.84 0.18 3.25E-10 532,077,979 532,077,878
TTKST QSrdu.6AS-1 80 IWB10558/ B6A T/C C T 0.20 0.2 14.71 0.23 1.26E-11 1,590,026 1,590,126
KASP_6AS_IWB10558
TTKST QSrdu.6AS-2 3 IWB67075 B6A A/G A G 0.09 34.9 3.41 0.05 4.99E-02 50,134,208 50,134,274
TTKST QSrdu.6AS-3 1 IWA7295 B6A T/G T G 0.03 459 3.67 0.05 2.76E-02 86,025,214 86,025,359
TTKTT QSrdu.1BL 1 IWB50554 1B AG G A 0.11 27.6 5.28 0.08 7.78E-04 NA NA
TTKTT QSrdu.2BL 1 IWB48212 2B A/C A C 0.20 193.6 138.49 0.21 7.67E-12 789,417,490 789,417,417
TTKTT QSrdu.3AL-1 2 IWB36155 3A T/C T C 0.04 90.4 3.91 0.06 1.45E-02 572,456,904 572,456,785
TTIKTT QSrdu.5AL-1 1 IWB62132 5A TG G T 0.21 136.3 12.61 0.20 5.60E-11 532,077,979 532,077,878
TIKTT  QSrdu.6AS-1 80 IWA5416/ KASP_BAS_  6A Tc T c 0.21 0.2 16.62 026 ©262E-13 1,198,024 1,197,047
IWB10558
TTIKTT QSrdu.6AS-3 10 IWA7295 B6A T/G T G 0.03 45.9 4.21 0.06 8.39E-03 86,025,214 86,025,359
TKTTF QSrdu.2BL 1 IWB48212 2B A/C A C 0.20 193.6 8.36 0.18 1.40E-06 789,417,490 789,417,417
TKTTF QSrdu.5AL-1 1 IWB62132 5A T/G G T 0.21 136.3 6.42 0.10 6.58E-05 532,077,979 532,077,878
TKTTF QSrdu.5AL-2 10 IWB2075 5A AG A G 0.03 183.0 4.72 0.07 2.61E-03 623,114,829 623,114,760
TKTTF QSrdu.5AL-3 1 IWB14445 5A T/G G T 0.04 197.7 3.60 0.05 3.04E-02 640,125,144 640,125,045
TKTTF QSrdu.6AS-1 74 IWB60233/ B6A T/C T C 0.12 0.9 10.83 0.19 1.60E-07 3,721,352 3,721,450
KASP_6AS_ IWB10558
TKTTF QSrdu.6AL-1 3 IWB31531 B6A A/G A G 0.08 122.1 3.75 0.06 2.21E-02 600,285,732 600,285,802
TRTTF QSrdu.2BL 1 IWB48212 2B A/C A C 0.20 193.6 5.69 0.09 5.84E-04 789,417,490 789,417,417
TRTTF QSrdu.5AL-1 1 IWB62132 5A TG G T 0.21 136.3 7.40 0.12 1.09E-04 532,077,979 532,077,878
TRTTF QSrdu.6AS-1 58 IWB53754/ B6A AG G A 0.21 0.2 8.34 0.18 3.58E-05 1,202,823 1,202,923
KASP_6AS_ IWB10558
TRTTF QSrdu.6BL-1 5 IWB21973 6B A/G A G 0.16 103.7 4.84 0.08 2.78E-083 621,527,086 621,527,186
TRTTF QSrdu.7BL 2 IWB17567 7B T/G G T 0.05 147.0 4.40 0.07 7.19E-08 675,357,404 675,357,554
JRCQC QSrdu.4AL 4 IWA4651 4A A/G A G 0.33 162.4 7.20 0.11 1.70E-04 718,619,698 718,619,565
(Continued)
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TABLE 4 | Continued

Svevo genome vii

End

Start

pFDRI

R2h

-Log1o
(P-value)

Position

SNP major SNP minor MAFf

SNP
alleles®

Chr.d

Tag-SNP°

Num.
SNPs/locusP

Locus?

Pgt race

(cM)®

allele

allele

613,212,744

613,212,821

0.09 1.16E-03

5.83

129.4

0.38

T/C

B6A

IWB41394/

39

QSrdu.6AL-3

JRCQC

dCAPS_Sr13

Renocut/
dCAPS_Sr13_R1cut

IWB46893

693,337,628

693,337,728

0.09 1.16E-03

5.83

15651

0.38

QSrdu.6BL-3

JRCQC

aThe loci in bold represent the most important stem rust resistance loci identified in this studly.

bpetails on all significant SNPs/locus were described in Supplementary Table 7.

¢Significant single-nucleotide polymorphism (SNP) with smallest marker-trait association P values per locus.

dChromosome arm of the locus.

eAlleles of the most significant marker in the locus. The underlined allele is the allele associated with resistance.

Minor allele frequency of the most significant SNP/locus.

9SNP position based on the tetraploid consensus map of Maccaferri et al. (2015).

hThe proportion of phenotypic variation explained by the most significant SNP in the locus.

'P-value of the false discovery rate of the most significant SNP in the locus.

/Physical position of SNP sequence based on the durum wheat genome sequence of Svevo available on International Wheat Genome Sequencing Consortium (Maccaferri et al., 2019).

genes. At the same time, some of the loci identified in this
study were mapped close to not yet characterized stripe rust
resistance quantitative trait loci (QTL) in the literature. For
instance, QYrdu.1BS (IWB31649, 33.0 cM) was located close to
previously identified locus Yrdurum-1BS.1 (34.1-40.1 cM) that
was associated with stripe rust response in a worldwide collection
of elite durum wheat (Liu et al., 2017). Similarly, the QYrdu.5BL-
1 (IWA6271, 187.1 cM, 682 Mbp) was mapped close to the stripe
rust resistance QTL, QYr.usw-5B (IWA7066, 179.6 cM, 674 Mbp,
Lin et al., 2018) that was earlier detected in the durum wheat
line W9262-260D3 (Kyle*2/Biodur). The position of QYrdu.7BL
(IWB10533, 187.5 c¢cM, 697 Mbp) also overlaps with that of
Yrdurum-7BL (184.5-190.5 cM) that was associated with stripe
rust response at seedling stage in elite durum wheat genotypes
(Liu et al,, 2017). At the similar location, Lin et al. (2018)
also identified QYr.usw-7B (181.1 cM, 694 Mbp) in the durum
wheat line W9262-260D3 (Kyle*2/Biodur) to Canadian isolates at
seedling stage and to Mexican races at adult-plant stage. Further
research warrants to characterize the four stripe rust resistance
loci detected in this study and study their relationship with those
previously identified in the literature. The 26 genotypes that carry
all the four Yr loci identified in this study are excellent sources
to introgress these stripe rust resistance sources in future durum
wheat varieties.

Stem Rust Resistance in Durum Wheat
Genotypes

The majority of durum wheat genotypes were resistant to
the three Ug99-lineage races TTKSK, TTKST, and TTKTT.
Interestingly, 19% of the genotypes were susceptible to race
TTKSK while only 1% of the genotypes were susceptible to the
other two Ug-99 lineage races TTKST and TTKTT. This suggests
that these durum advanced breeding lines carry stem rust
resistance gene(s)/allele(s), such as Sr8155B1, that are effective
against TTKST and TTKTT but ineffective against TTKSK.
Therefore, a combination of multiple Sr genes in the newly
developed durum wheat cultivars is recommended for effective
resistance to different races of the Ug99 lineage. Similarly, only
one line was susceptible to the Digalu race (TKTTF) (Olivera
et al., 2015). The durum genotypes were all resistant to race
TRTTEF. In contrast to TRTTE race JRCQC that is adapted to
durum wheat (Hundie et al,, 2019) in Ethiopia was the most
virulent race on the durum genotypes in our study. This suggests
that Sr genes/alleles effective to races TTKSK, TTKST, TTKTT,
TKTTE and TRTTF do not provide resistance to JRCQC. Olivera
et al. (2015) showed that races JRCQC, TRTTE and TKTTF are
phylogenetically different from Ug99-lineage races. Therefore, Sr
genes effective to each of these race lineages could be different.
This implies that a combination of diverse Sr genes should be
implemented in newly released cultivars.

The durum wheat genotypes in this study showed higher levels
of stem rust resistance compared to germplasm collections used
in previous studies. For example, in a durum wheat collection
from different durum wheat-growing regions in Mediterranean
countries, the Southwestern United States, and Mexico, 42.1,
18.6, and 52.5% of the tested accessions were susceptible to
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TTKSK, TRTTE and JRCQGC, respectively (Letta et al., 2014). In
another study (Chao et al., 2017), most of the USDA- NSGC
of durum wheat collection comprised of landraces, breeding
lines, and cultivars were found susceptible to TTKSK (81.6%),
TRTTF (72.1%), and JRCQC (90.6%). This shows that the NDSU
breeding program selected for stem rust resistance to most of the
Pgt-races used in this study. It was reported that resistance to the
Ug99 lineage in the North American durum cultivars is mainly
due to Sr13 alleles that were first identified in durum wheat and
was then transferred to hexaploid wheat (Knott, 1990). However,
in our study we observed variations in the ITs to the Pgt-races. For
instance, the most common resistant I'T to races TTKST, TTKTT,
TKTTE TRTTEF (IT = 0), indicative of Sr8155B1, was much lower
compared to the most common resistant infection type to TTKSK
(IT = 2-) and JRCQC (IT = 22). This suggests that stem rust
genetic architecture in this durum wheat collection is much more
complex and multiple genes/alleles could be identified in this
durum germplasm. In this germplasm, we found that 40% of
the durum genotypes carry Sr13, Sr8155B1, and Sr7b and 30
genotypes (12%) carry large-effect loci identified in this study
including Sr8155B1, Sr13a/Sr13b, Sr7b, QSrdu.2BL, QSrdu.5AL-
1, and QSrdu.6BL-3. This gene/loci combination is critical to keep
in future released durum wheat varieties. The remaining 15 Sr
loci that explained low phenotypic variation or associated with
relatively low MAF need to be first validated before being used in
breeding programs.

Comparative mapping showed that out of the 22 identified
all-stage stem rust resistance loci in this study, four loci
corresponded to cataloged Sr genes/alleles. In addition, eight loci
in this study were mapped close to previously detected stem rust
resistance QTL that were not yet cataloged in wheat. QSrdu.1BL
was also found close to the DArT marker wPt-1876 (26.3 cM)

that was associated with stem rust response in durum wheat
(Letta et al., 2014). The locus QSrdu.2BL (IWB48212, 193.6 cM,
789 Mbp) was mapped close to SSR marker wmc356 (788 Mbp)
that has been found associated with stem rust response in
durum wheat (Letta et al., 2014). Within the genomic regions of
QSrdu.3AL-1 (IWB36155, 90.4 cM, 572 Mbp) and QSrdu.3AL-2
(IWB72044, 177.9 c¢M, 737 Mbp), Letta et al. (2013) identified
two stem rust resistance loci in durum wheat tagged with the
SSR marker wmc428 (93.8 cM, 589 Mbp) and DArt marker (wPt-
8203, 178.3 cM). The locus QSrdu.4AL (IWA4651, 162.4 cM,
719 Mbp) that was associated with response to race JRCQC was
close to the mapping position of Sr7 locus (McIntosh et al., 1995;
Saini et al., 2018) and it is likely Sr7b. We found that 64% of
the durum genotypes carry Sr7b and it is important to keep
it in future released varieties, especially that only few known
genes confer resistance to race JRCQC. Within the genomic
region of QSrdu.4AL (Sr7b), Letta et al. (2014) identified a
locus tagged with the SSR marker barc78 (161.7 cM, 656 Mbp)
associated with response to race JRCQC at seedling stage in
elite durum wheat panel. In the same durum wheat panel, Letta
et al. (2013) identified two MTAs on chromosome arm 4AL
tagged by the DAr'T markers wPt-9196 (157.7 cM) and wPt-0798
(161.7 cM) associated with stem rust response at adult-plant stage
in field trials in Ethiopia. Proximal to the genomic region of
QSrdu.5AL-1, a MTA represented with the SSR marker gwm1570
(134.5 cM) was associated with stem rust seedling response in
durum wheat (Letta et al., 2014). Similarly, the genomic region
near QSrdu.5AL-2 and QSrdu.5AL-3 were found to carry two
stem rust resistance loci tagged with markers gwm126 (191.2 cM)
and gwm291 (205.0 cM) in durum wheat in field trials in Ethiopia
(Letta et al., 2013). On chromosome 5BL and at a close genomic
region to QSrdu.5BL-2, Letta et al. (2014) detected a GWAS hit
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tagged by DArt marker wPt-0566 (191.6 cM) associated with stem
rust seedling response in durum wheat (Letta et al., 2014).

The locus QSrdu.6AS-1 (KASP_6AS_IWBI10558, 0.2 cM,
2 Mbp) that was associated with resistance to race TTKST,
TTKTT, TKTTE and TRTTF was identified in the region of
Sr8155B1. This gene was first identified in the durum wheat line
8155-B1 and known to confer resistance against race TTKST
(Nirmala et al., 2017). The gene Sr8155B1 was later reported in
the durum wheat cultivar ‘Lebsock’ and provided resistance to
race TRTTF (Saini et al., 2018). In our study, we observed that
Sr8155B1 provides resistance to additional Pgt-races TTKTT and
TKTTF. In agreement with Nirmala et al. (2017), we found that
this gene is common in the Midwestern durum wheat with 79%
of the breeding lines and cultivars carrying this gene. Based on
Sr13 diagnostic markers, QSrdu.6AL-2 and QSrdu.6AL-3 were
found to be associated with Sr13 gene/alleles. Sr13 is known to
be common in North American and CIMMYT durum wheat
cultivars (Jin, 2005; Singh et al., 2015) and is present in 84%
of this durum wheat germplasm. Sri3a that confers resistance
to JRCQC is present in only 17% of the durum genotypes in
this study. However, 66% of the genotypes were resistant to
JRCQC. This is most likely explained by the presence of other
genes conferring resistance to JRCQC, e.g., Sr7b. Sr13 gene/allele
CAPS markers used in this study are difficult to be used in high-
throughput genotyping for marker assisted selection. Therefore,
the most significant SNPs in QSrdu.6AL-2 (e.g., IWB69393) and
QSrdu.6AL-3 (e.g., IWB41394) can be converted into KASP or
thermal asymmetric reverse PCR (STARP) markers to postulate
the presence of Sr13 gene and Sr13b allele, respectively.

The locus QSrdu.7BL (IWB17567, 147.0 ¢cM, 675 Mbp) that
was associated with response to race TRTTF is mapped close
to the gene Sr17. The gene Sr17 has been reported in tetraploid
wheat and synthetic bread wheat (Bansal et al., 2008). However,
race TRTTF is virulent to Sr17, therefore QSrdu.7BL is likely
linked to Sr17 or a new allele of Sr17. Close to the genomic
region of QSrdu.7BL, Letta et al. (2013) also reported a stem
rust resistance locus in durum wheat tagged by DArt marker
wPt-8615 (154.0 cM).

CONCLUSION

We investigated the levels of all-stage resistance in durum wheat
genotypes adapted to the Midwest region of the U.S. against six
Pt-races, three Pst-races, and six Pgt-races. Many of the durum
wheat breeding lines and cultivars were susceptible to durum
wheat type Pt isolates, whereas all lines were resistant to the
common wheat type Pt isolate. In contrast to leaf rust, many of
the durum wheat genotypes has high levels of resistance to most
stripe rust and stem rust pathogen races. Association mapping
revealed six leaf rust resistance loci located on chromosomes 2AS,
2AL, 5BS, 6AL, and 6BL. Two of the loci are likely Lr52 and
Lr64, while the remaining four loci are most likely novel. Except
QLrdu.2AS, the identified leaf rust resistance loci were race

specific. For stripe rust, four loci were detected on chromosome
arms 1BS, 5BL, and 7BL. All of these loci did not correspond
to cataloged Yr genes. The loci QYrdu.5BL-1 and QYrdu.7BL
were associated with response to the three U.S. Pst-races used
in this study. For stem rust, 22 resistance loci were detected
on chromosomes 1BL, 2BL, 3AL, 3BL, 4AL, 5AL, 5BL, 6AS,
6AL, 6BL, and 7BL. Seven of these Sr loci had large effect and
high frequencies in this germplasm, thus important to keep
in future released durum wheat varieties. Our results showed
the presence of known Sr genes Sr8155B1, Sr13, and Sr7b that
were found together in 40% of this durum wheat germplasm.
Seventeen Sr loci from this study are not yet cataloged and need
to be validated and further characterized. Five of the identified
stem rust resistance loci (QSrdu.1BL, QSrdu.2BL, QSrdu.5AL-1,
QSrdu.6AS-1, and QSrdu.6BL-3) were associated with response
to more than one race. The novel resistance loci identified in this
study will enhance breeding for rust resistance in durum wheat.
Because it is relatively easy to make crosses between tetraploid
wheat and hexaploid wheat, new rust resistance genes identified
in this durum wheat germplasm could also be transferred to
common wheat. The SNP markers associated with the large-
effect all-stage rust resistance genes/loci in this study can be
converted to KASP or STARP markers for use in marker assisted
breeding. The presence of gene pyramiding that is already present
in this germplasm would be very valuable for breeding for
rust resistance.
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Bananas are an important staple food crop in tropical and subtropical regions in Asia,
sub-Saharan Africa, and Central and South America. The plant is affected by numerous
diseases, with the fungal leaf disease black Sigatoka, caused by Mycosphaerella fijiensis
Morelet [anamorph: Pseudocercospora fijiensis (Morelet) Deighton], considered one of
the most economically important phytosanitary problem. Although the development
of resistant cultivars is recognized as most effective method for long term control of
the disease, the majority of today’s cultivars are susceptible. In order to gain insights
into this pathosystem, this first systematic literature review on the topic is presented.
Utilizing six databases (PubMed Central, Web of Science, Google Academic, Springer,
CAPES and Scopus Journals) searches were performed using pre-established inclusion
and exclusion criteria. From a total of 3,070 published studies examined, 24 were
relevant with regard to the Musa-P fiiensis pathosystem. Relevant papers highlighted
that resistant and susceptible cultivars clearly respond differently to infection by this
pathogen. M. acuminata wild diploids such as Calcutta 4 and other diploid cultivars
can harbor sources of resistance genes, serving as parentals for the generation of
improved diploids and subsequent gene introgression in new cultivars. From the
sequenced reference genome of Musa acuminata, although the function of many genes
in the genome still require validation, on the basis of transcriptome, proteome and
biochemical data, numerous candidate genes and molecules have been identified for
further evaluation through genetic transformation and gene editing approaches. Genes
identified in the resistance response have included those associated with jasmonic acid
and ethylene signaling, transcription factors, phenylpropanoid pathways, antioxidants
and pathogenesis-related proteins. Papers in this study also revealed gene-derived
markers in Musa applicable for downstream application in marker assisted selection.
The information gathered in this review furthers understanding of the immune response
in Musa to the pathogen P, fijiensis and is relevant for genetic improvement programs for
bananas and plantains for control of black Sigatoka.
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INTRODUCTION

Bananas and plantains (Musa spp.) are important commodity
fruit crops in terms of trade and consumption, and represent
the fourth most important staple food worldwide (Weber et al.,
2017). World production in 2018 was ~154.5 million tons, of
which 74% were bananas and 26% plantains, grown over a total
area of 11.3 million hectares (FAOSTAT, 2021).

Although bananas originated in Southwest Asia and the
Western Pacific region, popularity and economic importance
occurred following introduction to Africa, Latin and Central
America and the South Pacific (Valmayor, 2001; De Langhe
et al., 2009). The vast majority of banana and plantain cultivars
originated from hybrids of the two wild diploid species, Musa
acuminata Colla (genome A) and M. balbisiana Colla (genome
B). Such crossings resulted in a series of diploids, triploids and
tetraploids, with genomic groups classified as AA, AB, AAA,
AAB, ABB, AABB, AAAB, and ABBB (Simmonds and Shepherd,
1955).

Banana and plantain production are affected by various
pests and diseases, including bacterial wilt (Addy et al., 2016),
nematodes (Seenivasan, 2017), Fusarium wilt (Dita et al,
2018; Arinaitwe et al, 2019) and yellow and black Sigatoka
diseases (Ferreira et al., 2004; Timm et al, 2016). Black
Sigatoka, caused by the fungus Mycosphaerella fijiensis Morelet
[anamorph: Pseudocercospora fijiensis (Morelet) Deighton], can
result in considerable negative economic impact, affecting both
bananas and plantains across all global growing regions. Whilst
chemical control is considered efficient, problems can arise
from indiscriminate use, where this approach is detrimental to
human health and the environment. Agrochemical-based control
is also expensive (Churchill, 2011), with data indicating ~US$
1,000/ha spent on disease control annually in large plantations,
corresponding to up to 30% of the total production costs
(Churchill, 2011; Alakonya et al., 2018). Another important
factor to be considered with dependency on agrochemicals is
the possible medium- and long-term selection for pathogen
strains acquiring resistance to fungicides, potentially reducing
effectiveness (Churchill, 2011; Chong, 2016; Friesen, 2016;
Rodriguez-Garcia et al., 2016; Oiram-Filho et al., 2019).

Rain splash of asexual conidia and airborne dispersal of
sexual ascospores enable effective spread of P. fijiensis (Churchill,
2011; Rodriguez-Garcia et al, 2016; Alakonya et al., 2018).
The onset of the first symptoms of the disease typically occurs
between 7 and 14 days after contamination, depending on local
environmental conditions. Following fungal penetration of leaf
stomata, colonization of intercellular spaces and subsequent
necrotic damage then decrease the photosynthetic capacity of the
plant, reducing the quantity and quality of fruits (Churchill, 2011;
Alakonya et al., 2018; Cruz-Martin et al., 2018).

Whilst increased understanding of the genetic structure
of pathogen populations and their evolution are important
components to consider in strategies for Musa genetic
improvement and management of the disease (Churchill,
2011), the identification at the molecular level of host genes
related to resistance to P. fijiensis will advance improvement of
banana through both assisted selection and genetic engineering

(Mendoza-Rodriguez, 2014). Our understanding of the innate
immune system in plants has advanced considerably in recent
years, with challenge by pathogen molecules known to activate
host receptor proteins for pathogen recognition. In a first layer
of the immune response, referred to as pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI), or non-
host resistance, host cell surface pattern recognition receptors
(PRRs) (Dangl and Jones, 2001; Monaghan and Zipfel, 2012)
recognize conserved pathogen-associated molecular patterns
(PAMPs) (Jones and Dangl, 2006; Boutrot and Zipfel, 2017)
such as bacterial flagellin and fungal cell wall chitin (Felix
et al., 1999; Wan et al., 2004; Thomma et al., 2011; Zipfel, 2014;
Gong et al, 2020). Plant PRRs, which include receptor-like
kinases (RLKs) and receptor-like proteins (RLPs), generally
contain extracellular domains with a capacity for ligand binding,
transmembrane domains and intracellular domains (Zipfel,
2014). Activation of PRRs following PAMP recognition will
trigger intracellular signaling and plant defense responses
to block pathogen advance in the host. These include reactive
oxygen species (ROS), mitogen-activated protein kinase (MAPK)
cascades and Ca’* signaling influx (Chisholm et al., 2006; Dangl
et al, 2013; Li et al, 2016). Race-specific pathogen effector
proteins, or avirulence (Avr) proteins, when secreted into the
host cell by evolving pathogens, by contrast, can suppress PTI
and result in an effector-triggered susceptibility (ETS) with
subsequent disease (Jones and Dangl, 2006; Boller and Felix,
2009). In a second layer of the plant immunity defense response,
intracellular nucleotide-binding and leucine-rich repeat domain
intracellular resistance receptors (NLRs) recognize directly
or indirectly evolved pathogen effectors, activating effector-
triggered Immunity (ETI) (Jones and Dangl, 2006). As a more
intense response, this again involves calcium ion signaling and
ROS, together with transcriptional reprogramming, changes in
levels of plant hormones salicylic acid (SA) and jasmonic acid
(JA) (Creelman and Mullet, 1995), and the accumulation of
pathogenesis-related (PR) proteins (Gururani et al., 2012). Such
a suite of responses can also involve the signature hypersensitive
response, comprising a programmed and localized host cell
death at the site of infection (Jones and Dangl, 2006; Coll et al.,
2011; Cui et al, 2015), effectively limiting pathogen advance.
Subsequent systemic acquired resistance (SAR) can also occur,
conferring a broad spectrum response in the host that heightens
resistance to any subsequent pathogen attack (Dong, 2001; Spoel
and Dong, 2012).

The pathosystem Musa spp. x P. fijiensis is complex, given the
characteristics of the polyploid host and the morphophysiology
of the hemibiotrophic fungus. To date, there have been few
studies on the biology of this hemibiotroph and the mode
of action of genes involved in the host-pathogen interaction
(Cavalcante et al., 2011; Torres et al., 2012; Mendoza-Rodriguez,
2014; Arango-Isaza et al., 2016). Similarly, although the genus
Musa has been relatively widely studied with regard to molecular
marker development and analysis of genetic diversity, with
whole genome sequences also developed in recent years for
M. acuminata and related species, detailed investigation and
validation of gene function in immune responses in different
Musa-pathogen interactions remains limited (Sun et al., 2009;
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Li et al, 2012; Wang et al,, 2012; Bai et al., 2013; Castafieda
et al.,, 2017). With regard to Musa-Pseudocercospora interactions,
candidate gene discovery has broadly been undertaken through
analysis of gene analogs and through transcriptomics approaches
(Miller et al., 2008, 2011; Emediato et al., 2009, 2013; Portal et al.,
2011; D’ Hont et al., 2012; Passos et al., 2012, 2013; Sulliman et al.,
2012; Timm et al., 2016).

Systematic literature reviews are analyses that gather and
critically evaluate compiled data from previously published
scientific investigations. Such an approach for synthesis of
findings is widely employed in medical fields, enabling, in a single
document, relevant information to be gathered on a specific
topic, for example on a disease or active ingredient in medicines
and potential side effects (Falcomer et al., 2019; Jones et al., 2020).
For Musa spp., there have only been two studies using such a
strategy, with focus on plant physiology associated with water
deficit and on fruit consumption preferences (Santos et al., 2018;
Falcomer et al., 2019).

Accumulation of knowledge on host genetics and genomics,
resistance and defense mechanisms, together with information
on methods and tools employed in development of resistance
to black Sigatoka, is relevant for genetic improvement strategies
for development of resistant cultivars. This systematic review
synthesizes relevant literature published in the last 10 years
on genetic improvement of banana with a focus on black
Sigatoka, to answer the following question: what are the strategies
adopted in genetic improvement that aim to reduce the impact
of black Sigatoka on banana plants? To our knowledge, this
is the first systematic review applied to the Musa spp. x P.
fijiensis pathosystem.

MATERIALS AND METHODS

The systematic review was conducted using the software StArt
(State of the Art through Systematic Review) Beta version. 3.0.3,
developed at the Federal University of Sio Carlos (UFSCar) to
assist in systematic reviewing (Santos et al., 2018). The software
is freely available at http://lapes.dc.ufscar.br/tools/start_tool.
This review consisted of three fundamental steps, summarized
in Figure 1.

Planning

In this step, a defined protocol was followed according to the
following information: article title, authors, objective, keywords,
research questions, research sources, inclusion/exclusion criteria
and definition of study type (https://doi.org/10.5281/zenodo.
4437073). The questions raised in this review are listed in Table 1.

Execution

In order to answer the question of our research, “which strategies
were adopted in genetic breeding to reduce the impact of
black Sigatoka in bananas?” a research strategy of Population
Intervention Comparison Outcome (PICOS), was used (de Costa
Santos et al,, 2007). This strategy guides what the research
question really needs to specify avoiding a less biased answer
(Wright et al., 2007). For its elaboration, these following
questions should be answered:

P-What is the research problem who
the individuals populations?

I-What will be done, or which treatment or intervention
or exposure?

C-Will any action intervention alternative treatment, or in
parallel, be carried out?

O-What is the expected result or outcome?

S-What is the type of study?

The PICOS strategy used in this systematic review is shown
in Table 2.

Searches were conducted in selected databases: CAPES
journals (https://www.periodicos.capes.gov.br), PubMed Central
(https://www.ncbi.nlm.nih.gov/pmc), Google Scholar (https://
scholar.google.com.br), Springer (https://link.springer.com),
Web of Science (http://apps.isiknowledge.com) and Scopus
(https://www.scopus.com). The selected files were imported
in BIBITEX and MEDILINE format compatible with StArt.
Automated searches were made from the themes located in
titles, keywords and summaries. Additional articles of relevance
that were not identified automatically were subsequently
added manually. For all databases, the same search string was
employed, with connectors such as “or” and “and” used to group
synonymous keywords and the main topics. The String employed
was as follows: Musa spp. and bananas or plantains and black
Sigatoka or Mycosphaerella fijiensis or Pseudocercospora fijiensis
and genetic resistance and markers and genes.

or are

Summarization

This step comprised the elaboration of graphs, tables and a word
cloud to summarize the systematic review. All articles that were
selected during the selection and extraction phase were based on
the following inclusion criteria: articles that contained the search
string terms in the title, abstract or keywords; and articles that
answered the protocol questions (Table 1). Criteria for exclusion
were as follows: theses, dissertations, manuals, reports, book
chapters, review articles, articles published in annals of events
and studies without any clear contribution.

During the selection stage, articles imported int