G3, 2024, 14(12), jkae240

https://doi.org/10.1093/g3journal/jkae240
Advance Access Publication Date: 7 October 2024

Plant Genetics and Genomics

G3.:

Genes | Genomes | Genetics

OXFORD

Genotypic variation in winter wheat for fusarium foot rot
and its biocontrol using Clonostachys rosea

Sidhant Chaudhary (®,"* Rosa Margarida Nogueira Ricardo (& ," Mukesh Dubey (@ ," Dan Funck Jensen (® '
Laura Grenville-Briggs (® ,*> Magnus Karlsson (@ '+

"Department of Forest Mycology and Plant Pathology, Swedish University of Agricultural Sciences, Uppsala SE-75007, Sweden
2Department of Plant Protection Biology, Swedish University of Agricultural Sciences, Lomma SE-23422, Sweden

*Corresponding author: Department of Forest Mycology and Plant Pathology, Box 7026, 750 07 Uppsala, Sweden. Email: sidhant.chaudhary@slu.se (S.C.); Department of
Forest Mycology and Plant Pathology, Box 7026, 750 07 Uppsala, Sweden. Email: magnus.karlsson@slu.se (M.K.)

Biological control to manage plant diseases is an environmentally friendly alternative to using chemical pesticides. However, little is
known about the role of genetic variation in plants affecting the efficacy of biological control agents (BCAs). The aim of this study
was to explore the genetic variation in winter wheat for disease susceptibility to fusarium foot rot caused by Fusarium graminearum
and variation in biocontrol efficacy of the fungal BCA Clonostachys rosea to control the disease. In total, 190 winter wheat genotypes
were evaluated under controlled conditions in 2 treatments, i.e. (1) F. graminearum (Fg) and (2) F. graminearum infection on C. ro-
sea-treated seeds (FgCr). Alongside disease severity, plant growth-related traits such as shoot length and root length were also mea-
sured. Comparison of genotypes between the 2 treatments enabled the dissection of genotypic variation for disease resistance and C.
rosea efficacy. The study revealed significant variation among plant genotypes for fusarium foot rot susceptibility and other growth traits
in treatment Fg. Moreover, significant variation in C. rosea efficacy was also observed in genotype contrasts between the 2 treatments for
all traits. Using a 20K marker array, a genome-wide association study was also performed. We identified a total of 18 significant marker—
trait associations for disease resistance and C. rosea efficacy for all the traits. Moreover, the markers associated with disease resistance
and C. rosea efficacy were not co-localized, highlighting the independent inheritance of these traits, which can facilitate simultaneous

selection for cultivar improvement.
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Introduction

Agricultural production relies heavily on the use of chemical pes-
ticides to achieve optimal yields and quality. According to the lat-
est report from the Food and Agriculture Organization of the
United Nations (FAO 2022), pesticide usage has increased by about
50% from 1.2kg/ha in 1990 to 1.8kg/ha in 2020 with a total
amount of active ingredients at 2.7 million tons. The overreliance
of agricultural systems on chemical pesticides has led to negative
environmental impacts such as soil and water contamination, im-
pacting nontargeted plants and animals, and biodiversity losses
(Tudietal. 2021). Moreover, resistance evolution to pesticide appli-
cation in pathogens is a severe problem affecting efficacy and fu-
ture crop security (Gould et al. 2018; Karlsson Green et al. 2020).
Integrated pest management (IPM) approaches to managing pests
and pathogens below economic injury levels using a combination
of sustainable methods offers considerable potential to reduce the
dependence on chemical pesticides in agricultural systems.
Furthermore, the European Union Framework Directive 2009/
128/EC asks all plant production professionals to comply with
IPM principles (European Union 2009; Barzman et al. 2015;
Karlsson Green et al. 2020). One such potential IPM approach is
using biological control methods for pest and pathogen manage-
ment. The use of biological control is specifically recommended

in the European Commission’s proposal for a new regulation on
the sustainable use of plant protection products to reduce the
use of synthetic chemical pesticides by 50% by 2030 as per the
European Green Deal (European Commission 2022).

Biological control, or biocontrol, is defined as the exploitation of
living organisms (biological control agents, BCA) to combat pests
and pathogens, directly or indirectly, to provide human benefits
(Stenberg et al. 2021). There are already numerous bacterial, fun-
gal, oomycete, and viral BCAs that have been isolated, tested, and
successfully commercialized (Collinge et al. 2022). The global mar-
ket for BCAs is continuously growing, with a market value of 5.61
billion USD in 2021 and with a projected market value in 2029 of
18.15 billion USD in 2029, reflecting the demand from various
players involved in plant protection (Fortune Business Insights
2022). The modes of action of BCAs can be classified into 4 categor-
ies: (1) exploitative competition for resources such as oxygen,
carbon, nitrogen, and other vital nutrients, (2) interference com-
petition for space, achieved through antibiosis, where the BCA in-
hibits the pathogen by producing toxic specialized metabolites or
enzymes, (3) hyperparasitism, where the BCA acts as a predator,
preying on the pathogen, (4) induced resistance, involving the in-
direct interaction of a BCA by triggering plant defense mechan-
isms against invading pathogens (Jensen et al. 2017; Collinge

Received on 26 June 2024; accepted on 03 October 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of The Genetics Society of America.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

G20z Aeniga4 g1 Uo Jasn saousiog [einynolby 10 AlsisAlun ysipams Aq €/1182/0vzaeMlz L /v L /aone/jeulnolgb/woo dno-olwapeoe)/:sdiy woll papeojumoc]


https://orcid.org/0009-0004-8656-3724
https://orcid.org/0009-0005-9538-4557
https://orcid.org/0000-0001-7393-366X
https://orcid.org/0000-0002-8855-5283
https://orcid.org/0000-0001-5910-3651
https://orcid.org/0000-0001-6098-138X
mailto:sidhant.chaudhary@slu.se
mailto:magnus.karlsson@slu.se
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/g3journal/jkae240

2 | S.Chaudharyetal

et al. 2022). It is possible for a BCA to exhibit more than one mode
of action against a pathogen and it can vary depending on the
pathogen, plant, and other environmental factors (Jensen et al.
2021).

Clonostachys rosea is one such BCA, which is an ascomycete fun-
gus with a generalist lifestyle including saprotrophism, plant endo-
phytism, and mycoparasitism (Schroers et al. 1999; Jensen et al.
2021). Using C. rosea in augmentative biological control strategies,
where it is released into target areas after mass-rearing, it has
been reported to exhibit biocontrol properties against a multitude
of fungal and oomycete pathogens. Different strategies employed
by C. rosea in interactions with other microorganisms, such as com-
petition for nutrients and space (Sutton et al. 1997), antibiosis (Han
et al. 2020; Saraiva et al. 2020), induction of plant defense responses
(Wang et al. 2019; Kamou et al. 2020), and direct parasitism (Barnett
and Lilly 1962; Jensen et al. 2021), are reported in the literature.
C. rosea strain 1K726 was isolated from barley roots in 1992
(Knudsen et al. 1995), the genome was sequenced in 2015
(Karlsson et al. 2015), and it has been explored in detail for its myco-
parasitism and modes of action. As summarized in Jensen et al.
(2021), C. rosea—mediated biocontrol is observed against a multitude
of pathogens, such as Botrytis cinerea in strawberry, raspberry, rose,
and tomato; Fusarium spp. in tomato, pine, cereals, and pulses;
Plasmodiophora brassicae in Brassicaceae crops; Puccinia spp. in cer-
eals; Zymoseptoria tritici in wheat; Alternaria spp. in tomato, carrot,
and pulses; Pythium spp.; and Phytophthora spp. in various crops.

Plant breeding is another integral part of sustainable agricul-
ture and IPM, offering a sustainable and cost-effective approach
to pest control by enhancing resistance to biotic and abiotic stres-
ses and increasing yield. Breeding efforts for winter wheat in
Europein thelast decades haveled to a steady increase in yield po-
tential and improved resistance to diseases and abiotic stresses
(Voss-Fels et al. 2019; LeiSova-Svobodova et al. 2020; Zetzsche
et al. 2020; Laidig et al. 2021). Among the pathogens in wheat cul-
tivation, Fusarium spp., which are often present as a species com-
plex, are one of the most devastating and economically important
groups of pathogens infecting various plant parts at different
growth stages, causing fusarium foot rot, fusarium root rot, fusar-
ium seedling blight, fusarium crown rot, and fusarium head blight
(Dean et al. 2012; Karlsson et al. 2021). Fusarium graminearum,
Fusarium culmorum, Fusarium avenaceum, and Fusarium poae are
the species with the highest incidence of fusarium head blight in
Europe (Becher et al. 2013). In the last decades, a lot of breeding ef-
forts have been made to identify quantitative trait loci (QTL) for
the management of fusarium head blight across the globe
(Buerstmayr et al. 2020). In addition to causing fusarium head
blight, Fusarium spp. are also economically important pathogens
causing ground-level and below-ground diseases in dry climates
across continents (Kazan and Gardiner 2018). Moreover, with the
changing climate and increasing temperatures in northern
Europe, F. graminearum is also predicted to become more import-
ant in the future (Strandberg et al. 2024). While the understanding
of F. graminearum causing head blight is well-developed, knowl-
edge about its infestation at early stages, leading to blights,
foot rot, and root rot, remains limited (Voss-Fels et al. 2018).
Furthermore, resistance to fusarium head blight does not always
correlate with resistance to fusarium crown rot and fusarium root
rot, which is suggested to be due to differences in host plant resist-
ance (Lietal. 2010; Wanget al. 2015). Therefore, itis essential to ex-
plore the genetic architecture for resistance to F. graminearum
causing ground-level and below-ground diseases.

Alongside resistance genotypes, chemical seed treatment is
used to manage seed-borne and seedling-stage diseases. Seed

treatment with BCAs, instead of chemical pesticides, canbe an en-
vironmentally friendly alternative (Jensen et al. 2000). However, it
has been frequently proposed that the disease control efficacy of
BCAs can be modulated by plant genotype variation (Smith and
Goodman 1999; Stenberg et al. 2015; Kohl et al. 2019; Collinge
et al. 2022). However, these tri-partite interactions among plant
genotypes—-pathogen-BCA have mostly been explored with a lim-
ited number of plant genotypes. Moraga-Suazo et al. (2016) re-
ported a differential response of 2 contrasting Pinus radiata
genotypes toward C. rosea—mediated biocontrol of the pitch canker
pathogen Fusarium circinatum. The study demonstrated the ability
of C. rosea to produce plant genotype-specific induced systemic re-
sistance (ISR). Tucciet al. (2011) also reported differences among 5
tomato genotypes for enhanced ISR against the gray mold patho-
gen B. cinerea using Trichoderma atroviride and Trichoderma harzia-
num. Furthermore, Arkhipov et al. (2023) showed variation
among 6 tomato genotypes toward Phytophthora capsici biocontrol
by Pseudomonas azotoformans, which involved induction of ISR in-
volving a hypersensitive response. Ryan et al. (2004) reported dif-
ferences in the effectiveness of BCAs for potato scab among 5
cultivars in fleld trials. Biocontrol efficacy of Pseudomonas fluores-
cens against Pythium ultimum was also observed to differ among 3
wheat cultivars (Meyer et al. 2010). Furthermore, Rebeka et al.
(2013) revealed significant differences among 50 genotypes for
Fusarium oxysporum compatibility in controlling Striga hermonthica.
In a study by Smith et al. (1999), variation among 61 tomato geno-
types in interacting with disease suppressive bacteria Bacillus cer-
eus is shown against the pathogen Pythium torulosum. Moreover,
differences among plant genotypes were also observed for biosti-
mulation by Trichoderma spp. as shown in sugar beet for plant
dry weight and shoot dry weight (Schmidt et al. 2020) and lentils
for root and shoot development parameters (Prashar and
Vandenberg 2017). These examples show that plant genotypes im-
pact the compatibility between plants and beneficial microorgan-
isms. Therefore, considering plant genetic variation is crucial for
the effective deployment of BCAs. Understanding the genetic ba-
sis of host plant interactions with BCAs offers opportunities to
augment traditional plant breeding for yield and resistance traits
with enhanced compatibility with beneficial microorganisms.

In this study, we hypothesized that wheat genotypes vary in
their susceptibility to F. graminearum causing foot and root rot
and C. rosea-mediated biocontrol efficacy to control the disease.
Specifically, the objectives were to (1) test for plant genotype vari-
ation in 190 winter wheat genotypes for resistance to F. graminear-
um causing foot and root rot; (2) test for plant genotype variation
for C. rosea-induced biocontrol efficacy against fusarium foot and
root rot; and (3) conduct a genome-wide association study (GWAS)
to identify marker-trait associations of fusarium foot and root rot
disease resistance and C. rosea-mediated biocontrol efficacy, and
to determine whether these traits are inherited together or
independently.

Materials and methods
Plant and fungal material

In this study, a total of 190 winter wheat genotypes were used,
which included landraces and cultivars initially obtained from
the Nordic Genetic Resource Center and later multiplied
(Supplementary Table 1). For foot and root rot disease, F. grami-
nearum strain PH1 was used as the pathogen in this study (Trail
and Common 2000). The strain was revived from —80°C glycerol
stock and grown on potato dextrose agar (PDA) media (BD Difco
Laboratories, France) at 20°C in dark conditions. BCA C. rosea
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strain IK726, initially isolated from barley roots in Denmark, was
used (Knudsen et al. 1995). The strain was revived from a glycerol
conidial stock stored at —80°C and grown on PDA media petri
plates at 20°C in dark conditions.

Bioassay setup

Bioassays for F. graminearum foot and root rot and C. rosea biocon-
trol efficacy were conducted in the sand seedling test modified
from the test described previously (Knudsen et al. 1995). In total,
surface sterilized seeds of 190 genotypes were tested for FRR dis-
ease resistance and C. rosea biocontrol efficacy under 2 treat-
ments: (1) Fg (pathogen only) and (2) FgCr (pathogen and BCA C.
rosea). Three seeds were sown per pot (5% 5x 5 cm) in trays of 40
pots. Pathogen inoculation was carried out in both treatments
by placing a 5 mm diameter F. graminearum agar plug equidistant
from seeds in the pot. For the BCA seed coating in the treatment
FgCr, a conidial suspension of C. rosea was made by flooding the
PDA plates with sterile water, followed by filtration through
Miracloth (Merck KGaA, Darmstadt, Germany) to remove mycelia
and growth media. Seed surface coating with C. rosea conidia at
the concentration of 1x 10°cfu/mL (colony forming units per
ml) was performed by shaking the seeds in C. rosea suspension
on a rotary shaker at 120 rpm for 30 min. For treatment Fg, seeds
were shaken as above in sterile water.

To accommodate 190 winter wheat genotypes, the experiment
was conducted in 6 batches, each testing a subset of genotypes.
Within each batch, a randomized complete block design was
used with 5 trays randomly assigned to each treatment (Fg and
FgCr), making 5 biological replicates per genotype. To account
for batch-to-batch variation, 3 check genotypes (Kranich, Stava,
and Festival) were used in all trays of each batch. Trays were
kept in a growth chamber with a photoperiod of 16 h light
(200 umol/m? s) at 20°C and 8 h dark at 16°C. Plants were grown
for 19 days and the germinated seedlings were harvested and eval-
uated for disease symptom scoring on a 0—4 scale with 0.5 incre-
ments, 0=healthy plants with no symptoms and 4=dead
plants, as previously described (Knudsen et al. 1995). Moreover,
shoot and root length (+0.5 cm) were measured and combined
to make plant length (+1 cm).

Phenotypic data analysis

Unadjusted arithmetic means from each pot were used for the
analysis. To estimate the best linear unbiased estimators
(BLUESs) of genotypes in treatments Fg and FgCr, a mixed model
approach using Kenward-Roger’s approximation of the degrees
of freedom was used (Kenward and Roger 1997). The model is as
follows:

Vi =4+ 1+ by + g + G+ (Gt + s

where yj is the BLUE estimate for the y-th trait of the k-th geno-
type in the I-th treatment, p denotes the overall mean; r; is the ef-
fect of the i-th batch, b; the effect of the j-th block nested within
the i-th batch, g, the effect of the k-th genotype, t; the effect of
I-th treatment, (gt), the interaction effect of the k-th genotype
with the I-th treatment, and ¢ the residual term. Batches and
blocks nested within batches were treated as random factors.
Analysis of variance (ANOVA) was performed on the model to
evaluate the significance of various model terms. BLUEs were es-
timated for genotypes in each treatment. Inter-treatment con-
trasts for each genotype were used as estimators for the
biocontrol efficacy effect. To facilitate interpretation, the contrast

direction was Fg-FgCr for disease score, where a positive value in-
dicated disease reduction in C. rosea seed treatment; while the
contrast direction was FgCr-Fg for shoot length, root length, and
plant length, where a positive value indicated length increase
with C. rosea seed treatment. A post-hoc Tukey’s test was per-
formed to test the significance of inter-treatment contrasts, and
false discovery rate-adjusted P-values were used to correct for
multiple testing (Benjamini and Hochberg 1995). Broad-sense her-
itability of traits as H2 after Piepho and Méhring (2007) and H2
after Cullis et al. (2006) was also estimated separately in each
treatment following a reduced version of the above-described
model without any treatment effect and genotype x treatment
interaction effect.

Genome-wide association analysis

A total of 181 out of 190 winter wheat genotypes used in the cur-
rent panel were previously genotyped using a 20K single nucleo-
tide polymorphism (SNP) marker array at TraitGenetics GmbH,
Germany (Odilbekov et al. 2019). A total of 7,360 SNP markers
were retained for the GWAS after filtering out the markers with
>20% missing alleles and <5% minor allele frequency. The re-
maining missing alleles were imputed to the major allele. For
GWAS, a total of 5 different models were used as follows: GLM
(Price et al. 2006), MLM (Yu et al. 2006), MLMM (Segura et al.
2012), FarmCPU (Liu et al. 2016), and BLINK (Huang et al. 2019).
GLM and MLM are single-locus GWAS models, whereas MLMM,
FarmCPU, and BLINK are multiple loci models. To correct for re-
latedness and population structure, the kinship matrix and the
first 17 principal components (explaining 50% variation) were
used as covariates in the analyses. For significant marker-trait as-
sociation, a threshold of negative log (1/number of SNP markers)
was used to overcome the over stringency of the Bonferroni test
threshold (0.05/number of SNP markers) and low sample size
(Yang et al. 2011; Wang et al. 2012). For each significant marker
at the negative log threshold, an allelic level comparison was
made for the phenotypic distribution of the trait using 1-way
ANOVA, followed by a Tukey’s post-hoc test. Heterozygous alleles
with a frequency <5 were dropped prior to the comparisons.

All statistical analyses were performed using the statistical
software R version 4.3.1 “Beagle Scouts” (R Core Team 2023). The
linear mixed model analysis was performed using the package
“Ime4” version 1.1-35.3 (Bates et al. 2015) and its extension
“ImerTest” version 3.1-3 (Kuznetsova et al. 2017). In addition, the
estimation of BLUEs and post-hoc comparisons of individual gen-
otypes between treatments were performed using packages “em-
means” version 1.10.1 (Lenth 2023), “multcomp” version 1.4-25
(Hothorn et al. 2008), and “multcompView” version 0.1-10
(Graves et al. 2023). Genome-wide association analysis was per-
formed using the genome association and prediction integrated
tool (GAPIT) version 3 (Wang and Zhang 2021). “Tidyverse” suite
version 2.0.0 was used for most data processing and visualization
alongside other dependency packages (Wickham et al. 2019).

Candidate gene identification

To search for genes localized at significant SNP marker—trait asso-
clations, a stringent window of + 100 kb was explored. Firstly, the
physical positions of SNP markers were identified by mapping SNP
marker sequences against the Triticum aestivum IWGSC CS RefSeq
v2.1 genome (GCF_018294505.1) using the BLAST algorithm
(Altschul et al. 1990). Genes localized within + 100 kb surrounding
significant SNP markers were filtered using the gene annotation
data available at the National Center for Biotechnology
Information (NCBI) T. aestivum release 100 (2021 October 27th).
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Further description of the genes was performed by searching the
filtered genes in the gene library at NCBL

Results

Performance of wheat genotypes across
treatments

The performance of 190 winter wheat genotypes for fusarium foot
rot and its biocontrol by C. rosea was evaluated in the absence (Fg)
and presence (FgCr) of C. rosea seed treatment. Significant differ-
ences (P<0.001) between treatments were observed for disease
score, plant length, shoot length, and root length (Table 1). On
average, the disease score was reduced by approximately half in
treatment FgCr (1.42 +0.5) in comparison to treatment Fg where
the disease was very high (3.4+0.44) (Fig. 1la, Table 2,
Supplementary Table 2). Similarly, estimates for root length,
shootlength, and total plant length were almost doubled in treat-
ment FgCr with C. rosea seed treatment (Fig. 1c, e, and g, Table 2,
Supplementary Table 2). Heritability estimates for all traits ran-
ged from low to moderate ranging from 0.14 to 0.6 for H3 and
from 0.11 to 0.51 for H2. Heritability estimates were lower in treat-
ment Fg than in FgCr for disease score and shoot length, similar
across treatments for plant height, and higher in treatment Fg
than in FgCr for root length (Table 2). Overall, the 4 traits used
in this study were found in highly significant correlation (R>|
0.85|, P<0.001) among each other (Supplementary Fig. 1). The 3
growth-related traits plant length, shoot length, and root length
were in strong positive correlation with each other. Disease score
was in the overall strong negative correlation with plantlength (R
=-0.92, P<0.001), shoot length (R=-0.91, P<0.001), and root
length (R=-0.87, P < 0.001), emphasizing the impact of disease se-
verity on growth. Particularly, a negative correlation of disease
score was weaker in treatment FgCr for plant length (R=-0.44,
P <0.001), shoot length (R=-0.43, P<0.001), and root length (R
=-0.31, P<0.001), suggesting a variable effect of C. rosea in redu-
cing fusarium foot rot among wheat genotypes along with a vari-
able impact on plant growth (Supplementary Fig. 1).

Intertreatment contrasts for C. rosea efficacy

Significant (P <0.0001) genotype-by-treatment (G x T) interaction
was observed for all the traits, suggesting that the performance
of different genotypes varied significantly across the treatments
(Table 1). Correlations between treatments showed a weak posi-
tive correlation for disease score (R =0.21, P=0.004), a weak nega-
tive correlation for root length (R=-0.18, P=0.016), and no
significant correlation for plant length and shoot length, further

Table 1. ANOVA results from linear mixed model analysis.

highlighting variability in genotype-to-genotype performance
across treatments (Fig. 1b, d, f and h).

Pairwise contrasts between treatments (Fg—FgCr or FgCr-Fg) for
each genotype were used as estimators for C. rosea efficacy, i.e. a
higher difference in genotype performance between treatments re-
flects a greater effect of C. rosea seed treatment. For disease score,
180 genotypes had a significant (P < 0.05) reduction in disease score
in the treatment FgCr ranging from 0.93 to 3.47 with an average re-
duction of 2.05+0.52 (Fig. 2a, Supplementary Table 3). Similarly,
most genotypes had a significant (P < 0.05) increase in plant length
(n=163), shoot length (n = 166), and root length (n=135), reflecting
the overall treatment effect of C. rosea (Fig. 2b-d, Supplementary
Table 3). In treatment FgCr, in the presence of C. rosea, an average
plant length increase of 13.6 +3.72 cm (6.68-23.9 cm), an average
shoot length increase of 9.00 + 2.56 cm (4.37-16.1 cm), and an aver-
age root length increase of 5.03+1.30 cm (2.83-9.4 cm) was ob-
served. Moreover, the above-described C. rosea efficacy estimates
from pairwise contrasts were found in significant (P < 0.001) corre-
lations with the estimates in the treatment Fg for each trait
(Fig. 3). For disease score, a significant moderate positive correlation
(R=0.57, P<0.001) was observed between C. rosea-mediated bio-
control efficacy to reduce disease and disease susceptibility in the
treatment Fg, showing an overall increase in biocontrol efficacy
among susceptible genotypes (Fig. 3a). Similarly, negative correla-
tions between treatment Fg estimates and pairwise contrasts for
C. rosea efficacy for plant length (R=-0.7, P<0.001), shoot length
(R=-0.63, P<0.001), and root length (R=-0.75, P<0.001) show
that plants with poor growth in treatment Fg had a bigger benefit
from C. rosea seed treatment (Fig. 3b-d).

Genome-wide marker-trait associations

Phenotypic estimates for genotypes from both treatments, Fg and
FgCr, and pairwise contrasts for C. rosea efficacy in each trait were
assessed for significant (P <0.00014, after P < 1/n, where n=7,360
is the number of SNP markers retained after filtering) genome-
wide marker-trait associations. A total of 181 genotypes for
treatment-level associations and 180 genotypes for contrasts
had SNP data and phenotypic data and were retained in the ana-
lysis. For disease score, significant marker—trait associations were
observed in treatment Fg on chromosome 1A at 53 cM, 2A at 115-
116 cM, and 4B at 71-73 cM (Fig. 4a). Allele level comparisons at
chromosome 1A show no differences in disease scores, significant
reduction (P <0.05) in disease scores in genotypes with minor al-
leles GG and AA for SNP markers BS00089497_51 and
Kukri_c40121_373, respectively, at chromosome 2A, and also sig-
nificant (P <0.05) reduction in disease scores in genotypes with

Trait Term Sum of squares Mean squares NumDF DenDF F-value P-value P<0.05
Disease score (0—4) G 169.5 0.9 189 1,288.6 1.7 5.8044E-07 *
T 1,707.8 1,707.8 1 1,523.5 3,156.4 0 *
GxT 142.7 0.8 187 1,518.1 1.4 0.00047086 *
Plant length (cm) G 8,845.3 46.8 189 1,448.2 1.7 9.2194E-08 *
T 6,5763.5 65,763.5 1 1,523.9 2,389.3 0 *
GxT 9,729.5 52.0 187 1,518.2 1.9 1.2054E-10 *
Shoot length (cm) G 4,975.7 26.3 189 1,327.0 2.2 1.8173E-15 *
T 29,451.1 29,451.1 1 1,525.0 2,456.3 0 *
GxT 4,333.1 23.2 187 1,517.7 1.9 2.519E-11 *
Root length (cm) G 1,109.8 5.9 189 1,493.6 11 0.12458869
T 7,213.0 7,213.0 1 1,521.6 1,386.3 3.008E-216 *
GxT 1,665.3 8.9 187 1,516.9 1.7 6.4025E-08 *

G, genotype; T, treatment; G x T, genotype x treatment interaction; NumDF, numerator degrees of freedom; DenDF, denominator degrees of freedom; * significance at

P <0.05.

G20z Aeniga4 g1 Uo Jasn saousiog [einynolby 10 AlsisAlun ysipams Aq €/1182/0vzaeMlz L /v L /aone/jeulnolgb/woo dno-olwapeoe)/:sdiy woll papeojumoc]


http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae240#supplementary-data

Wheat genotypic variation for fusarium foot rot biocontrol | 5

a 4 G b
T
GxT*
s 3
1
e
I -
8 2 b
@
H
©
0
0 X=3.4 X=1.42
Fg FgCr
C =0 P d
e
GxT***
§ 20
< -
b= [&)
3 2
z
§
X=9.98 X=22.26
Fg FgCr
e f
15
T
s
<
£ -
Q
5" i
B
o
2
w
5
0
Qs h
10.0
£
s
=
5 78 S
[=4 (=}
3 w
3
&€ 50
25
X=5.2 X=9.27

Fg FQCr

Fig. 1. Comparisons and correlations between 2 treatments Fg (Fusarium
graminearum) and FgCr (F. graminearum and Clonostachys rosea seed
treatment). Box plots show comparison of BLUEs of genotypes in
treatments Fg and FgCr for disease score (a), plant length (c), shoot length
(e), and root length (g). Thick horizontal line in the box represents the
median and black diamond represents the mean estimate of each
treatment. G, T, and G x T annotation summarize the ANOVA results for
genotype effect, treatment effect, and genotype-by-treatment interaction
effect, respectively. **Significance at P < 0.001. Pearson’s correlation
coefficient between treatment Fg and FgCr are shown for disease score (b),
plant length (d), shoot length (f), and root length (h). Dashed vertical and
horizontal lines indicate the mean estimate of the trait in treatment Fg
and FgCr, respectively.

minor alleles TT, GG, and CC for SNP markers BS00096604_51,
RFL_Contig2459 2314, and Ku_c33858_325, respectively, at
chromosome 4B (Supplementary Fig. 2a-f). No significant SNP
marker-trait associations were detected for disease score in treat-
ment FgCr (Fig. 4b), while a significantly associated region was de-
tected for disease score contrast on chromosome 7B at 77-78 cM
(Fig. 4c). Allele level comparisons of all 6 associated SNP markers

(BobWhite_c3564_81, BS00021972_51, Excalibur_rep_c111629_
239, wsnp_Ex_rep_c109138_92064554, BS00010557_51, and wsnp_
Ku_rep_c68953_68153061) for disease score contrast showed a
significant (P<0.05) increase in C. rosea efficacy in genotypes
with minor alleles (Supplementary Fig. 2g-1).

For trait plant length, only one significant SNP marker
(Ra_c956_2318 on chromosome 7A at 228 cM) was significantly as-
sociated with plant length contrast with minor nucleotide T con-
tributing to an increase in plant length due to C. rosea seed
treatment (Supplementary Figs. 2m and 3). However, the same
SNP marker, i.e. Ra_c956_2318 on chromosome 7A at 228 cM,
was significantly associated with shoot length contrast but with
a nonsignificant effect in allelic comparison (Supplementary
Figs. 20 and 4). SNP marker wsnp_Ex_c17914_26681837 on Chr
7D at 139 cM was associated with shoot length in treatment Fg
where allele CC was significantly associated with less shoot length
(Supplementary Figs. 2n and 4). For root length, one significantly
associated region was detected at chromosome 6B at 65cM in
treatment Fg, one significantly associated region at chromosome
7A at 114 cM in treatment FgCr, and no significant association
for root length contrast was observed (Supplementary Figs. 2p-r
and 5).

Candidate gene content in SNP-associated
genomic regions

Within a stringent interval of + 100 kb surrounding significant
SNP marker-trait associations, localized genes were browsed.
Supplementary Table 4 contains all the gene IDs and descriptions
for the localized genes. Briefly, for disease score in treatment Fg, 3
genes were found localized with SNP marker BS00089497_51 at
chromosome 2A, 2 genes were found localized with SNP marker
BS00096604_51 at chromosome 4D, 6 genes were found localized
with SNP marker Excalibur_c7026_2635 at chromosome 1A, 3
genes were found localized with SNP marker Ku_c33858_325 at
chromosome 4B, 10 genes were found localized with SNP marker
Kukri_c40121_373 at chromosome 2A, and 1 gene was found
localized with SNP marker RFL_Contig2459_2314 at chromosome
4B. Besides several genes annotated as encoding uncharacterized
proteins, 2 genes were predicted to encode kinases, 1 gene
was predicted to encode a kinase regulator and 1 gene was pre-
dicted to encode an ethylene-responsive transcription factor
(Supplementary Table 4).

For disease score contrast (Fg-FgCr), 6 SNP markers were in sig-
nificant association at chromosome 7B at 77-78 cM. In total, 6
genes were found localized with SNP marker BobWhite_
c3564_81, 4 genes were found localized with SNP marker
BS00010557_51, 3 genes were found localized with SNP marker
BS00021972_51, 1 gene was found localized with SNP marker
Excalibur_rep_c111629_239, 4 genes were found localized with
SNP marker wsnp_Ex_rep_c109138_92064554, and 3 genes were
found localized with SNP marker wsnp_Ku_rep_c68953_
68153061. Predicted functions of these gene products included
several monooxygenases, transporters, and biosynthesis of sec-
ondary metabolites (Supplementary Table 4).

For plant length contrast and shoot length contrast, 9 genes
were found localized with SNP marker Ra_c956_2318 at chromo-
some 7A. These included 2 genes predicted to encode disease re-
sistance proteins, including a Pik-2-like disease resistance
protein, and 2 genes predicted to encode receptor kinases
(Supplementary Table 4). For shoot length in treatment Fg, 11
genes were found localized with SNP marker wsnp_Ex_c17914_
26681837 at chromosome 7D. For root length in treatment Fg, 8
genes were found localized with SNP marker Kukri_c41694 285 at
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Table 2. Summary statistics of traits across treatments.

Trait Treatment Min Mean SD Median Max H3 H2
Disease score (0-4) Fg 0.54 3.4 0.44 3.49 4.02 0.3 0.22
FgCr 0.07 1.42 0.5 1.39 3.24 0.41 0.32
Plant length (cm) Fg 2.66 9.98 3.3 9.61 24.97 0.45 0.36
FgCr 10.86 22.26 3.46 22.57 29.29 0.44 0.36
Shoot length (cm) Fg 0.83 479 2.28 4.48 14.07 0.47 0.37
FgCr 4.07 13.02 2.52 13.05 18.76 0.6 0.51
Root length (cm) Fg 151 5.2 1.23 5.2 10.82 0.36 0.28
FgCr 4.88 9.27 1.35 9.37 12.27 0.14 0.11

SD, standard deviation; H3, heritability (Piepho and M&hring 2007); H, heritability (Cullis et al. 2006).

chromosome 6B, and 3 genes were found localized with SNP
marker Tdurum_contig15235_951 at chromosome 6B. Moreover,
for root length in treatment FgCr, 5 genes were found localized
with SNP marker Excalibur_rep_c101407_222 at chromosome 7A
(Supplementary Table 4).

Discussion

In this study, we report genome-wide association analyses of 190
winter wheat genotypes from northern Europe for fusarium foot
rot susceptibility and its biocontrol efficacy using C. rosea. The
same panel of genotypes has previously been explored for genetic
variation for resistance to abiotic stress, such as freezing and win-
ter hardiness (Vaitkevic¢iute et al. 2023) and drought tolerance
(Kumar et al. 2020); and to biotic stress, including powdery mildew
(Hysing et al. 2007; Alemu et al. 2021), leaf rust (Hysing et al. 2007),
yellow rust (Koc et al. 2022), fusarium head blight (Zakieh et al.
2021), and septoria tritici blotch (Odilbekov et al. 2019).
Moreover, this panel has been screened for biocontrol efficacy of
septoria tritici blotch by C. rosea (Chaudhary et al. 2024). Here,
we show that this panel also serves as a resource for resistance
to fusarium foot rot and biocontrol efficacy with C. rosea.

We observed significant variation among 190 wheat genotypes
for susceptibility to fusarium foot rot caused by F. graminearum in
the only pathogen treatment. The sand-based bioassay used in
this study offers a cost-effective and efficient alternative to field
testing for exploring disease severity to fusarium foot rot, as a
high correlation (R=0.94, P<0.001) between growth chamber
sand bioassay and field conditions were observed for F. culmorum
disease severity in wheat and barley genotypes (Knudsen et al.
1995; Jensen et al. 2000). Overall, the genotypes showed a high sus-
ceptibility to F. graminearum which has been observed in some
other works too. Shi et al. (2020) observed more than 80% of tested
genotypes grouped in susceptible and highly susceptible categor-
ies for seedling stage rotting caused by Fusarium pseudograminear-
um. Voss-Fels et al. (2018) also observed a high stem discoloration,
a metric used to evaluate disease severity caused by F. graminear-
um, in half of 215 tested wheat genotypes. This suggests that the
current tested material might not offer full resistance to F. grami-
nearum foot rot and might only possess partial resistance with the
ability to have reduced symptom development. Kazan and
Gardiner (2018) also highlighted the lack of full resistance to fu-
sarium crown rot caused by F. pseudograminearum. Disease sever-
ity was also found to have a strong negative correlation with
other growth-related traits in the study, showing a direct impact
on stunting of plant growth and development.

Only a handful of studies have been conducted for Fusarium
spp.—related ground-level and below-ground diseases in wheat (Li
et al. 2010; Voss-Fels et al. 2018; Liu et al. 2021; Malosetti et al.
2021). In this study, genome-wide associations revealed significant

marker—trait associations for disease score, shoot length, and root
length. The SNP marker associations identified at chromosomes
1A, 2A, and 4B for disease score are different from previously iden-
tified SNPs in the above-mentioned studies, indicating different
genes segregating in the current winter wheat population.
Moreover, a significant marker-trait association at chromosome
7D for shoot length and 6B for root length in the presence of patho-
gen captures segregation at additional locations in the wheat gen-
ome. The allelic differences at these markers reveal a significant
improvement for growth-related traits and a significant reduction
in disease severity, showing the potential for improvement in future
breeding programs.

The correlation between resistance to ground-level and below-
ground diseases caused by Fusarium spp. and resistance to fusar-
ium head blight has been explored previously. Wang et al. (2015,
2018) demonstrated a lack of correlation between resistance to fu-
sarium root rot and fusarium head blight and suggested different
resistance genes. Similarly, Li et al. (2010) observed a very weak
correlation (R=-0.06-0.27) between fusarium head blight and
crown rot severities. Interestingly, Liu et al. (2021) observed a sig-
nificant negative correlation (R =-0.263, P<0.01) between fusar-
ium head blight and fusarium seedling blight lesion length.
Comparing the results of disease scores from this study to previ-
ously conducted FHB using the same panel of winter wheat geno-
types (Zakieh et al. 2021), we observed no significant correlation (R
=0.11, P=0.16, not shown), indicating a different set of resistance
genes segregating for Fusarium spp.—related disease at seedling
stage and flowering stage. This is also further highlighted at the
genome-wide level with different regions segregating for disease
severity for fusarium foot rot and fusarium head blight between
the 2 studies. We note that Zakieh et al. (2021) used a mix of 6 F.
graminearum and 3 F. culmorum strains for head infection, while
we employed a single F. graminearum strain in the current study,
which may account for some of the variation. However, as sug-
gested before (Li et al. 2010; Liu et al. 2021), it is important to
have separate screening programs to select for resistance to vari-
ous Fusarium spp. diseases.

One of the main aims of this study was to explore the genetic
variation in winter wheat genotypes for the biocontrol efficacy
of C. rosea in controlling fusarium foot rot. Several previous stud-
ies have demonstrated plant-genotype-specific modulation of bio-
control efficacy in various BCA-pathogen interactions, although
these studies typically involved limited number of plant geno-
types (Smith et al. 1999; Ryan et al. 2004; Meyer et al. 2010; Tucci
et al. 2011; Rebeka et al. 2013; Moraga-Suazo et al. 2016; Arkhipov
et al. 2023). This report, alongside our previous work studying
plant genotype effects for biocontrol efficacy of C. rosea against
septoria tritici blotch (Chaudhary et al. 2024), is the exploration
of the largest number of plant genotypes for these 3-way interac-
tions among plant, pathogen, and BCA. We observed significant
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Fig. 2. Inter-treatment pairwise contrasts estimates for traits disease score (a), plant length (b), shoot length (c), and root length (d). Inter—treatment
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Fgand FgCr and error bars represent 95% confidence intervals for each genotype. Points with 95% confidence interval overlapping the horizontal line at 0

represent non-significant inter-treatment pairwise contrast.

variation among plant genotypes for the biocontrol efficacy of
C. rosea to control fusarium foot rot. Clonostachys rosea is very suc-
cessful in controlling Fusarium spp. diseases at various plant
stages in wheat (Knudsen et al. 1995; Jensen et al. 2000; Roberti
et al. 2008; Xue et al. 2009; Gimeno et al. 2021; Abaya et al. 2023).
However, by identifying the genetic basis in plants for interactions
with beneficial microorganisms, the efficacy to reduce the disease

can be further enhanced. Due to the large-scale screening of plant
genotypes, it was possible to explore the genomic-level segrega-
tion among wheat genotypes for biocontrol efficacy. We identified
a region at chromosome 7B which is significantly associated with
segregation for C. rosea biocontrol efficacy and another region on
chromosome 7A segregating with C. rosea efficacy for shoot length
and plant length, suggesting different underlying mechanisms for
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these traits. Interestingly, association mapping of C. rosea—
mediated biocontrol efficacy of septoria leaf blotch disease in
the same winter wheat collection identified 2 distinct segregating
regions on chromosomes 1D and 6B (Chaudhary et al. 2024). This
shows that plant genotype-mediated biocontrol efficacy can be
specific to different pathogens (F. graminearum or Z. tritici) and/or
different plant organs (head or roots).

No overlapping Fusarium disease trait associations on chromo-
some 7B at 77-78 cM are reported in the literature. However, 2
studies using linkage maps reported FHB-related QTLs upstream
at 53-66 cM (Eckard et al. 2015) and downstream at 92 cM (Wang
et al. 2023) of the region identified in this study. It should be noted
that linkage maps are population-specific, and thus, it is uncertain
whether these QTLs are localized within the genomic region identi-
fied in this study. The genomic region associated with C. rosea bio-
control efficacy on chromosome 7B contained genes predicted to
encode various monooxygenases, transporters, and biosynthesis
of secondary metabolites. Specifically, a detoxification protein,
Detoxification 16-like, belonging to the multidrug and toxic com-
pound extrusion (MATE) transporter family was located in the

region. The MATE family is a large multigene family in plants,
where the proteins are involved in detoxification of toxic com-
pounds, heavy metals, and disease resistance (Sun et al. 2011;
Takanashi et al. 2014; Watanabe et al. 2022). Moreover, 3 different
cytochrome P450 (CYPs) encoding genes were located in this region.
CYP75B4-like is putatively involved in flavonoid biosynthesis,
whereas CYP19-4-like and CYP28 encode for cyclophilin which are
involved in protein folding, cell signaling, and also plays a role in im-
munosuppression in vertebrates and yeast (He et al. 2004; Wang and
Heitman 2005).

The region on chromosome 7A contained a gene predicted to
encode a Pik-2-like disease resistance protein. Pik-2-like disease
resistance proteins belong to a known R protein type demon-
strated to induce a hypersensitive response in plants to restrict
pathogen growth (Ashikawa et al. 2008). Interestingly, 2 different
Pik-2-like disease resistance protein paralogs are presentin a gen-
omic region on chromosome 1D in the same wheat collection, seg-
regating with C. rosea-mediated biocontrol efficacy of septoria leaf
blotch (Chaudhary et al. 2024). The presence of Pik-2-like disease
resistance protein genes in different regions segregating with
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biocontrol efficacy may suggest the ability of wheat genotypes to
recognize microbe-associated molecular patterns or microbial ef-
fectors and subsequently induce pattern-triggered immunity or
effector-triggered immunity to partially contribute to the BCA

compatibility trait (Jones and Dangl 2006; Kohl et al. 2019; Jensen
et al. 2021).

It must be emphasized that plant disease resistance must act
as the first line of defense in an integrated disease management
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approach. Therefore, any further manipulation in cultivar devel-
opment, such as BCA compatibility breeding, should not come
at the cost of undermining disease resistance. In our study, we ob-
served a significant positive correlation between disease suscepti-
bility and plant genotype-dependent C. rosea biocontrol efficacy,
highlighting the better performance of C. rosea as a BCA in more
susceptible genotypes. Smith et al. (1999) also observed a similar
trend where better disease suppression by the BCA B. cereus was
found in less resistant tomato genotypes toward P. torulosum.
The positive relationship observed between increased disease sus-
ceptibility and improved biocontrol efficacy can be attributed to
the greater opportunity for disease reduction when higher patho-
gen loads are present. The correlation is also rather moderate and,
therefore, it is possible to select genotypes with lower susceptibil-
ity and higher biocontrol efficacy from the population. Moreover,
techniques such as GWAS can help in dissecting the traits and
break negative linkages, if any, and aid in more precise selection
of traits for cultivar improvement. We identified independent as-
sociations for disease resistance and C. rosea biocontrol efficacy,
highlighting the potential for simultaneous breeding for resist-
ance to fusarium foot rot and biocontrol efficacy of C. rosea in
managing the disease.
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