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Abstract

Fusarium head blight (FHB; caused by Fusarium graminearum) is a destructive dis-

ease of wheat (Triticum spp.), barley (Hordeum vulgare), rye (Secale cereale L.),

and triticale (×Triticosecale Wittmack) not only reducing their yield but also con-

taminating the grain with mycotoxins such as deoxynivalenol (DON). Developing

varieties with genetic resistance is integral to successfully manage FHB. Triticale

acreage worldwide is steadily increasing. However, the genetic diversity of triticale

for FHB resistance is not well characterized. In the present study, a sequential screen-

ing of a set of winter triticale accessions from a global collection was done for their

type-2 FHB resistance and DON accumulation. In the first-year screening, 298 triti-

cale accessions were tested for FHB in an artificially inoculated, misted-field nursery

with high inoculum density. Most of the triticale accessions were susceptible to FHB,

and only 8% of the accessions showed resistance in the field nursery screening. Next,

the 24 resistant accessions identified in the nursery screening were tested for 2 years

in greenhouse and 17 accessions showed significantly lower FHB severity in Year 2

and/or Year 3. These 17 resistant accessions were further tested for their FHB sever-

ity and DON accumulation in Year 4 in greenhouse and for DON accumulation in

Year 5 in the field FHB nursery. Eight accessions showed significantly lower FHB

severity and nine accessions showed DON accumulation of less than 1 mg/kg in Year

4 greenhouse testing. Eleven accessions had significantly lower DON concentration

than the susceptible check in the Year 5 field screening. The resistant accessions com-

mon across all years identified in the study can be used for enhancing FHB resistance

and reducing DON accumulation in triticale breeding programs.

Abbreviations: DI, disease incidence; DON, deoxynivalenol; DS, disease severity; FHB, Fusarium head blight; NSGC, National Small Grains Collection;

PDA, potato dextrose agar.
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1 INTRODUCTION

Triticale (×Triticosecale Wittmack) is a man-made cereal

crop developed by hybridizing wheat (Triticum spp.) and rye

(Secale cereale L.). It combines the superior grain quality

and high yield potential of wheat with resistance to abiotic

and biotic factors of rye (Mergoum et al., 2009; Oettler et al.,

1991). European countries have spearheaded the development

and breeding of triticale to adapt it to diverse environments

and soil conditions (Randhawa et al., 2015). With more than

92% of world9s triticale being grown in Europe, Poland, Ger-

many, France, and Belarus are the top producer countries

of triticale (FAOSTAT, 2024). The first improved commer-

cial triticale cultivar was released in Hungary in 1968 (Blum,

2014). In North America, triticale breeding started at the Uni-

versity of Manitoba in 1954, and the first cultivar 8Rosner9,

was released in 1969 (Larter et al., 1970). According to the

data from the Farm Service Agency, USDA, ∼0.18 million ha

was under triticale cultivation in the United States in 2012,

whereas in 2015, this acreage increased to ∼0.31 million ha.

Further, in 2022, ∼0.52 million ha of land in the United

States was under triticale cultivation. This increased cultiva-

tion demonstrates the constantly increasing production and

popularity of triticale in the United States. Triticale is being

used as a superior forage crop because of its high biomass

yield, high protein content, high digestibility coefficient, and

good amino acid profile (Ayalew et al., 2018). Triticale has

also gained popularity as a cover crop because of its high

nitrogen use efficiency and biotic and abiotic stress toler-

ance, providing it an advantage in nutrient-poor soils over

traditional cereal crops (Ayalew et al., 2018; Blum, 2014;

Ketterings et al., 2015).

Fusarium head blight (FHB), caused by Fusarium gramin-

earum in the United States, is a major disease of wheat

and barley (Hordeum vulgare) (McMullen et al., 2012). In

addition to causing direct yield losses worth millions of dol-

lars annually, FHB also contaminates grain with associated

mycotoxins such as deoxynivalenol (DON) and nivalenol

(Goswami & Kistler, 2004; McMullen et al., 2012). These

mycotoxins are potent protein-synthesis inhibitors, and symp-

toms associated with their intake in humans include headache,

fever, emesis, diarrhea, and loss of appetite (D9Mello et al.,

1999; Pestka, 2010; Pestka & Smolinski, 2005). In animals,

it leads to reduced feeding, poor growth, lower egg produc-

tion, reduced carcass quality, poor fertility and hatchability of

eggs, and immunosuppression (Bryden, 2012; Pestka, 2010).

Genetic resistance is one of the major strategies of manag-

ing FHB and DON accumulation in wheat and barley (Bai &

Shaner, 2004; McMullen et al., 2012).

Genetic resistance against FHB is quantitative, and more

than 550 quantitative trait loci with varying effects on FHB

severity and DON concentration have been reported in wheat

(Steiner et al., 2017; Venske et al., 2019). Several wheat

Core Ideas

∙ A set of 298 triticale accessions was sequentially

tested for FHB severity and DON content over

multiple years.

∙ Only 2% of the accessions were found to be resis-

tant and with low DON content across all the

years.

∙ The robustly characterized accessions with low

FHB severity and DON content can be used as

sources of resistance.

varieties with at least some level of effective resistance are

available in all the wheat-growing regions of the world (Singh

et al., 2023; Steiner et al., 2017; Venske et al., 2019). Triticale,

being a synthetic crop developed by combining wheat and rye,

is expected to be susceptible to FHB and DON accumula-

tion (Arseniuk et al., 1999; Góral et al., 2016; Veitch et al.,

2008; Yi et al., 2018). Veitch et al. (2008) analyzed seven

winter-type and five spring-type triticale varieties in multi-

year and multi-site tests and found them to have higher FHB

susceptibility and DON concentration than the wheat checks.

Similarly, Góral et al. (2016) analyzed 32 winter triticale

and 34 winter wheat accessions and found that FHB sever-

ity and Fusarium damaged kernel percentages were lower for

triticale, whereas DON concentration was higher in triticale

than wheat. However, all these experiments have screened

a relatively small number of local lines, not providing a

clear information on the frequency of FHB genetic resistance

among larger, more diverse collections of triticale.

In the present study, we performed a sequential screening

for type-2 FHB resistance (resistance against fungal spread

within spike) of a large set of diverse hexaploid winter-

type triticale collection comprised of 298 accessions. This

triticale panel has previously been shown to contain large

genetic diversity using genotyping-by-sequencing and pop-

ulation structure analyses (Ayalew et al., 2021). First tier

screening was done under high FHB pressure misted nursery

field conditions for severity. Field studies for FHB evalua-

tion involve considerable genotype× environment interaction,

making it difficult to analyze the effectiveness of genetic

resistance (Meidaner et al., 2001; Yi et al., 2018). There-

fore, the lines showing a high level of type-2 resistance

selected from the field screening were tested in greenhouse

conditions for FHB severity over 2 years. Subsequently, an

elite set of highly resistant triticale accessions were tested

in greenhouse in Year 4 for their FHB severity and DON

accumulation. Finally, in Year 5, the selected accessions were

tested for their DON concentration in the artificially inocu-

lated misted nursery. The accessions showing consistently low
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FHB severity and DON concentration can be used as robust

sources of FHB genetic resistance in triticale breeding. In

addition, these sources could also be used for wheat and barley

improvement.

2 METHODS

2.1 Field testing

2.1.1 Plant material and experimental
design for Year 1, and Year 5 field testing

Experiments were conducted at the Beltsville Research Farm

Facility of the University of Maryland (−76.833195 long.,

39.011599 lat.) during the planting season of 2017–2018

in Year 1 and 2021–2022 in Year 5. In Year 1, a set of

298 diverse winter-type hexaploid triticale accessions was

obtained from the National Small Grains Collection (NSGC)

Repository, Aberdeen, ID, USA. Fifty seeds of each accession

were planted in 120 cm (4 feet) long single rows. Plant height

and flowering times were recorded for each line. In Year 5, the

selected accessions from greenhouse testing (from Years 2, 3,

4) were planted in three replications in a randomized complete

block design. All field experiments were conducted on no-

till plots with corn-stubble from previous growing cycles to

ensure a high inoculum load for infection of the plants, as crop

residues are known to enhance FHB in wheat (Dill-Macky &

Jones, 2000).

2.1.2 Fungal inoculation for field testing

Three F. graminearum isolates collected from Maryland (one

each from Clarksville, Beltsville, and Wye farm locations in

the state) were used for generating corn-spawn inoculum for

field. Corn (Zea mays) kernels inoculated with fungal plugs

from 50% glycerol stocks were cultured on potato dextrose

agar (PDA) plates for each isolate and grown at room tem-

perature. Maize kernels (6–7 kg) were rinsed with water and

autoclaved twice for 30 min with each autoclave cycle. One

week after starting fungal cultures, each corn tray was inoc-

ulated with cultures from the 3 PDA plates using 150 mL

of autoclaved water containing 0.2 g of streptomycin sul-

fate to prevent bacterial contamination. Inoculated trays were

covered with aluminum foil and incubated at room tempera-

ture for 2.5 weeks. Fungal growth was monitored at weekly

intervals by observing pink pigmentation and white mycelial

growth. After 2.5 weeks, the inoculum was transferred to

autoclaved burlap sacks to half of their capacity and then

dried for 1 week at 35˚C (Gilbert & Woods et al., 2006).

At the tillering stage the corn–spawn inoculum was manu-

ally spread in the field at an application rate of 40 g inoculum

per m2. High humidity was maintained at the inoculated site

by daily misting the field overnight for 5 min every hour

from 9 p.m. to 6 a.m. until the latest flowering line reached

anthesis, after which the misting was stopped (Chhabra et al.,

2021a).

2.1.3 Field FHB index data

Disease incidence (DI) and severity (DS) were evaluated

as indicators of FHB spread. Readings were taken 25 days

after anthesis for each line. Twenty spikes per row were ran-

domly selected for phenotyping. DI was calculated by visually

assessing the percentage of spikes infected in a whole row. DS

was calculated by taking the average of number of diseased

spikelets per spike. Diseased spikelets looked prematurely

bleached whereas healthy spikes were still green. FHB index

was calculated as a product of DI and DS divided by 100.

Lines were classified into different FHB response groups

based on their FHB index. On the basis of FHB index scores,

a subset of 24 lines was selected for further testing for type-2

resistance in the greenhouse in 2018 and 2019. FHB index up

to 10% was chosen as the criterion for selection.

2.2 Greenhouse testing

2.2.1 Greenhouse planting

Seeds of the selected 24 accessions plus a susceptible check

from field testing were planted in the greenhouse in 2018

and 2019. In 2020, a smaller subset of selected 17 lines were

planted to analyze FHB severity and DON accumulation. In

each year, three plants per accession were grown in individual

15 cm pots (1 plant/pot) and vernalized for 6 weeks at 4˚C.

Following vernalization, plants were transferred to a green-

house with a day temperature of 23–25˚C, a night temperature

of 16–18˚C, and 16 h of light and 8 h of darkness.

2.2.2 Fungal inoculum preparation

F. graminearum isolate GZ3639, known for its strong viru-

lence (Chhabra et al., 2021b; Rawat et al., 2016), was used

for all the greenhouse experiments. For macroconidial pro-

duction, 2 plugs of potato dextrose agar mycelial culture of

the fungus were inoculated in Mung bean broth, which was

shaken at 200 rpm at 28˚C for 7–10 days. Macroconidia were

counted on a hemocytometer and inoculum was prepared by

diluting the culture to a concentration of 1 × 105 spores/mL

using sterile water.
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2.2.3 Inoculation and FHB severity
measurement

Inoculations were performed at pre-anthesis stage on spikes,

which was about 2 days prior to anthers emerging out of

the spikes. The 10th and 11th spikelets (counted from the

base of the spikes) were marked with a black Sharpie marker,

and 10 μL macroconidial inoculum was injected between the

lemma and palea of the florets (1 floret/spikelet), avoiding

injury to any other part of the florets. Spikes were covered

with moisture-saturated zip lock bags for 72 h to provide high

humidity for optimal fungal growth (Chhabra et al., 2024).

For each genotype, 8–10 spikes were tested in each experi-

ment. Phenotyping was done 28 days after inoculation. FHB

severity was calculated by dividing the number of bleached

spikelets downward from the point of inoculation by 10 and

multiplying by 100.

2.3 DON concentration measurement

DON concentration of seeds was measured by gas chromatog-

raphy/mass spectrometry following Mirocha et al. (1998).

Seeds from infected spikes from all the three plants of each

accession were manually threshed, bulked, and divided into

three technical replicates. Briefly, 1 g of ground samples were

extracted with 12 mL of acetonitrile/water (84/16, v/v) in 15-

mL centrifuge tubes. Each sample was placed on a shaker for

24 h, and then 4 mL of the extract was passed through a col-

umn packed with C18 and aluminum oxide (1/3, w/w). Two

milliliter of the filtrate was evaporated to dryness under nitro-

gen at room temperature, and 70 μL of Trimethylsilyl (TMS)

reagent (TMSI/TMCS, 100/1) was added to the vial, rotating

the vial so that the reagent made contact with residue on the

sides of the vial. N-trimethylsilylimidazole (TMSI, ≥ 98.0%)

and trimethylchlorosilane (TMCS, ≥ 99.0%) were purchased

from Sigma-Aldrich. The vial was placed on a shaker for

10 min, and then 700 μL of isooctane containing 0.5 μg/mL

mirex was added and shaken gently. High-performance liq-

uid chromatography water (700 μL) was added to quench the

reaction, and the vial was vortexed so that the milky isooctane

layer becomes transparent. The upper layer was transferred

into a gas chromatography vial for gas chromatography/mass

spectrometry analysis. All samples were analyzed on the Shi-

madzu GCMS-QP2020 gas chromatograph-mass spectrome-

ter (Shimadzu Corp.). An Agilent J&W DB-5MS capillary

column (0.25-μm film thickness, 0.25 mm i.d., and 30 m

length) was used to separate compounds. A high-pressure

injection method (300.0 kPa, 1.00 min) was used in the split-

less injection system. Linear velocity of flow control mode

(40.1 cm/s) was used with the following temperature program:

150˚C for 1 min and then 30˚C/min to 280˚C holding 4 min.

The injection, ion source, and interface temperatures were

kept at 240, 250, and 280˚C, respectively. Injection volume

was 1 μL. Selected ion monitoring mode was used to detect the

characteristic ions of DON with fragment ions of m/z 235.10

as target ion and 259.10 and 422.10 as reference ions.

2.4 Statistical analysis

Analysis was done in R (version R x64 3.6.3) and R Stu-

dio, employing the lme4, lmer, car, and ggplot2 packages.

Experiments in Years 2, 3, and 4 were conducted in a

completely randomized design, treating each spike as an indi-

vidual replicate. In Year 5, the selected accessions from

greenhouse testing (from Years 2, 3, 4) were planted in three

replications in a randomized complete block design. Before

analysis, assessments were conducted to ensure the data met

the assumptions of normality and homogeneity of variance.

A mixed-model ANOVA (Type-3) was conducted for the

2018 and 2019 FHB severity data, considering accessions

as a fixed effect and year as a random effect. In contrast,

one-way ANOVA (Type-3) analyses were performed for the

2020 FHB severity and DON concentration data, and two-way

ANOVA was performed for 2022 DON concentration data

from the field.

To address non-normalized FHB severity data, log10 trans-

formation was applied, and square root transformation was

used for the DON concentration data. Pair-wise comparisons

between the susceptible check (PI 414968) and other selected

accessions were done using Dunnett test at 95% confidence

interval.

3 RESULTS

3.1 Evaluation of FHB index, plant height,
and flowering times

A wide range of diversity for FHB indices was observed

among the 298 winter-type accessions screened in Fusarium-

inoculated corn-spawn misted nursery field conditions.

Disease index among the accessions varied from 3% to 100%,

showing maintenance of very high-disease pressure condi-

tions in the nursery and a wide range of variation present

in the triticale panel. The accessions were divided into four

groups: resistant (group-1: 0–10% FHB index), moderately

resistant (group-2: 10–40% FHB index), moderately suscepti-

ble (group-3: 40–70% FHB index), and susceptible (group-4:

70–100% FHB index). With 24 accessions classified in

group-1, the resistant group was the smallest among all the

four groups. Group-2, -3, and -4 contained 74, 122, and 78

accessions, respectively. The 24 lines from group-1 with the
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F I G U R E 1 Fusarium head blight (FHB) severity (%) of selected

24 accessions and susceptible control PI 414968 tested in the

greenhouse in 2018 and 2019. Error bars represent standard error. 8*9

indicates significant difference from control at α = 0.05. NSGC,

National Small Grains Collection.

lowest FHB index in field testing in 2017 were selected for

further greenhouse testing in 2018 and 2019. Susceptible

accession PI 414968 with a disease index of 100% was used as

a susceptible check in all the greenhouse experiments. Plant

height of the 298 accessions showed a wide distribution rang-

ing from 54 cm to 174 cm, and flowering times ranged from

187 days to 220 days after planting (Supplementary Table

1). In the present work, FHB severity was not found to be

correlated to plant height in the panel (r = −0.1). The height

of the selected 24 accessions ranged from 75 to 142 cm, and

flowering times of the selected set varied from 187 days to

210 days after planting, indicating the absence of association

of FHB index with plant height or flowering times.

3.2 Greenhouse evaluation of FHB severity
in selected resistant lines in 2018 and 2019

In greenhouse conditions, the selected resistant accessions

showed a wide range of FHB severity (Figure 1). A mixed-

model ANOVA revealed a significant genotype effect at

p < 0.001. Susceptible check triticale accession PI 414968

showed an average disease severity of 100%. Seventeen acces-

sions (PI 611721, PI 428911, PI 381434, CIxt 93, CIxt 85,

PI 388663, PI 591863, PI 434716, CIxt 104-1, PI 388676,

PI 587403, PI 611789, PI 611800, Clxt 7, Clxt 82, Clxt 104,

and PI 542566) showed significantly lower FHB severity than

the susceptible check PI 414968. DON concentration accu-

mulation was not measured in 2018 or 2019. A final set of

17 accessions and susceptible control PI 414968 was selected

for final evaluation of FHB severity and DON concentra-

tion accumulation in 2020 in greenhouse and in 2022 in field

inoculated nursery.

T A B L E 1 Analysis of variance of Fusarium head blight (FHB)

severity and deoxynivalenol (DON) concentration for the selected 17

accessions in 2020 greenhouse testing.

FHB severity DON concentration

F value p-value F value p-value

NSGC Accession

number

7.67 1.23e−13 5.63 6.75e−06

Abbreviation: NSGC, National Small Grains Collection.

F I G U R E 2 Fusarium head blight (FHB) severity of the set of

selected 17 accessions and susceptible control PI 414968 tested in the

greenhouse in 2020. 8*9 indicates significant difference from control for

FHB severity at α = 0.05. Error bars indicate standard error. NSGC,

National Small Grains Collection.

3.3 Greenhouse evaluation of FHB severity
and DON concentration of final selected set in
2020

A one-way ANOVA for FHB severity of the selected 17

accessions and susceptible check PI 414968 tested under

greenhouse conditions revealed a significant genotypic effect

at p < 0.001 (Table 1). Eight accessions (PI 587403, CIxt

7, CIxt 93, PI 388663, PI 428911, PI 434716, PI 388676,

PI 611789) showed significantly lower mean FHB severity

than the susceptible check which showed a 100% average

FHB severity (Figure 2). Other accessions had numeri-

cally lower, but statistically similar mean FHB severity to

control.

ANOVA for DON concentration in the 2020 greenhouse

test showed a significant genotypic effect at p < 0.001

(Table 1). Since PI 414968 was highly susceptible, sufficient

seed sample weight could not be arranged for DON testing of

the check from this set. DON concentration in the analyzed

samples ranged from 0 mg/kg to 9.2 mg/kg. Nine accessions

(PI 611800: 0 mg/kg, CIxt 93: 0 mg/kg, PI 611721: 0.1 mg/kg,

PI 591863: 0.1 mg/kg, CIxt 104: 0.1 mg/kg, CIxt 7: 0.1 mg/kg,

CIxt 85: 0.1 mg/kg, PI 587403: 0.5 mg/kg, and CIxt 104-1:

0.8 mg/kg) were found to have less than 1 mg/kg DON and

were selected as low DON concentration lines. CIxt 82, with
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F I G U R E 3 Deoxynivalenol (DON) concentration of the set of

selected 17 accessions tested in the greenhouse in 2020. DON

concentration could not be measured for control PI 414968 because of

very high susceptibility and poor seed set in it. 8*9 indicate DON levels

less than 1 mg/kg. Error bars indicate standard error. NSGC, National

Small Grains Collection.

F I G U R E 4 Deoxynivalenol (DON) concentration of the set of

selected 17 accessions and control PI 414968 tested in the field nursery

in 2022. 8*9 indicates significant difference from control at α = 0.05.

Error bars indicate standard error. NSGC, National Small Grains

Collection.

DON concentration of 1.3 mg/kg, was also close to this range

(Figure 3). It is important to note that accessions PI 428911, PI

434716, and PI 388676 had low average FHB severity, but had

high mean DON concentration, indicating different regulation

of these two parameters of FHB resistance.

3.4 DON concentration accumulation in the
final field testing in 2022

Since PI 414968, the control accession, could not be tested

for DON concentration in the 2020 greenhouse test, the major

emphasis of this trial was to collect sufficient samples to per-

form comparative DON concentration data of all selected 17

accessions from the field (Figure 4). The maximum DON

concentration was higher in the field samples of this set

than the greenhouse set of 2020. The DON concentrations

ranged from 0 mg/kg to 60 mg/kg in this set, including PI

414968, the control accession, with a DON concentration

of 25.2 mg/kg. Eleven accessions (PI 587403: 3.3 mg/kg;

CIxt 7: 5.2 mg/kg; CIxt 93: 2.6 mg/kg; PI 428911: 0 mg/kg;

PI 434716: 5.9 mg/kg; PI 611789: 4.3 mg/kg, CIxt 85:

3.0 mg/kg; CIxt 104: 1.8 mg/kg; PI 381434: 1.8 mg/kg; CIxt

104-1: 4.0 mg/kg; and CIxt 82: 7.2 mg/kg) had significantly

lower DON concentration than that of the control. PI 611721

had numerically lower DON concentration (13.9 mg/kg) than

control but not significantly different.

It is important to note that not all the accessions with low

DON concentrations in the field testing were common to the

greenhouse set. The variation may be coming from differences

in the isolates used for inoculations, differential moisture set-

tings in the field versus greenhouse conditions, as well as the

different flowering times providing different exposure lengths

to the conducive conditions for infection. Nevertheless, the six

accessions (PI 587403, CIxt 7, CIxt 93, CIxt 85, CIxt 104, and

CIxt 104-1) which showed consistently low DON concentra-

tion and FHB severity in all the tests could be used as reliable

sources of genetic resistance to FHB and DON accumulation

in triticale breeding and beyond.

4 DISCUSSION

We systematically screened a large collection of triticale

accessions for identification and confirmation of accessions

with high levels of FHB resistance and low DON concentra-

tion accumulation. In the field testing in Year 1 of the study,

298 accessions were screened in a corn-kernel inoculated,

FHB-misted nursery. A relatively small number of lines (8%)

showed a high level of FHB resistance in the field screening,

whereas the majority of the accessions (67%) were moderately

to highly susceptible.

Since field evaluation of FHB response of the plants is sub-

ject to genotype × environment interaction, the lines selected

for their low FHB index from the field were subsequently

tested for three more seasons in greenhouse conditions with

point inoculations. Finally, the resistant accessions were

tested for one last time in field conditions. Compiling all

the datasets, six accessions were found to be significantly

resistant to FHB and had low DON concentration relative

to the control. Consistent sifting of the lines removed sev-

eral accessions with every round of testing, which might

have shown misleading phenotypes earlier on account of the

disease escape. As a consequence, the final selected resis-

tant lines represent only 2% of the original set. This very

small percentage of lines with robust resistance is not surpris-

ing, considering that most of the resistant sources in wheat

have been reported from Asian sources (Bai & Shaner, 2004;
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Steiner et al., 2017), yet most of the triticale lines are of Euro-

pean origin. Even in wheat, a previously reported analysis of

34,571 wheat landraces and other germplasm from China and

Japan identified 1765 lines with high levels of FHB resistance

(Bai et al., 2018), which accounted for 5.1% of the lines. The

small set of lines identified in the present study with low FHB

severity and DON concentration constitute useful sources of

FHB resistance for use not only in triticale breeding programs,

but also for wheat improvement.

Plant height has been reported to be associated with FHB

severity, with shorter genotypes developing more severe dis-

ease (Hilton et al., 1999; Kalih et al., 2015; Mesterházy, 1995;

Miedaner & Voss, 2008; Yan et al., 2011). This might be

specifically applicable for field-based screening, as chances

of splash dispersal of Fusarium spores to the spikes are higher

at levels closer to the soil (Hilton et al., 1999; Yan et al.,

2011). The final set of resistant accessions obtained after

three rounds of greenhouse testing displayed a wide range

of plant height (75–142 cm), including three accessions with

average heights of less than 100 cm, further confirming the

lack of association between plant height and FHB severity.

Although Miedaner and Voss (2008) reported increased FHB

severity in reduced-height mutants from a near-isogenic line

set, they concluded that the contribution of reduced height

to FHB severity can be counteracted by a more resistant

genetic background. This supports the idea that genetic resis-

tance is independent of plant height and is consistent with our

observations.

Correlations between heading and flowering times with

FHB severity have previously been reported in wheat, rye,

and triticale (Börner et al., 2000; Kalih et al., 2014; Miedaner,

1997; Miedaner & Voss, 2008). Early flowering lines are

considered predisposed to higher FHB intensity (Mesterházy,

1995). However, FHB severity and heading time were not

found to be correlated in our study (r = 0.02). The heading

times of the final six resistant lines in our study varied consid-

erably, where four of the lines had the shortest heading times.

This discrepancy might be related to the fact most of these pre-

vious studies were conducted in fields where environmental

factors may favor earlier development of disease. All of these

traits are pleiotropic and multigenic, and association among

them becomes complicated in field conditions. In our final set

of lines, which were confirmed multiple times in controlled

environmental conditions, we did not find any particular

association between FHB severity and heading times.

It is important to note that the DON concentration of the

finally selected triticale accessions did not show a correlation

with the FHB severity in the greenhouse test (r = 0.1). Only

four of the nine low DON concentration lines also had signifi-

cantly lower FHB severity in the 2020 set than the susceptible

control (Figures 2, 3). Miedaner et al. (2016) also reported a

poor correlation between DON concentration and FHB sever-

ity in a doubled-haploid population of 146 individuals of

triticale and concluded that prediction of DON concentration

from FHB severity was not possible. Such poor correlation

has also been reported for wheat (He et al., 2019; Paul et al.,

2005). Paul et al. (2005) performed a meta-analysis of 163

studies in wheat reporting FHB visual symptoms and DON

concentration and found a low level of correlation between

FHB incidence and DON concentration. In fact, the correla-

tion between FHB severity and DON concentration in triticale

has been reported to be even lower than in wheat (Miedaner

et al., 2016; 2004). All these studies, including the current

study, indicate that there are different genetic controls or

mechanisms of FHB severity and DON accumulation that

appear to be independent of each other. This indicates that

the breeding efforts must focus on both traits separately. The

triticale lines robustly confirmed to contain low FHB sever-

ity and DON concentration in multiple years of greenhouse

testing, and field testing can be used as sources of genetic

resistance for breeding improved triticale and wheat varieties.

The NSGC accession numbers of the six most consistently

resistant lines are: PI 587403, CIxt 7, CIxt 93, CIxt 85, CIxt

104, and CIxt 104-1. Genetic mapping for the underlying

genes will help in performing markers-assisted selection and

pyramiding for their usage in breeding programs.

AU T H O R C O N T R I B U T I O N S

Sydney Wallace: Investigation; methodology; writing—

original draft. Bhavit Chhabra: Formal analysis; methodol-

ogy; software; writing—review and editing. Yanhong Dong:

Formal analysis; writing—review and editing. Xuefeng Ma:

Resources; writing—review & editing. Gary Coleman:

Resources; writing—review and editing. Vijay Tiwari: Con-

ceptualization; funding acquisition; resources; supervision;

writing—review & editing. Nidhi Rawat: Conceptualiza-

tion; formal analysis; funding acquisition; methodology;

project administration; resources; supervision; writing—

original draft.

A C K N O W L E D G M E N T S

Authors are thankful to the US Wheat Barley and Scab

Initiative (Award# 59-0206-0-177, 59-0200-6-018), USDA

NIFA (Award# 2020-67013-32558 and 2020-67013-31460)

and USDA State Agricultural Experiment Station funds to

the Maryland Agricultural Experiment Station (Award # MD-

PSLA- 2957771) for financial support. Support from the

Maryland Grain Producers and Utilization Board, and Mary-

land Crop Improvement Association is gratefully acknowl-

edged.

C O N F L I C T O F I N T E R E S T S T AT E M E N T

The authors declare no conflict of interest.

O R C I D

Xuefeng Ma https://orcid.org/0000-0002-0942-9116

 1
9
4
0
3
4
9
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/p

lr2
.2

0
3
9
2
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

7
/1

0
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



464 WALLACE ET AL.

Vijay Tiwari https://orcid.org/0000-0001-7297-4048

Nidhi Rawat https://orcid.org/0000-0003-4820-0020

R E F E R E N C E S

Arseniuk, E., Foremska, E., Goral, T., & Chełkowski, J. (1999). Fusarium

head blight reactions and accumulation of deoxynivalenol (DON) and

some of its derivatives in kernels of wheat, triticale and rye. Journal of

Phytopathology, 147, 577–590. https://doi.org/10.1046/j.1439-0434.

1999.00433.x

Ayalew, H., Anderson, J. D., Krom, N., Tang, Y., Butler, T. J.,

Rawat, N., Tiwari, V., & Ma, X. F. (2021). Genotyping-by-

sequencing and genomic selection applications in hexaploid triticale.

G3 GenesGenomesGenetics, 12(2), jkab413. https://doi.org/10.1093/

g3journal/jkab413

Ayalew, H., Kumssa, T. T., Butler, T. J., & Ma, X. F. (2018). Triticale

improvement for forage and cover crop uses in the Southern Great

Plains of the United States. Frontiers in Plant Sciences, 9, 1130.

https://doi.org/10.3389/fpls.2018.01130

Bai, G., & Shaner, G. (2004). Management and resistance in wheat

and barley to Fusarium head blight. Annual Reviews in Phytopathol-

ogy, 42, 135–161. https://doi.org/10.1146/annurev.phyto.42.040803.

140340

Bai, G., Su, Z., & Cai, J. (2018). Wheat resistance to Fusarium head

blight. Canadian Journal of Plant Pathology, 40, 336–346. https://

doi.org/10.1080/07060661.2018.1476411

Blum, A. (2014). The abiotic stress response and adaptation of triticale

–- A review. Cereal Research Communication, 42, 359–375.

Börner, A., Korzun, V., Voylokov, A. V., Worland, A. J., & Weber,

W. E. (2000). Genetic mapping of quantitative trait loci in rye

(Secale cereale L.). Euphytica, 116, 203–209. https://doi.org/10.

1023/A:1004052505692

Bryden, W. L. (2012). Mycotoxin contamination of the feed supply

chain: Implications for animal productivity and feed security. Animal

Feed Science and Technology, 173, 134–158. https://doi.org/10.1016/

j.anifeedsci.2011.12.014

Chhabra, B., Singh, L., Wallace, S., Schoen, A., Dong, Y., Tiwari,

V., & Rawat, N. (2021a). Screening of an ethyl methane sulfonate

mutagenized population of a wheat cultivar susceptible to Fusar-

ium head blight identifies resistant variants. Plant Disease, 105(11),

3669–3676. https://doi.org/10.1094/pdis-03-21-0670-re

Chhabra, B., Thrasu, S., Wallace, S., Schoen, A., Shahoveisi, F., Dong,

Y., Tiwari, V., & Rawat, N. (2024). Evaluation of speed breeding

conditions for accelerating Fusarium head blight and deoxynivalenol

screening in wheat. Crop Science, 64(3), 1586–1594. https://doi.org/

10.1002/csc2.21226

Chhabra, B., Tiwari, V., Gill, B. S., Dong, Y., & Rawat, N. (2021b).

Discovery of a susceptibility factor for Fusarium head blight on

chromosome 7A of wheat. Theoretical and Applied Genetics, 134,

2273–2289. https://doi.org/10.1007/s00122-021-03825-y

Dill-Macky, R., & Jones, R. K. (2000). The effect of previous crop

residues and tillage on Fusarium head blight of wheat. Plant Disease,

84, 71–76. https://doi.org/10.1094/PDIS.2000.84.1.71

D9Mello, J. P. F., Placinta, C. M., & Macdonald, A. M. C. (1999). Fusar-

ium mycotoxins: A review of global implications for animal health,

welfare and productivity. Animal Feed Science and Technology, 80,

183–205. https://doi.org/10.1016/S0377-8401(99)00059-0

FAOSTAT. (2024). FAOSTAT. FAO. http://www.fao.org/faostat/en/

#data/QC/visualize

Gilbert, J., & Woods, S. M. (2006). Strategies and considerations for

multi-location FHB screening nurseries. In T. Ban, J. M. Lewis,

& E. E. Phipps (Eds.), The global Fusarium initiative for interna-

tional collaboration: A strategic planning workshop (pp. 93–102).

CIMMYT.

Góral, T., Wiśniewska, H., Ochodzki, P., & Walentyn-Góral, D. (2016).

Higher Fusarium toxin accumulation in grain of winter triticale lines

inoculated with Fusarium culmorum as compared with wheat. Toxins,

8, 301. https://doi.org/10.3390/toxins8100301

Goswami, R. S., & Kistler, H. C. (2004). Heading for disaster: Fusarium

graminearum on cereal crops. Molecular Plant Pathology, 5, 515–

525. https://doi.org/10.1111/j.1364-3703.2004.00252.x

He, X., Dreisigacker, S., Singh, R. P., & Singh, P. K. (2019). Genet-

ics for low correlation between Fusarium head blight disease and

deoxynivalenol (DON) content in a bread wheat mapping population.

Theoretical and Applied Genetics, 132, 2401–2411. https://doi.org/

10.1007/s00122-019-03362-9

Hilton, A. J., Jenkinson, P., Hollins, T. W., & Parry, D. W. (1999). Rela-

tionship between cultivar height and severity of Fusarium ear blight in

wheat. Plant Pathology, 48, 202–208. https://doi.org/10.1046/j.1365-

3059.1999.00339.x

Kalih, R., Maurer, H. P., Hackauf, B., & Miedaner, T. (2014). Effect

of a rye dwarfing gene on plant height, heading stage, and Fusarium

head blight in triticale (×Triticosecale Wittmack). Theoretical and

Applied Genetics, 127, 1527–1536. https://doi.org/10.1007/s00122-

014-2316-9

Kalih, R., Maurer, H. P., & Miedaner, T. (2015). Genetic architecture of

Fusarium head blight resistance in four winter triticale populations.

Phytopathology, 105, 334–341. https://doi.org/10.1094/PHYTO-04-

14-0124-R

Ketterings, Q. M., Swink, S. N., Duiker, S. W., Czymmek, K. J., Beegle,

D. B., & Cox, W. J. (2015). Integrating cover crops for nitrogen

management in corn systems on northeastern U.S. dairies. Agronomy

Journal, 107, 1365–1376. https://doi.org/10.2134/agronj14.0385

Larter, E., Shebeski, L., McGinnis, R., Evans, L., & Kultsikes, P. (1970).

Rosner, a hexaploid triticale cultivar. Canadian Journal of Plant

Sciences, 50, 122–124. https://doi.org/10.4141/cjps70-022

McMullen, M., Bergstrom, G., De Wolf, E., Dill-Macky, R., Hershman,

D., Shaner, G., & Van Sanford, D. (2012). A unified effort to fight an

enemy of wheat and barley: Fusarium head blight. Plant Disease, 96,

1712–1728. https://doi.org/10.1094/PDIS-03-12-0291-FE

Mergoum, M., Singh, P., Pena, R., Lozano-del Río, A., Cooper, K.,

Salmon, D., & Macpherson, H. G. (2009). Triticale: A <new= crop

with old challenges. In M. J. Carena (Ed.). Cereals (pp. 267–287).

Springer. https://doi.org/10.1007/978-0-387-72297-9_9

Mesterházy, A. (1995). Types and components of resistance to Fusarium

head blight of wheat. Plant Breeding, 114, 377–386. https://doi.org/

10.1111/j.1439-0523.1995.tb00816.x

Miedaner, T. (1997). Breeding wheat and rye for resistance to Fusar-

ium diseases. Plant Breeding, 116, 201–220. https://doi.org/10.1111/

j.1439-0523.1997.tb00985.x

Miedaner, T., Heinrich, N., Schneider, B., Oettler, G., Rohde, S., &

Rabenstein, F. (2004). Estimation of deoxynivalenol (DON) content

by symptom rating and exoantigen content for resistance selection in

wheat and triticale. Euphytica, 139, 123–132. https://doi.org/10.1007/

s10681-004-2489-4

Miedaner, T., Kalih, R., Großmann, M. S., & Maurer, H. P. (2016).

Correlation between Fusarium head blight severity and DON con-

 1
9
4
0
3
4
9
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/p

lr2
.2

0
3
9
2
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

7
/1

0
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



WALLACE ET AL. 465

tent in triticale as revealed by phenotypic and molecular data. Plant

Breeding, 135, 31–37. https://doi.org/10.1111/pbr.12327

Miedaner, T., Reinbrecht, C., Lauber, U., Schollenberger, M., & Geiger,

H. H. (2001). Effects of genotype and genotype-environment inter-

action on deoxynivalenol accumulation and resistance to Fusarium

head blight in rye, triticale, and wheat. Plant Breeding, 120, 97–105.

https://doi.org/10.1046/j.1439-0523.2001.00580.x

Miedaner, T., & Voss, H. H. (2008). Effect of dwarfing Rht genes on

Fusarium head blight resistance in two Sets of near-isogenic lines of

wheat and check cultivars. Crop Science, 48, 2115–2122. https://doi.

org/10.2135/cropsci2008.02.0107

Mirocha, C. J., Kolaczkowski, E., Xie, W., Yu, H., & Jelen, H. (1998).

Analysis of deoxynivalenol and its derivatives (batch and single

kernel) using gas chromatography/mass spectrometry. Journal of

Agriculture and Food Chemistry, 46, 1414–1418. https://doi.org/10.

1021/jf970857o

Oettler, G., Wehmann, F., & Utz, H. F. (1991). Influence of wheat and rye

parents on agronomic characters in primary hexaploid and octoploid

triticale. Theoretical and Applied Genetics, 81, 401–405. https://doi.

org/10.1007/BF00228683

Paul, P. A., Lipps, P. E., & Madden, L. V. (2005). Relationship between

visual estimates of Fusarium head blight intensity and deoxyni-

valenol accumulation in harvested wheat grain: A meta-analysis.

Phytopathology, 95, 1225–1236.

Pestka, J. J. (2010). Deoxynivalenol: Mechanisms of action, human

exposure, and toxicological relevance. Archives in Toxicology, 84,

663–679. https://doi.org/10.1007/s00204-010-0579-8

Pestka, J. J., & Smolinski, A. T. (2005). Deoxynivalenol: Toxicology and

potential effects on humans. Journal of Toxicology and Environmental

Health—Part B: Critical Reviews, 8, 39–69. https://doi.org/10.1080/

10937400590889458

Randhawa, H. S., Bona, L., & Graf, R. J. (2015). Triticale breeding–

-Progress and prospect. In F. Eudes (Ed.), Triticale (pp. 15–

32). Springer International Publishing. https://doi.org/10.1007/978-

3-319-22551-7_2

Rawat, N., Pumphrey, M. O., Liu, S., Zhang, X., Tiwari, V. K., Kaori, A.,

Trick, H. N., Bockus, W. W., Akhunov, E., Anderson, J. A., & Gill,

B. S. (2016). Wheat Fhb1 encodes a chimeric lectin with agglutinin

domains and a pore-forming toxin-like domain conferring resistance

to Fusarium head blight. Nature Genetics, 48, 1576–1580. https://doi.

org/10.1038/ng.3706

Singh, J., Chhabra, B., Raza, A., Yang, S. H., & Sandhu, K. S. (2023).

Important wheat diseases in the US and their management in the 21st

century. Frontiers in Plant Science, 13. https://doi.org/10.3389/fpls.

2022.1010191

Steiner, B., Buerstmayr, M., Michel, S., Schweiger, W., Lemmens, M.,

& Buerstmayr, H. (2017). Breeding strategies and advances in line

selection for Fusarium head blight resistance in wheat. Tropical Plant

Pathology, 42, 165–174. https://doi.org/10.1007/s40858-017-0127-7

Veitch, R. S., Caldwell, C. D., Martin, R. A., Lada, R., Salmon, D.,

Anderson, D. M., & MacDonald, D. (2008). Susceptibility of winter

and spring triticales to Fusarium head blight and deoxynivalenol accu-

mulation. Canadian Journal of Plant Science, 88, 783–788. https://

doi.org/10.4141/CJPS07085

Venske, E., dos Santos, R. S., Farias, D. R., Rother, V., da Maia, L.

C., Pegoraro, C., & de Oliveira, A. C. (2019). Meta-Analysis of

the QTLome of Fusarium Head Blight Resistance in Bread Wheat:

Refining the Current Puzzle. Frontiers in Plant Sciences, 10, 727.

https://doi.org/10.3389/fpls.2019.00727

Yan, W., Li, H. B., Cai, S. B., Ma, H. X., Rebetzke, G. J., & Liu, C.

J. (2011). Effects of plant height on type I and type II resistance to

Fusarium head blight in wheat. Plant Pathology, 60, 506–512. https://

doi.org/10.1111/j.1365-3059.2011.02426.x

Yi, X., Cheng, J., Jiang, Z., Hu, W., Bie, T., Gao, D., Li, D., Wu, R., Li, Y.,

Chen, S., Cheng, X., Liu, J., Zhang, Y., & Cheng, S. (2018). Genetic

Analysis of Fusarium Head Blight Resistance in CIMMYT Bread

Wheat Line C615 Using Traditional and Conditional QTL Mapping.

Frontiers in Plant Science, 9, 573. https://doi.org/10.3389/fpls.2018.

00573

S U P P O R T I N G I N F O R M AT I O N

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Wallace, S., Chhabra, B.,

Dong, Y., Ma, X., Coleman, G., Tiwari, V., & Rawat,

N. (2024). Exploring Fusarium head blight resistance

in a winter triticale germplasm collection. Journal of

Plant Registrations, 18, 457–465.

https://doi.org/10.1002/plr2.20392

 1
9
4
0
3
4
9
6
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/p

lr2
.2

0
3
9
2
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

7
/1

0
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se


	Exploring Fusarium head blight resistance in a winter triticale germplasm collection
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Field testing
	2.1.1 | Plant material and experimental design for Year 1, and Year 5 field testing
	2.1.2 | Fungal inoculation for field testing
	2.1.3 | Field FHB index data

	2.2 | Greenhouse testing
	2.2.1 | Greenhouse planting
	2.2.2 | Fungal inoculum preparation
	2.2.3 | Inoculation and FHB severity measurement

	2.3 | DON concentration measurement
	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Evaluation of FHB index, plant height, and flowering times
	3.2 | Greenhouse evaluation of FHB severity in selected resistant lines in 2018 and 2019
	3.3 | Greenhouse evaluation of FHB severity and DON concentration of final selected set in 2020
	3.4 | DON concentration accumulation in the final field testing in 2022

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


