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Abstract

Fusarium head blight (FHB) is a serious concern for wheat production worldwide. The current study
was conducted to identify morpho-phenological traits that contribute to passive resistance against
FHB. For this purpose, a set of 332 spring wheat genotypes from different origins was used. Eight
morpho-phenological traits and FHB severity were evaluated using spray inoculation under field
conditions in 2022 and 2023. A non-parametric test was performed to evaluate genotypic variation
for all studied traits, revealing significant differences among genotypes across the three years.
Correlation analysis demonstrated a strong negative association between phenological traits and
FHB severity and a low to medium negative correlation between spike length, spikelets per spike,
and FHB resistance. Furthermore, there was a significant negative but weak association between
anther extrusion and FHB severity. Random forest regression analysis demonstrated that a complex
of eight morpho-phenological traits predicted FHB severity with an accuracy of 65% in 2023 and 57%
across two years. According to permutation importance analysis, days to flowering, heading, and
anther extrusion had the highest contribution to FHB severity, and all three traits had a significant
effect on FHB prediction.

Keywords: fusarium head blight; wheat genotypes; field inoculation; disease resistance

1. Introduction

Fusarium head blight (FHB) is one of the most damaging diseases of small grains (such as wheat
and barley) in Europe, significantly reducing the yield and quality of cereals [1]. FHB is a serious
threat to the economy and food safety, especially in areas with warm and humid climatic conditions
during flowering time. It has been documented that in the 1970s and 1980s, Europe faced FHB
epidemics, which resulted in 40-50% wheat yield losses [2], and up to 100% during severe epidemics
[3]. Besides yield losses, FHB leads to mycotoxin accumulation in seeds, such as deoxynivalenol
(DON), nivalenol, and zearalenone [4,5], which jeopardize human and animal health [6-9]. The main
causes of FHB are considered F. graminearum, F. culmorum, and F. avenaceum in wheat [1,4]. F.
culmorum is more common in cooler climates, such as Western Europe, while F. graminearum prefers
warmer and wetter climates [1,2,10,11]. The symptoms of FHB include premature senescence, chalky
white spikelets, and discolored, shriveled, or damaged grains [4,5]. Wegulo et al. (2015) reported that
the frequency and severity of FHB epidemics are rising globally due to climate change, which
promotes disease development [9]. In addition, certain agronomic practices (i.e., low tillage or zero
tillage, inadequate crop rotation, and use of susceptible cultivars) also increase disease severity [12].
These factors, together with warm and humid weather, have led to severe epidemics [13]. The impact
of FHB on yield and food security highlights the importance of breeding resistant cultivars as a vital
approach for effective disease management.

Wheat resistance to FHB is a complex quantitative trait influenced by both genetic and
environmental factors. It is quantitatively inherited and controlled by multiple genes [14-17]. FHB
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resistance consists of five components i.e., Type I, which is considered as resistance to initial infection,
Type II corresponds to the spread of infection, Type IIl and IV are associated with mycotoxin
accumulation and kernel infection, and Type V, which is related to yield loss [18,19]. To evaluate
different kinds of FHB resistance, spray, spawn-grain, and point methods of inoculation are generally
used to create artificial infection conditions. Among them, spray inoculation is considered an efficient
way to evaluate type I and overall resistance because it includes both stages when Fusarium spores
enter and spread to the ovary, representing resistance to initial and further disease spread. Therefore,
the overall resistance to FHB, which incorporates both Type I and Type II resistance, is preferable in
practical breeding [20]. Hundreds of QTL associated with different types of FHB resistance have been
identified. However, QTL associated with FHB resistance usually provides only minor effects,
whereas to attain an adequate level of resistance, numerous QTL should be pyramided. This
limitation highlights the importance of integrating morphological and phenological traits in breeding
programs to develop cultivars with improved resistance.

In wheat, resistance can be either active or passive. Active resistance refers to a plant’s capacity
to identify pathogen attacks and initiate physiological and molecular defense mechanisms [18]. In
contrast, passive resistance in wheat usually appears as disease avoidance, which is structure-based
and refers to the plant’s intrinsic ability to reduce the chances of infection at its most vulnerable stage.
These built-in barriers are regulated through morpho-phenological traits that inhibit pathogen
invasion and are known as passive resistance. Traits such as plant height, spike architecture, anther
extrusion, heading date, flowering window, and presence or absence of awns play a vital role in
preventing plants from Fusarium pathogen invasion and the spread of infection [13,20-25]. Morpho-
phenological traits contribute to establishing physical barriers against infection, either by escaping or
avoiding the disease. Utilization of these traits for FHB resistance can assist in the selection of
genotypes directly on the basis of phenotypic traits, which correlate with FHB resistance.

The significant role of plant height in escaping FHB infection was first noticed in 1982 [26].
Subsequently, Mesterhazy (1995) confirmed that short-stature genotypes showed FHB susceptibility
compared to taller genotypes under naturally infected field conditions [18]. This can be explained by
less favorable conditions for taller genotypes, which have lower exposure to the inoculum source,
and their spikes experience better airflow and maintain a larger distance from the soil surface
compared to the shorter genotypes [27]. During the Green Revolution, Rht genes (such as Rht-B1b
and Rht-D1b, formerly known as Rht1 and Rht2, respectively) contributed prominently to lodging
resistance and enhanced yield potential in wheat; however, the findings demonstrated that some
semi-dwarfing alleles associated with increased susceptibility to FHB. The influence of semi-
dwarfing Rht genes on the increased susceptibility to FHB in wheat is well documented [6,10,28-32].

Additionally, the influence of spike architecture in providing resistance to wheat plants has also
been discussed. Spike architecture, comprised of spike length, number of spikelets per spike, and
spike density, can play a significant supportive role in helping plants avoid FHB. The compact spike
architecture supports the growth of Fusarium spores by offering a conducive environment [23,33].
On the other hand, long and lax spikes, with considerable space between spikelets, do not provide
suitable conditions for FHB pathogens growth. Anther extrusion is another morphological trait,
which is relatively high associated with type I FHB resistance. Several studies have confirmed that
anther retention within the glumes can increase the chances of FHB infection in wheat [6,21,35-37].

Phenological traits, such as days to heading and flowering, are other key traits that help in
escaping FHB infection during the crucial period of disease progression. Specifically, the period from
anthesis to kernel development is considered the most vulnerable stage for wheat plants [38]. In
addition, the weather conditions provide extra variation, occasionally providing more favorable
conditions for disease development in late-maturing or early maturing genotypes.

Research outcomes have indicated that although morpho-phenological traits cannot replace
active resistance or provide strong resistance, they can serve as significant support through escape
and avoidance mechanisms and create less favorable conditions for pathogens [39,40].
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Till now, many studies have been conducted to evaluate Type I and Type II resistance
individually, which focus on individual morpho-phenological traits or a combination of a few
morpho-phenological traits [23,30-36,41]. However, in this study, a complex of eight morpho-
phenological traits and their association with overall FHB resistance was investigated. The aims of
this study were as follows: 1) to evaluate the variation in the morpho-phenological traits in a spring
wheat set of 322 cultivars across two years; 2) to evaluate FHB severity under artificial inoculation in
two-year field trials; 3) to conduct Spearman correlation analysis among morpho-phenological traits
and FHB severity; and 4) to apply random forest regression (RFR) analysis to determine the
contribution of the morpho-phenological traits for FHB resistance, measuring prediction accuracy
between RFR-predicted and observed FHB severity scores and the relevant importance of the traits.

2. Materials and Methods
2.1. Field Trial

The group of 332 genotypes, originated from Baltic (181), Central, and Western Europe (76),
Nordic (65), and 10 non-European origin was used for this study [42,43]. Field trials were conducted
in 2022, 2023, and additionally, anther extrusion was measured in 2025 at the Institute of Agriculture,
Lithuanian Research Centre for Agriculture and Forestry (LAMMC). An Alpha experimental design
(1.5 m2 plot) with two replicates was used to grow genotypes each year. From each replicate, 12 spikes
were selected and tied in bunches for inoculation with F. culmorum suspension (2 x 10° spores/mL).
Each genotype was spray-inoculated when it reached the middle of anthesis. A spray atomizer was
used to spray each and every spike of the bunch to ensure uniform distribution of the inoculum.
Furthermore, to maintain humidity, each bunch was covered with plastic bags for 48 h. Insecticides
and herbicides were used when necessary. No spike diseases other than FHB were observed in the
region; therefore, fungicides were not applied to prevent any potential influence on Fusarium fungus
growth. The genotypes were assessed for overall resistance under field conditions. The genotypes
Sumai-3 and Wangshuibai served as reference standards for FHB resistance, while Gamenya was
used as a baseline for FHB susceptibility. The details of inoculum preparation, inoculation procedure,

and evaluation of resistance under field conditions are described in our previously published articles
Syed et al. (2024; 2025) [42,43].

2.2. Meteorological Data

The meteorological data during the wheat growing season for the years 2022 and 2023 were
collected from the nearest Dotnuva meteorological station, which is located at the same location as
the institution fields. Daily temperature (°C) and precipitation (mm) data were recorded from April
to August of each year. Day-to-day changes in weather conditions are illustrated during the heading
and flowering periods (Figure 1).

The day-by-day precipitation (mm) and temperature trends during the heading and flowering
stages of 332 genotypes in 2022 and 2023 are illustrated in Figure 1 a, and b, respectively. In these
graphs, the primary y-axis represents both the average temperature and the rate of precipitation,
while the secondary y-axis illustrates the number of genotypes. Additionally, the x-axis indicates the
daily dates throughout the observation period, and each bar corresponding to heading and flowering
shows the number of genotypes that reached these stages on the respective days.

Frequent fluctuations in temperature and precipitation were observed in both years during the
developmental stages. A strong environmental effect was noticed for Fusarium fungus development
between the two studied years. In 2022, the weather conditions were warm and extremely humid
during anthesis, whereas the lack of precipitation in 2023 provided much less favorable conditions
for fungal development. A record-breaking amount of 150 mm of precipitation was recorded in June
2022. Moreover, warm temperatures were observed at 22.5°C on average during the entire heading
and flowering phases (Figure la). On top of that, peaks in precipitation were observed at the
beginning and end of these developmental stages, which escalated the disease pressure.
Approximately 40 mm of rainfall was recorded a few days prior to heading. Furthermore, during the
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short dry window, genotypes started heading; however, at the peak of anthesis, an increase in
precipitation (5 mm) was observed again, providing favorable conditions for the spread of FHB
spores.

In 2023, the weather dynamics were completely different from those of 2022. The year 2023 was
comparatively drier than 2022. The average temperature recorded for the year 2023 was
approximately 19 °C (ranged between 1622 °C) in June. The recorded precipitation was also
comparatively lower (i.e., <10 mm) than that of June 2022. Besides, more than 8 mm of precipitation
was recorded at the start of heading; however, a drop in precipitation was recorded for a short time
period during the peak of the heading and flowering stages (Figure 1b). Most genotypes flowered
during the no-precipitation window when the rate of precipitation was 0 mm and temperature was
between 15-20 °C, while a sudden increase in precipitation for late-flowering genotypes was also
observed (Figure 1b).

(a) Heading/Flowering Events (2022)
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(b) Heading/Flowering Events (2023)
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Figure 1. Precipitation and temperature trend during heading and flowering stages during the year 2022 (a) and
2023 (b).

2.3. Evaluation of Morphological and Phenological Traits

For this study, several key morphological traits were evaluated during different years, including
plant height, spike length, number of spikelets per spike, spike density, days to heading and
flowering, awn length, and anther extrusion. For morphological data, three readings per genotype
were taken from each replicate to get reliable data. Plant height (cm) was measured at maturity from
the base of the plant (soil surface) to the end of the spike (excluding awns). Awn length was measured
when the spikes were fully mature using a visual assessment of three spikes per genotype from each
replication on a 0-9 scale. Where zero is completely awnless genotypes and 9 is for those with long
and dense awns. For spike data, plants were harvested and then measured in the laboratory. Spike
length was measured manually from the base of the spike to the last spikelet. The number of spikelets
per spike was counted as the total number of fertile spikelets per spike. For calculating spike density,
we used this formula:

Spikelet ik
Spike density = pLEEs et SpTe

Spike length

Anther extrusion was evaluated three days after anthesis based on visual assessment. For this
purpose, we used a 0-5 scale to visually evaluate each genotype, ranging from “0” for anther
retention to “5” for complete anther extrusion, similar to the scale used by Skinnes et al. (2010) [41].

To record phenological data, each trait was evaluated at the appropriate growth stage. Days to
heading were recorded when 75% of the spikes emerged from the booting stage. Flowering time was
recorded when 75% of the plants in a genotype showed anthesis. The days to heading and flowering
were counted from the date of sowing to the day on which the plants headed or flowered.

2.4. Evaluation of FHB Severity

To assess FHB severity, a 0-100% scale was used based on the proportion of spikes showing
visible symptoms of FHB spread.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202512.1180.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 December 2025 d0i:10.20944/preprints202512.1180.v1

6 of 22

A detailed description of the measurement of FHB severity was provided in our previous articles
by Syed et al. (2024; 2025) [42,43].

2.5. Genotyping for Rht Alleles Identification

The set of 332 genotypes was genotyped using a 25 K SNP chip array as part of the NOBALwheat
project (Project# LT08-1-SMSM-K01-007). Markers “TG0010a” at chromosome 4B and “TG0011a” on
chromosome 4D, which are located within the alleles Rht-B1b and Rht-D1b, were used for
identification. Genotypes were grouped on the basis of the presence of Rit allele (semi-dwarfing, i.e.,
Rht-B1b and Rht-D1b) and non-Rht alleles (wild type, i.e., Rht-Bla and Rht-D1a). The details of
genotyping were published in previous articles [42,43].

2.6. Statistical Analysis

The normality of the data was checked using the Shapiro-Wilk test in R. Since the data was not
normally distributed, non-parametric tests were performed in R (R-4.2.2). The Kruskal-Wallis test
was used to assess the chi-square values of different traits using the “kruskal.test()” function. The
strength of each factor (size effect) was determined using Epsilon-squared (€2), which was calculated
in R using this formula:

H-k+1
T

where “H” is the Kruskal-Wallis chi-squared test statistic, “k” is the number of groups, and “n” is the

E2

total number of observations [46].

Epsilon square (&2) was used to estimate the residual proportion of variance explained by
independent variables (genotype, year, and their interaction), which ranged between 0 and 1. Here,
“0” indicates no variance explained and “1” indicates complete variance explained. To express the
size effect in percentage, we multiplied the &2 values by 100. A rank-based non-parametric mixed
model was fitted to determine the genotype x year effects. Genotype and year were treated as fixed
effects, and replication was set as a random factor using “Imer()” function in R.

The Best Linear Unbiased Estimators (BLUEs) were derived using META-R v.6.04, a multi-
environment trial analysis in R [47]. Violin plots were created to show the association between Rht
genes with plant height and FHB severity using the “geom_violin()” function in R. To display the
influence of temperature and precipitation on FHB development during phenological stages (Figure
1), the “ggplot2” package with “geom_bar()” was used. Spearman’s correlation was calculated to
evaluate the association between morpho-phenological and FHB severity by using the “corr_coef”
function from the METAN package [48].

Random Forest regression (RFR) analysis was performed in R using the mlr3, ranger, and “dplyr”
packages to predict FHB severity from eight morpho-phenological traits. Fine-tuning of
hyperparameters was conducted using 5-fold cross-validation in 80/20 train-validation splits and
with root mean squared error (RMSE) as the optimization criterion in 100 random combinations. Each
of the 2000 trees contained random subsets of observations and a random subset of predictors
(morpho-phenological traits) for fine-tuning the hyperparameters. The final model with the best
hyperparameters was repeated 100 times with independent 80/20 random splits of observations. In
each run, 20% of the observations were randomly selected and excluded from the training for
validation. The predicted values for each genotype were averaged across all 100 validated splits and
across all replicates. Scatterplots with a fitted linear trend were built to illustrate the relationship
between predicted and observed genotype average means using the R package “ggplot2”. The
scatterplots were annotated with the main statistics, such as Pearson coefficient, p-value, RMSE,
optimal number of predictive traits (mtry value), and standard deviations of predicted and observed
values using base R functions.

To evaluate the relative importance of morpho-phenological traits in the prediction of FHB
severity, a random forest regression model was fitted using the “ranger” package in R. The model
was built using 2000 trees and permutation importance [49,50]. The statistical significance of each
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trait's importance was measured using Altmann permutation tests with 200 permutations [51].
Significance levels of the Altmann test were indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. The
importance of the traits was visualized using the “ggplot2” R package. Bars represent the average
permutation importance scores, and the whiskers near the bars indicate the standard errors
calculated from 30 independent RF runs.

3. Results
3.1. Genotypic Effect on Morpho-Phenological and FHB Severity

Traits variation was analyzed using the chi-square test individually in three years to measure
the genotype effect within different years. Epsilon-square (¢?) was calculated to demonstrate the effect
size of genotypes for each trait. Highly significant (p < 0.001) differences were found among
genotypes for all traits in all three years. The strongest genotype effect on morpho-phenological traits
was observed for anther extrusion in 2023 (i.e., 92%), followed by plant height in the year 2022
(approximately 89%) and days to heading in 2023 (i.e., 82%). The lowest genotype effects were
observed for spike density in 2023 (i.e., 24%). However, epsilon-square values revealed different
genotypic effects on FHB severity across years (Table 1).

Table 1. Genotype’s effect on phenotypic traits in 2022 and 2023.

Trait X2 df €2 Resic‘.lual p-value Significance
portion
AE_2023 636.16 331 0.92 0.08 1.64E-21 ok
AE_2025 485.01 331 0.46 0.54 6.67E-08 o
AL_2022 833.00 331 0.76 0.24 4.31E-45 o
AL_2023 2379.07 331 0.56 0.44 5.4E-306 o
PH_2022 924.39 331 0.89 0.11 1.59E-57 o
PH_2023 1396.69 331 0.64 0.36 1.1E-130 o
SL_2022 1853.26 331 0.57 0.43 1.2E-209 o
SL_2023 1977.72 331 0.45 0.55 5E-232 o
5/5_2022 1701.48 330 0.52 0.48 3.9E-183 o
5/5_2023 1798.45 331 0.40 0.60 7E-200 o
SD _2022 1434.12 331 0.42 0.58 6.5E-137 ok
SD_2023 1202.78 331 0.24 0.76 3.2E-99 o
DH_2022 586.91 331 0.77 0.23 1.56E-16 o
DH_2023 604.52 331 0.82 0.18 2.92E-18 o
DF_2022 526.93 331 0.59 0.41 3.8E-11 o
DF_2023 584.47 331 0.76 0.24 2.67E-16 ok
FHB severity
002 4730.33 330 0.38 0.62 0 o
FHB severity
003 3815.31 331 0.46 0.54 0 o

Note: x? = Chi-squared, €2 = Epsilon-squared, AE = Anther extrusion, AL = Awn length, PH = Plant height, SL =
Spike length, S/S = number of spikelets, SD = Spike density, DH = Days to heading, DF = Days to flowering, * p
<0.05, *p <0.01, ** p <0.001 and ns = non-significant.
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3.2. Phenotypic Variability and Genotypic/Year Effects on Morpho-Phenological and FHB Severity

To assess the variation in morpho-phenological traits among genotypes, the standard deviation
(SD) and the coefficient of variation (CV) were calculated for the 332 genotypes over three years. The
standard deviation (SD) was calculated to measure the variation in each morpho-phenological trait.
The coefficient of variation (CV) was used to demonstrate the deviation of each trait relative to its
mean value, in percentage (%), for each year (Supplementary Table S1).

The trait plant height showed an average height of 94.6 cm (CV = 8.87%) in 2022, while a
significant decrease in plant height was noticed in 2023, that is, 70.17 cm (CV = 9.32%). The mean
values for FHB severity were 77.93 and 48.37 in 2022 and 2023, respectively, with 30.31% and 63.95%
variation from the mean. Awn length in 2022 and 2023 exhibited a very high CV of 66.6% and 82.94%,
respectively, suggesting high variability among genotypes. Anther extrusion was measured in 2023,
and additionally in 2025 (Table 2).

Table 2. Mean values, standard deviation, and coefficient of variance of 332 genotypes.

2022 2023
Traits

Mean SD Ccv Mean SD Ccv
AE 3.87% 0.62* 16.02* 3.16 0.96 30.43
AL 2.75 1.83 66.64 240 1.99 82.94
PH 94.62 8.39 8.87 70.17 6.54 9.32
SL 8.11 0.92 11.29 8.13 0.95 11.65
S/S 15.72 1.79 11.41 14.58 1.85 12.71
SD 1.95 0.30 15.18 1.81 0.27 14.95
DF 70.53 2.30 3.27 56.05 240 4.28
DH 67.85 2.03 2.99 52.76 2.24 4.24
FHB Severity 77.93 23.62 30.31 48.37 30.93 63.95

AE = Anther extrusion, AL = Awn length, PH = Plant height, SL = Spike length, S/S = number of spikelets, SD =
Spike density, DH = Days to heading, DF = Days to flowering. *AE measurements of 2025.

Highly significant effects provided genotype, years and their interaction on trait variation (Table
2). The highest genotypic effect was observed for the trait awn length (2 = 0.53), followed by spike
length (€2 = 0.42) and anther extrusion (&2 = 0.30). The strongest genotype x year interaction was
noticed for FHB severity (¢2=0.19).

The traits days to heading and flowering showed non-significant genotypic effect (i.e., €2=-0.07
and &2 = -0.10, respectively) and strong year effect (¢2 =0.75). The difference in days to heading
between years was much greater than the difference between genotypes. Only 2-3 days difference
was observed from heading to flowering between the genotypes within year, while the difference in
days to heading and flowering between the genotypes was 5-15 days later in 2022 than in 2023.

Large Year and G x E effects were noticed for FHB severity, €2=0.21 and &2 = 0.19, respectively
(Table 3). Genotype responses varied across years; some genotypes performed well in one specific
year but poorly in another. Relatively strong Year and G x E interaction effects for FHB severity
demonstrate that environmental conditions contributed strongly to variation, and some genotypes
had different patterns of responses between years that caused some inconsistency in genotype
performance across years.

Table 3. Genotype and year’s effects on morpho-phenological traits and FHB severity.

Trait Genotype ¢ Year ¢ GxEo

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Significa Significan Significanc
e g €2

nce ce e

AE 0.30 ok 0.16 ok 0.14 i
AL 0.53 ok 0.02 ot 0.04 ok
PH 0.14 ok 0.64 ot 0.04 ok
SL 0.42 e 0.00 ns 0.10 i
S/S 0.35 i 0.09 i 0.14 i
SD 0.27 e 0.07 ok 0.05 i
DH -0.07 ns 0.75 ok 0.03 i
DF -0.10 ns 0.75 ot 0.03 ok
FHB severity 0.24 o 0.21 o 0.19 o

Note: ¢ = Kruskal-Wallis Test, 0 = non-parametric Mixed Model Test, £2 = Epsilon square, AE = Anther
extrusion, AL = Awn length, DF = Days to flowering, DH = Days to heading, PH = Plant height, SL = Spike
length, S/S = number of spikelets, SD = Spike density, * p <0.05, ** p <0.01, ** p < 0.001 and ns = non-significant.

3.3. Year-Wise Association Between Phenological Traits and Plant Height with FHB Severity

To assess the year effect on the association between morpho-phenological traits and FHB
severity, the correlation analysis was performed individually for separate years . In the Table 4
presented the results of FHB resistance individually by year and BLUEs values of morpho-
phenological traits across two years. Plant height was significantly correlated with FHB severity (r =
-0.12, p<0.01) in 2023. Heading and flowering were more stable, showing negative low (r = —0.14,
p < 0.01) to medium (r = -0.51, p < 0.001) significant correlations with FHB severity across two years
(Table 4).

Table 4. Correlation between the combined BLUEs values for days to flowering, heading, and plant height

with FHB severity.
. . . Severity
Trait/Year Severity 2022  Severity 2023
average
Days to Flowering 2022 -0.14% -0.38*** -0.327%%*
Days to Flowering 2023 -0.09ns -0.49%* -0.37%%
Days to Flowering
-0.14* -0.49%** -0.40%**
average
Days to Heading 2022 -0.14** -0.44%%* -0.37%***
Days to Heading 2023 -0.10ns -0.50%** -0.39%**
Days to Heading average -0.15** -0.517%%* -0.43%**
Plant Height 2022 0.08ns -0.07ns -0.01ns
Plant Height 2023 -0.04ns -0.09ns -0.12*
Plant Height average 0.01ns -0.12% -0.08ns

ns=p>0.05, * =p<0.05, **=p<0.01 and ***= p <0.001.

3.4. Correlation Analysis Between Morpho-Phenological and FHB Traits over Two Years

The Spearman correlation method was used to assess the association between morpho-
phenological traits and FHB resistance (Figure 2). The combined BLUEs values of morpho-
phenological traits across three years were calculated to demonstrate their association with FHB
severity in 2022 and 2023, with an exception of anther extrusion, which was recorded in 2023 and
2025. The positive associations between morpho-phenological traits ranged from r =0.03 to r=0.87 (p
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<0.001), while the negative correlations between morpho-phenological traits ranged from r = —0.02 to
r=-0.54 (Figure 2).
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Figure 2. Correlation analysis between morpho-phenological and FHB severity (BLUEs) across three years.

3.4.1. Association Between Morphological Traits and Phenological Traits

A strong positive correlation was recorded for phenological traits, days to flowering with the
number of spikelets per spike (r =0.54, p < 0.001), followed by the association between the number of
spikelets per spike with days to heading (r=0.53, p <0.001) and spikelets per spike with spike density
(r=0.53, p<0.001). Additionally, a strong negative correlation for morphological traits was observed
between spike length and spike density (r = —0.51, p < 0.001). Furthermore, awn length showed a
significant negative association with merely a few spike traits and phenological traits. Awn length
had a statistically low but highly significant negative correlation of was observed with spike density
(r=-0.28, p <0.001), number of spikelets per spike (r =-0.27, p <0.001), days to heading (r =-0.24, p <
0.001), and flowering (r =-0.23, p <0.001). Non-significant associations were observed between anther
extrusion and the other morphological traits. However, a significant negative correlation was
observed with phenological traits, that is, days to flowering (r = -0.35, p < 0.001) and heading (r =
-0.25, p < 0.001). The correlation results further revealed that plant height had a non-significant
association with other evaluated morphological traits, except for spike length and number of
spikelets (r = 0.30 and 0.23, respectively; p <0.001).

3.4.2. Association Between Morpho-Phenological and FHB Traits

A moderately strong negative correlation was recorded between days to heading and FHB
severity (r = -0.43, p < 0.001), followed by days to flowering (r = —0.39, p < 0.001). Moreover, other
morphological traits, such as anther extrusion, showed a low but significant negative correlation with
FHB severity (r =-0.21, p <0.001). Spike length and spikelets per spike were negatively correlated
with FHB severity. However, non-significant associations were observed between spike density and
FHB severity.
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3.5. Influence of Rht Genes on Plant Height and Its Association with FHB Susceptibility

Based on the presence and absence of Rkt alleles, the genotypes were grouped into three groups:
Non-Rht, Rht-B1b, and Rht-D1b. In total, 41 genotypes carried Rht-B1b and Rht-D1b, while 292
genotypes were non-Rht (wild type). To analyze the effects of Rht alleles on plant height and FHB
severity, pairwise comparisons between these three groups were calculated using the Kruskal-Wallis
test (Figure 3 a,b). In our population, 19 genotypes had the Rht-B1b allele and 22 had the Rht-D1b
allele, and none of the genotypes showed the presence of both alleles simultaneously.

(a) Plant Height (cm) by Rht Group
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Figure 3. Illustration of violin plots showing distribution of genotypes according to their (a) height (cm) and, (b)
FHB severity across different Rht groups. Different letters (a, b or ab) above each violin plot represent significant

differences between the groups at p < 0.05.

The distribution and effect of semi-dwarfing (Rht) alleles on plant height and FHB severity in
the set of 332 genotypes across 3 years are displayed in violin plots (Figure 3). The results illustrated
significant differences in plant height between the groups in all two years (Figure 3a). Genotypes
with semi-dwarfing Rht alleles showed reduced height compared to those without Rkt alleles. The
genotypes without the Rht alleles (wild type) displayed taller plant height on average in comparison
to the group with Rkt genes.

Furthermore, Figure 3b shows that the violin plots demonstrate the association between FHB
severity and the presence of semi-dwarfing alleles. In 2023, genotypes with Rht-B1b or Rht-D1b alleles
had higher FHB severity than those without semi-dwarfing (Rht) alleles. However, the results were
not significant in 2022.
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3.6. Prediction of Resistance on the Basis of Morpho-Phenological Traits

FHB severity was predicted on the basis of eight morpho-phenological traits using a Random
Forest regression (RFR) model with 2000 trees. Predictive accuracy was measured using the Pearson
correlation coefficients between the mean predicted and mean observed FHB severity values.

In 2022, anther extrusion was not evaluated, and extremely favorable conditions for FHB
development were observed (see Materials and Methods: Meteorological Data). The predicted RFR
values were calculated using mean values averaged from the validation split, which was repeated
100 times (80/20 training-validation splits). According to the Pearson correlation between the RFR
predicted and actual observed values, the prediction accuracy between seven morpho-phenological
traits and FHB severity was only 28% (r=0.28, p<0.001) in 2022. However, in 2023, the prediction
accuracy between the eight morpho-phenological traits and severity was 65% (r=0.65, p<0.001), and
between two-years average phenotypic traits it was 57% (r=0.57, p<0.001) (Figure 4 a,b).
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Figure 4. Prediction of FHB severity from eight morpho-phenological traits. (a) demonstrates prediction of
resistance across morpho-phenological traits on the basis of 2023. (b) graph represents prediction on the basis of
2022-2023 phenotypic data. Random forest regression repeated 100 times, 80/20 cross-validation. Notes: r —
Person correlation between predicted and observed values; RMSE — root mean squared error; n — number of
genotypes; Optimal mtry — optimal number of morpho-phenological traits for prediction; SDpredicted — standard

deviation in predicted values; SDabserved — standard deviation in observed values.

3.7. Ranking of Morpho-Phenological Traits by Their Importance

Morpho-phenological traits were ranked according to their importance in predicting FHB
severity. Importance was determined using Random Forest regression (2000 trees) trained on FHB
severity data with permutation-based importance measures. The basic principle of this method is to
measure the increase in the mean squared error (MSE) after randomly reordering the values of each
trait individually for all 2000 trees. Consequently, the permutation importance of the traits was
defined as the average MSE increase across all trees. Larger values demonstrate greater predictive
importance. Error bars represent the standard error of the importance scores across 30 independent
random forest runs, showing that the trait ranking was stable (Figure 5 a,b).

In 2022, the importance of morpho-phenological traits for prediction was negligible; all traits
(days to heading, flowering, spikelets per spike, spike length and density, awn length, and plant
height) had no significant effect and an importance score of up to 20. Spike length and days to
flowering had importance within 10-20 points of importance, spikelets per spike 10 points, spike
density, awn length, days to heading about 5 points, and plant height 3 points. However, in 2023, the
importance of morpho-phenological traits essentially increased. Days to heading, flowering, and
anther extrusion had significant effects on FHB severity prediction, with importance ranging between
90 and 100 (Figure 5a). On average, across two years, the importance was significantly reduced, and
the ranking slightly changed compared to 2023. The ranking of days to heading and flowering was
reversed and the importance of spike density was increased across two years (Figure 5b). When
BLUEs values across two years were used, importance was reduced; however, the same three traits,
days to flowering, heading, and anther extrusion, had significant effects on the prediction of FHB
severity (Figure 5b).
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Figure 5. Importance of morpho-phenological traits computed using a random forest regression model. (a)
importance determined on the basis of 2023 phenotypic BLUEs data. (b) importance computed on the basis of
2022-2023 phenotypic BLUESs data. The importance was assessed using the permutation importance of 2000 trees.
Statistical significance was determined using the permutation-based method of Altmann (200 permutations).
Whiskers above the bars demonstrate the standard error among 30 independent, random runs. Significance
levels: *** p <0.001, ** p <0.01, * p < 0.05 — according to the Altman permutation test [51].

4. Discussion

Passive resistance in wheat is related to innate morphological and phenological traits, which can
indirectly influence the infection process and the spread of FHB infection [34]. Traits such as plant
height, spike length, spikelet number, spike density, heading date, flowering date, awn length, and
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anther extrusion create passive resistance by escaping or avoiding interaction with pathogens or
providing less favorable conditions for disease spread [31,52]. Our results were consistent with earlier
findings regarding phenological traits that consistently affect disease escape [39,53-56].

Spikes are considered a significant part of the wheat plant, where reproduction takes place, and
grains are stored until harvest [62]. Spike length was positively correlated with spikelets number in
this study, and similar results were reported by Xu et al. (2023) [63]. Furthermore, the trait spike
density is also one of the most important agronomic traits, being determined by spike length and the
number of spikelets per spike. Spike having a greater number of spikelets per spike create a compact
arrangement which does not allow better airflow, ensuring a conducive environment for Fusarium
pathogens to grow easily [37,64]. Additionally, lax or loose spike arrangements provide a less
favorable environment for FHB growth [23]. Although, the spike density is often hypothesized to
influence FHB by creating microclimatic conditions [65,66], but in our study, we found a bit of
contradictory results, which are consistent with the findings of Franco et al. (2021) [34]. A non-
significant association between spike density and FHB severity was observed, except for incidence,
which was significantly and negatively correlated with the number of spikelets per spike and spike
length, which suggests that alone spike density alone does not provide significant effect on FHB
spread. Tessmann and Van Sanford (2019) also reported similar results to our findings [31].

Furthermore, awns contribute to plant photosynthetic activities and may influence FHB by
holding moisture and providing space for the fungus to stay and grow. However, in our study, awn
length was not significantly associated with FHB severity. Significant associations could not be
detected because of the strong imbalance of the awned and awnless genotype groups. Approximately
9.8% of genotypes exhibited long and dense awns, whereas about 90% were awnletted and awnless
types. Moreover, the influence of awns on FHB resistance is quite ambiguous. Studies showed
contradictory results about awn length’s role in passive resistance. Mesterhazy (1995) revealed that
the awned genotypes were more susceptible under natural disease conditions [18]. However, under
artificial inoculation, awned genotypes showed no differences in FHB severity [18]. In addition to
this, Giancaspro et al. (2016) noticed less FHB severity in genotypes having long awns [67]. In
contrast, some researchers found no association between awn presence and FHB resistance [23,55].

Anther extrusion also plays a key role in passive resistance to FHB. Anthers most likely provide
nutrition and moisture to Fusarium pathogens and the space to colonize. Extensive studies have been
done till now, which have proved that the anther trapped between glumes facilitates the spread of
FHB infection. In contrast, genotypes that fully extruded their anthers showed a tendency to resist
FHB infection [35]. In this study, we found a weak but significant negative correlation between FHB
severity and anther extrusion, which indicated that higher anther extrusion is associated with better
FHB resistance. Other researchers have also observed a strong negative correlation between AE and
FHB resistance [6,21,37]. Anther extrusion showed negative associations with FHB [31], which points
out the potential of the trait, which may aid in reducing disease severity.

Another trait that is considered to assist plants in avoiding FHB infection is plant height. During
the Green Revolution, semi-dwarfing alleles, such as Rht-B1b and Rht-D1b, were utilized to restrict
the height of wheat plants and prevent lodging. This modification made dwarf genotypes superior
to wild-type (Rht-Bla and Rht-D1a) wheat varieties, with taller plant height and weak stems, which
are unable to hold heavy spikes [68]. However, over time, researchers have reported that these Rht
alleles are also associated with FHB susceptibility. To illustrate, Xu et al. (2020) and He et al. (2016)
reported an association between semi-dwarfing Rht alleles (Rht-B1b and Rht-D1b) and increased FHB
susceptibility [10,37]. Additionally, Srinivasachary et al. (2009) reported that both Rht-B1b and Rht-
D1b alleles significantly decreased Type I resistance against FHB under severe disease pressure [30].
Tessmann & Van Sanford (2019) announced that the frequencies of Rht-B1b and Rht-D1b alleles were
52% and 37%, respectively [31]. Correspondingly, Zanke et al. (2014) reported 7% and 58% of Rht-B1b
and Rht-D1b mutant alleles, respectively, in European cultivars [69]. In contrast, in our collection,
only 6% and 7% of the genotypes carried Rht-B1b and Rht-D1b alleles, respectively, and none of them
had both semi-dwarfing (Rht) alleles simultaneously (Figure 3b). The effect of semi-dwarfing alleles
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could be negligible because of the imbalanced group sizes in our study. The ratios between the non-
Rht and Rht-B1b and non-Rht and Rht-D1b groups were 1:13 and 1:15, respectively. This imbalance
between the wild type and semi-dwarfing allele groups increased the risk of failing to detect a true
effect (Type Il error).

According to our results, plant height in 2022 was not significantly correlated with FHB severity.
In addition, it showed a non-significant association with all other morpho-phenological traits. This
may be due to the high rate of precipitation that year, which created strong disease pressure and
favorable conditions for the spread of FHB infection. Undoubtedly, morpho-phenological traits
facilitate plants to cope with disease stress to some extent through a passive resistance mechanism;
moreover, resistance based on avoidance is effective under some level of disease pressure. Under
high disease pressure, passive resistance can be overcome by Fusarium pathogens. The dependence
of passive resistance on disease pressure was noticed by Mesterhazy (1995), who reported that under
a strong artificial disease background, non-significant differences in plant resistance to Fusarium
head blight (FHB) were observed among various plant height classes [18]. Buerstmayr and
Buerstmayr (2022) also reported the minimal effect of plant height on FHB under greenhouse
conditions [70]. In contrast to 2022, plant height showed a negative correlation with FHB severity in
2023, indicating that long-stature plants have a greater chance of avoiding initial FHB infection under
low disease pressure. Similar conclusions have been drawn by other researchers [27-31,37,64,71].

The findings revealed that the late-headed genotypes with taller stature and lax spikes having
considerable space between spikelets showed significantly less FHB symptoms, indicating that they
are desirable morphological traits when selecting genotypes for resistance breeding against FHB.
These morphological and phenological traits can be utilized as phenotypic markers through the
visual selection of genotypes with desirable traits, such as fully extruded anthers, taller plant height,
or spike architecture.

During the flowering period, temperature and humidity have a significant impact on the
intensity of FHB infection and genotype-environment interaction [52,72]. In 2022, the weather
conditions were more favorable for Fusarium development, and disease pressure was higher because
of warm temperatures and frequent rainfall. The genotypes started heading and flowering under
volatile conditions and faced intense FHB infection. However, a different scenario was observed in
2023, when the genotypes experienced dry weather conditions from the start of the cropping season,
with lower precipitation rates than in 2022 (Figure 1b). In both years, the late-maturing genotypes
experienced less precipitation and decreased temperatures during heading and flowering compared
with the early-maturing ones. This shift in weather conditions reduces the risk of late-maturing
genotypes being exposed to the peak infection period, contributing to lower FHB severity.
Furthermore, Reis et al. (2023) indicated that the longer periods of moisture at temperatures close to
25 °C increase the risk of infection, and almost 50% of spikelets may become infected during wet
periods over 40 h [73]. However, phenological differences between genotypes may play an important
role in resistance, especially if weather conditions are significantly different during the flowering
period for early and late-maturing genotypes. In our results, we observed that the late-maturing
genotypes showed lower severity than the early maturing genotypes. This might be because the late
genotypes, compared to the early maturing genotypes, escaped the peak infection period. Weather
conditions at the time of inoculation significantly affect the spread of fungal infection, which may
increase severity and promote the accumulation of mycotoxins [34]. However, Xu et al. (2020) found
no significant association between days to flowering and FHB severity [37]. Steiner et al. (2004)
reported that early headed genotypes exhibit lower FHB symptoms than late genotypes [65]. On the
other hand, some research studies strengthen our findings and have indicated that late-headed and
late-flowering genotypes perform better in combating FHB [39,40,53-56]. In this study, genotypes
showed a negative correlation with FHB severity, indicating that the genotypes that headed and
flowered late showed higher resistance against FHB than the early-maturing genotypes (Figure 2).

To measure the effect of morpho-phenological traits on FHB severity, two approaches were used:
Spearman correlation analysis and the Random Forest method in this study. Random forest
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regression is a machine learning approach based on creating multiple decision trees to find complex
interaction patterns between the predictors and predicted traits. It is well documented that random
forest can produce better accuracy in prediction than linear methods for complex traits such as
resistance to FHB [50,74].

A comparison of the Spearman correlation coefficients and relative importance scores from the
random forest regression analysis showed that the ranking of morpho-phenological traits changed
according to their contribution to FHB resistance (Figures 2 and 5). For example, according to the RFR
importance score, the first rank had the trait days to flowering, while the correlation was stronger
with days to heading. Anther extrusion had a third rank, while according to the correlation
coefficients, it had only a fifth rank across two years. Spike density had a correlation close to zero, but
according to RFR analysis, it has a fourth rank (Figure 5, b). Random forest has the advantage of
capturing non-linear effects and can detect not only straight-line relationships but also reveal
complex patterns of interaction. This allows the detection of threshold effects, non-monotonic
patterns (e.g., U-shaped), and complex interactions among traits. If the relationship between traits is
observed only within a specific range, random forest can consider not the whole range, but the
separate effect of the trait at different ranges. In the case of the U-shape scenario, if both small and
large values have no association with resistance to FHB, for example, because of rain at the beginning
and end of anthesis, it might mask the effects in the correlation analysis, while RFR might detect high
importance. Sometimes, resistance can be a result of the interaction of two or several traits, which
alone show little or no effect. Random forest can detect such scenarios, including cases when
interaction occurs only between specific traits and within a particular range of their values [50,74—
76].

Many studies have been conducted to measure the predictive accuracy between genetic markers
and FHB severity, as well as between morpho-phenological trait parameters and FHB severity [23,77].
However, FHB is a complex genetic trait with a strong G x E interaction and relatively low prediction
accuracy [78]. For example, Liu et al. (2019) found that the prediction accuracy was 0.35 between
rrBLUP-predicted GEBVs and phenotypic BLUESs, using 102147 SNP markers and fivefold cross-
validation [79]. Zhang et al. (2022) found 0.38 and 0.41 prediction accuracies between predicted
values and observed for Fusarium disease index and Fusarium damaged kernels, respectively [80].
Some studies have demonstrated that including morpho-phenological traits in multivariate models
can improve genomic prediction accuracy [54,81-83]. Morales et al. (2024) reported that including
morpho-phenological traits and the Rht-D1 allele as covariates in a GBLUP model improved
prediction accuracy for FHB severity by 7-25% compared to the standard GBLUP [82].

The results of this study demonstrate that a complex of morpho-phenological traits contributes
to passive resistance, and eight to seven traits represented a substantial portion of FHB variation.
These traits can be used for indirect breeding, supplement active resistance, or be included in
genomic prediction models to enhance the overall prediction of FHB severity.

5. Conclusions

The results of this study suggest that morpho-phenological traits play a vital role in FHB
resistance. Phenological traits (days to heading and flowering) displayed a strong negative
association with FHB severity. Morphological traits such as anther extrusion, spike length, and
spikelet number also showed weak but negative correlations with FHB. The contribution of passive
resistance dependent significantly on weather conditions; under high disease pressure, the influence
of morpho-phenological traits was significantly reduced. Random forest regression analysis
demonstrated that eight to seven morpho-phenological traits predicted FHB severity with an
accuracy of 65% in 2023, 28% under high disease pressure in 2022, and 57% across two years. Our
results demonstrate that the passive resistance provided by a complex of morpho-phenological traits
explains a significant part of FHB variation and can assist wheat breeding for FHB resistance.
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