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Abstract: Stalk rot caused by Fusarium fungi is one of the most widespread and devastating diseases
of maize, and the introduction of resistant genotypes is one of the most effective strategies for
controlling the disease. Breeding genotypes with genetically determined resistance will also allow
less use of crop protection products. The aim of the research was to identify molecular markers and
associated candidate genes determining maize plant resistance to Fusarium stalk rot. The plant
material for the study consisted of 122 maize hybrids, which were sown in plots of 10 m? in a
complete randomized block design, in three repetitions, at two locations (Smolice: 51° 42" 58.904"
N, 17° 13" 29.13” E and Kobierzyce: 50° 58" 19.411"" N, 16° 55" 47.323” E). The analyzed genotypes
were simultaneously subjected to next-generation sequencing using the Illumina platform. The
results of the observation of the degree of infection and sequencing were used for association
mapping, which ultimately resulted in the selection of 10 molecular markers important at both
places. Among the identified markers, two SNP markers that are located inside candidate genes
play an important role. Marker 4772836 is located inside the serine/threonine-protein kinase bsk3
gene, while marker 4765764 is located inside the histidine kinase 1 gene. Both genes can be
associated with plant resistance to Fusarium stalk rot, and these genes can also be used in breeding
programs to select resistant varieties.
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1. Introduction

In the last decade, the increase in temperature, expansion of areas and intensification of
cultivation, the introduction of agrotechnical simplifications and the appearance of new pest species
have resulted in a significant increase in the threat to the amount and quality of maize yields [1].
Crops of this cereal are frequently infected by pathogenic fungi, resulting in serious yield losses [2].
Currently, fungi of the genus Fusarium can be classified as the most dangerous pathogens causing
serious losses in maize plantations. The fungus of the genus Fusarium graminearum causes stalk rot in
maize [3,4]. This pathogen not only causes yields losses, but also poses a huge threat related to the
presence of mycotoxins [5-7]. Fungi of the genus Fusarium colonize soil, crop residues of maize and
cereals, and are also present on the surface of grains. They reach plants directly from resting places
and through wind, water, soil fragments (dust), insects and animals. Maize is exposed to Fusarium
fungi from the moment the grain is sown [8]. As a result of infection, maize plants often lodge, leading
to a decline in planting density.

Maize plant lodging caused by Fusarium fungus infection is often observed in fields where seed
is sown untreated with a fungicide. The development of the pathogen can also be favored by weather
factors, such as a cool and rainy spring, heavy rainfall or sowing two deeply on heavy soil [9].
Infection can, of course, be prevented, and several studies have shown that soil fertilization had a
positive effect on plant tolerance to pathogenic fungi, such as the use of fertilizers containing zinc or
potassium phosphite [10-12]. Stalk rot usually occurs when plant tissues are damaged by Ostrinia
nubilalis. The feeding of this pest is largely responsible for the development of the disease, especially
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since Ostrinia nubilalis is also a vector of this fungus and, migrating between plants, transfers fungal
spores from diseased plants to healthy ones [13]. There are usually two generations of Ostrinia
nubilalis larvae per year: the first generation attacks plants in the middle or end of the vegetative
phase, and the second generation attacks plants in the reproductive phase (from early milk stage to
maturity) [14]. Strong decomposition of stem tissues, including nodes, leads to whole plants falling
over, making harvesting difficult and sometimes impossible.

Fighting fusarium diseases that appear at the end of the growing season is difficult, especially
when no treatments have applied beforehand to directly or indirectly limit infection [15]. Currently,
the most effective method of combating this pathogen is the cultivation of varieties with genetically
determined resistance to Fusarium graminearum. A dynamically changing climate and an increase in
demand for maize, driven by natural increase, are catalysts for research into genes and genomic
regions important to agronomy [16,17]. Scientists have long used next-generation sequencing (NGS)
and association mapping methods to identify markers associated with resistance genes. Genome-
wide association studies (GWAS) are a useful tool for identifying candidate genes, especially when
combined with QTL mapping to validate loci for quantitative traits. Zila et al. [18,19] performed
GWAS tests in maize to detect SNPs associated with increased resistance to fusarium. They identified
10 SNP markers significantly associated with resistance to this pathogen. The introduction of
molecular analyzes made it possible to develop a methodology for genetic marker-assisted selection
(MAS). The scope of application of this methodology depends, of course, on the progress of
knowledge of the genome of the species [20,21]. The completion of the sequencing of the human
genome has opened up a wide range of possibilities for understanding the genomic sequences of crop
plants [22-25]. For several years, maize breeding around the world has been supported by useful
molecular markers. Many authors state in their publications that breeding supported by molecular
marker accelerates yield increases not only in the United States, but also in other countries, offering
great potential to increase the productivity and value of maize germplasm [26,27].

Therefore, the aim of this study was to identify new SNP and SilicoDArT markers linked to
candidate genes for maize stalk rot resistance.

2. Materials and Methods

2.1. Plant material

The plant material used in the study comes from Smolice Plant Breeding Ltd. IHAR Group
(51°42'12"N 17°10'10"E) and Matopolska Plant Breeding Ltd. (50°58'17"N 16°55'50"E). The plant
material includes 122 maize hybrids. Some of the lines analyzed were characterized by lines with flint
grain of three different origins: F2 (a group related to the F2 line bred at INRA in France from the
Lacaune population), EP1 (a group related to the EP1 line, bred in Spain from a population
originating in the Pyrenees) and German Flint. The second part of the plant material consisted of
dent-type kernels; these were derived from various groups of origin from the United States: Iowa
Stiff Stalk Synthetic (BSSS), lowa Dent (ID) and Lancaster.

2.2. Methods

2.2.1. Field experiment

The experiment was established in plots of 10 m? in three repetitions, in a randomized complete
blocks design, in two localities (Smolice: 51° 42" 58.904"” N, 17° 13’ 29.13” E and Kobierzyce: 50° 58’
19.411” N, 16° 55’ 47.323” E). Health evaluation was carried out on ten plants from each plot by
calculating the percentage of stalks infected by Fusarium stalk rot.

2.2.2. Weather conditions

In 2022, the average rainfall in Smolice was 34.45 mm, which was 13.82 mm lower than the multi-
year average. The highest rainfall was recorded in July (55 mm) and the lowest in March (15 mm).
The average air temperature this year in Smolice was 9.54°C, higher than the long-term average
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temperature by 0.8°C. The warmest month in 2004 was August (20°C), while the lowest temperature
was recorded in December (1.1°C). In 2022, the amount of rainfall and temperature were unfavorable
during the initial development of maize plants. Despite the early sowing date, maize remained at the
2-3 leaf phase for a long time, on which purple discoloration was visible due to difficulties in taking
up phosphorus from the soil. May had an abundance of rainfall, which had a positive effect on maize
development. In Kobierzyce, the average rainfall in 2022 was 51.52 mm, 3.22 mm higher than the
average multi-year rainfall. The highest rainfall was recorded in May, with 95.8 mm, and the lowest
in March, with 21.6 mm. The average air temperature in Kobierzyce was 11.46°C, which was higher
than the multi-year average air temperature by 2.58°C. Among the warmest months in 2022 in
Kobierzyce, as in Smolice, was August (22°C), and the coldest was December (1.5°C).

2.2.3. DNA isolation

DNA isolation from 122 maize hybrids was carried out using a ready-made set of reagents from
Symbios. The isolated DNA samples were subjected to next-generation sequencing. The
concentration and purity of the isolated DNA samples were determined using a DS-11
spectrophotometer from DeNovix. The isolated DNA matrix was adjusted to a uniform concentration
of 100 ng pl-! by dilution with deionized distilled water.

2.2.4. Genotyping

DATrTseq technology, based on next-generation sequencing, was used for genotyping. Isolated
DNA from the 122 maize hybrids tested at 50 pl at a concentration of 100 ng was transferred on two
96-well Eppendorf plates for analyzes to identify SilicoDArT and SNP polymorphisms. The analyzes
were performed at Diversity Arrays Technology, University of Canberra, Australia. The methods
used are described in detail on the Diversity Arrays Technology website:
(https://www.diversityarrays.com/technology-and-resources/dartseq/).

2.2.5. Association mapping using GWAS analysis

Based on the results obtained from genotyping and phenotyping, association mapping was
performed using GWAS analyses. Associations were made for 12 analyzed maize hybrids. Genotypic
data were obtained from DArTseq analysis, while phenotypic data are results from observations of
the degree of stem infection and lodging of maize. Based on GWAS analysis, SilicoDArT and SNP
markers with the highest level of significance, i.e. those that were most strongly associated with plant
resistance to Fusarium stalk rot, were selected for further research. For the association analysis, only
SilicoDArT and SNP sequences meeting the following criteria were selected: one SilicoDArT and/or
SNP within a given sequence (69 nt), minor allele frequency (MAF) > 0.25 and the missing observation
fractions <10%.

2.2.6. Statistical Analysis and Association Mapping

Data were analyzed using analysis of variance in a model with fixed effects of location and
random effects of genotypes and genotype x location interaction. Association mapping, based on
SilicoDAIT and SNP data and average trait values obtained in each location. All analyses and
visualizations of the results were performed in GenStat 23.1 [28]. Significance of association between
Fusarium stalk rot and SilicoDArT and SNP markers was assessed using P values corrected for
multiple testing using the Benjamini-Hochberg method.

2.2.7. Physical mapping

SilicoDArT and SNP marker sequences selected based on GWAS analysis were subjected to Basic
Local Alignment Search Tool (BLAST) analysis, which involves searching databases to find sequences
with high homology to the selected silicoDArT and SNP marker sequences. Publicly available web
browsers were used for this purpose: CEPH Genotype database http://www.cephb.fr/en/cephdb/
NCBI Map Viewer http://www.ncbinlm.nih.gov/projects/mapview/ UCSC Genome Browser http
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://genome.ucsc.edu/ Ensembl Map View http://ensembl.fugu-
sg.org/common/helpview?kw=mapview;ref. The programs used were applied to indicate the
chromosomal locations of the searched sequences for, similar to the sequences analyzed, and to
determine their physical location. The sequences of all genes located in the designated area on the
chromosome were further analyzed.

2.2.8. Functional analysis of gene sequences

Functional analysis was carried out using Blast2GO software. The sequences of all genes located
in the chromosome regions determined by BLAST analysis were analyzed. The goal was to obtain
information on the biological function of gene sequences located in the designated chromosome
region.

2.2.9. Design of primers for identified SilicoDArT and SNP polymorphisms related to yield and its
characteristics

Primer 3 Plus was used to design the primers. The program is supported on the website and
require no download or installation. Primer 3 Plus offers various options. These range from different
ways to specify the sequence for which the primers are to be designed, through our general
expectations of the primers (size, melting point — for both primers and products, %GC,
complementarity, etc.), to very precise parameter settings for the primers.

3. Results

3.1. Phenotyping

The observed Fusarium stalk rot was characterized by a normal distribution about both localities,
which made it possible to carry out association mapping. Analysis of variance indicated that the main
effects of genotype and location, as well as genotype x location interaction were significant for
Fusarium stalk rot (Table 1). The differences between the locations were large (11.39% in Kobierzyce
and 1.20% in Smolice), which was the result of large differences in weather conditions between the
two locations (Figure 1).

Table 1. Results of two-way analysis of variance for Fusarium stalk rot.

The number of degrees Sum of square Mean

Source of variation F statistics

of freedom square
Genotype 121 8468.68 69.99 2.45 ***
Location 1 18988.97 18988.97 664.68 ***
Genotype x Location 121 5765.31 47.65 1.67 ***
Residual 488 13941.44 28.57
Total 731 47164.40

*** p<0.001.
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Figure 1. Density charts showing the distribution of the Fusarium stalk rot.

The Fusarium stalk rot values ranged from 1.65% (for genotype G01.10) to 31.18% (for genotype
G03.07) in Kobierzyce and from 0.00% (for 58 genotypes) to 6.36% (G05.03) in Smolice. On average
for both localities, the Fusarium stalk rot values ranged from 0.82% (for genotype G01.10) to 17.08%
(for genotype GO03.07) (Table 2). The variability of the observed values (expressed in standard
deviations) also differed between locations: from 0% to 16.65% in Kobierzyce and from 0% to 9.45%
in Smolice (Table 2).

Table 2. Mean values and standard deviation (s.d.) of Fusarium stalk rot for particular genotypes in
two locations as well as for the average of the locations.

Location  Kobierzyce Smolice Average Location  Kobierzyce Smolice Average

Genotype Mean sd. Mean sd. Mean s.d. Genotype Mean s.d. Mean sd. Mean  s.d.

G01.01 583 289 0.00 0.00 292  3.68 G03.20 583  8.04 0.61 1.05 322 5.87
G01.02 6.84 392 0.00 0.00 342 449 G03.21 2598 7.39 5.45 945 1572  13.56
G01.03 6.80 157 1.82 3.15 431 352 G04.01 12.68 224 0.00 0.00 6.34 7.09
G01.04 9.11 10.12 0.00 0.00 455 811 G04.02 11.67 144 5.85 1.92 876 3.53
G01.05 750 250 057 0.99 404 416 G04.03 833 8.04 0.62 1.07 448 6.65
G01.06 583 144 0.00 0.00 292 332 G04.04 419 287 1.16 1.00 267 2.54
G01.07 1511 897 125 1.09 818 950 G04.05 1.67  2.89 0.61 1.05 1.14 2.03
G01.08 417 145 0.00 0.00 209 246 G04.06 11.86 6.43 2.44 213 715 6.71
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G01.09 1022 6.75 0.00 0.00 5.11 7.04 G04.07 333 3.82 0.00 0.00 1.67 3.03
G01.10 1.65 143 0.00 0.00 082 128 G04.08 1446 7.48 5.18 746 9.82 8.39
G01.11 1453 7.84 0.58 1.01 756  9.13 G04.09 500 433 0.00 0.00 250 3.87
G01.12 855 418  0.00 0.00 428 538 G04.10 12.52 1143 3.95 436 8.23 9.05
G01.13 761 856  0.00 0.00 3.81 6.84 G04.11 7.65 892 0.58 1.01 412 6.87
G01.14 427 392 0.00 0.00 214 341 G04.12 509  5.00 0.00 0.00 254 422
G01.15 23.72 280 0.00 0.00 11.86 13.11 G04.13 333 289 0.00 0.00 1.67 2.58
G01.16 1197 7.83  0.00 0.00 598 822 G04.14 16.05 7.59 0.57 099 831 9.76
G01.17 1583 3.82 3.33 5.77 9.58 813 G04.15 13.33  16.65 0.00 0.00 6.67 12.81
G01.18 838 623 0.72 1.25 455 581 GO04.16 23.61 922 1.85 321 1273 1342
G01.19 16.89 7.03 0.00 0.00 8.44 1026 G04.17 10.83  8.04 0.00 0.00 542 7.81
G01.20 16.09 1278 0.00 0.00 8.05 11.96 G04.18 19.38  8.27 3.57 6.18 11.48 10.85
G01.21 16.77 940  0.00 0.00 839 1094 G04.19 10.00 2.50 0.71 1.23 5.36 5.39
G02.01 1.67 144 0.00 0.00 083 129 G04.20 21.03  3.07 1.23 214 1113 11.10
G02.02 10.00 250 3.61 3.64 6.81 448 G04.21 940 10.36 1.36 236 5.38 8.04
G02.03 250 0.00 0.00 0.00 125 137 G05.01 583 144 1.96 210  3.90 2.66
G02.04 15.06 894 0.00 0.00 7.53 10.00 G05.02 11.84 549 0.00 0.00 5.92 7.36
G02.05 1342 750 0.00 0.00 6.71 8.75 G05.03 1511 4.24 6.36 6.06 10.74 6.70
G02.06 1583 144 0.58 1.01 8.21 8.43 G05.04 9.07  3.69 0.00 0.00 4.53 5.49
G02.07 11.10 6.84 0.00 0.00 555 746 G05.05 1517 5.26 4.85 4.32 10.01 7.10
G02.08 2190 5.60 5.64 584 13.77 10.27 GO05.06 423 390 1.26 218 274 3.26
G02.09 425 3.85 0.00 0.00 213 337 GO05.07 9.65  8.46 2.30 398 5098 7.15
G02.10 1096 7.33  4.68 8.11 782 772 G05.08 6.67  2.89 1.75 3.04 421 3.78
G02.11 791 731 0.62 1.07 426 615 GO05.09 15.83 10.10 3.07 276 945 9.63
G02.12 16.71 1370 1.89 1.96 9.30 11.94 G05.10 5.88  3.81 0.62 1.07 325 3.81
G02.13 833 289 0.00 0.00 417 492 GO05.11 16.67 11.82 2.90 350 9.78 10.84
G02.14 1727 623 119 2.06 923 974 G05.12 13.14 6.84 0.57 099 6.86 8.16
G02.15 430 533 0.00 0.00 215 411 GO05.13 21.67 722 0.67 116 11.17 1240
G02.16 851 3.05 0.00 0.00 426 505 GO05.14 1417 947 0.00 0.00 7.08 9.80
G02.17 6.67 3.82 0.00 0.00 333 438 GO05.15 21.94 10.55 1.19 206 11.57 13.25
G02.18 11.84 275 0.58 1.01 6.21 6.44 GO05.16 342 592 0.00 0.00 171 4.19
G02.19 504 0.08 0.00 0.00 252 276 GO05.17 11.56 538 0.00 0.00 5.78 7.19
G02.20 17.68 1284 1.72 2.99 9.70 12.08 G05.18 6.10  4.08 0.00 0.00 3.05 4.22
G02.21 342 297 0.00 0.00 1.71 265 G05.19 12.65 5.23 497 272 881 5.62
G03.01 500 433 3.02 2.20 401 326 GO05.20 17.50  9.01 221 1.92 9.85 10.21
G03.02 1094 837 0.63 1.09 579 777 GO05.21 1092 137 2.35 2.67 6.64 5.07
G03.03 11.82 10.24 0.00 0.00 591 9.5 G06.01 9.34 10.38 1.82 3.15 5.58 8.00
G03.04 1.67 289 117 2.03 142 225 G06.02 6.84 593 0.00 0.00 3.42 5.30
G03.05 19.57 1048 6.28 8.07 1293 11.09 G06.03 943  5.65 1.73 1.73 558 5.63
G03.06 19.62 1323 0.00 0.00 9.81 13.62 G06.04 20.21 13.80 0.00 0.00 1011 14.10
G03.07 31.18 16.18 298 516 17.08 18.81 G06.05 754  6.59 0.00 0.00 3.77 5.87
G03.08 2432 744 0.00 0.00 1216 1413 GO06.06 17.50  5.00 1.13 098 9.32 9.53
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G03.09 1492 873 0.00 0.00 746  9.86 G06.07 9.38 649 0.57 099 4.98 6.36
G03.10 423 390 057 0.99 240 324 G06.08 10.00 2.50 1.15 1.00 558 5.14
G03.11 1333 8.04 0.00 0.00 6.67 890 G06.09 9.19 7.09 0.00 0.00 4.59 6.74
G03.12 592 531 174 1.76 3.83 421 G06.10 1498 236 1.80 1.85 839 7.47
G03.13 15.61 14.03 4.55 788 10.08 11.84 GO06.11 1417 11.55 0.00 0.00 7.08 10.66
G03.14 1546 485 0.00 0.00 773 9.00 G06.12 2515 7.28 0.60 1.03 12.87 1423
G03.15 15.00 5.00 532 6.03 1016 726 G06.13 1449 7.79 0.00 0.00 7.25 9.34
G03.16 588 141 0.00 0.00 294 334 G06.14 11.84 8.17 0.00 0.00 592 8.29
G03.17 1355 130 6.16 9.14 9.86 711 G06.15 1092 6.28 0.00 0.00 546 7.18
G03.18 504 250 0.00 0.00 252 318 G06.16 577 134 0.00 0.00 2.89 3.27
G03.19 1528 929 3.64 3.57 946 896 G06.17 583 289 0.00 0.00 292 3.68

Location 11.39 833 1.20 2.79

LSDo.os — Genotype: 6.06; Location: 0.78; Genotype x Location: 8.58

LSD - Least Significant Difference.

Despite very large differences between Fusarium stalk rot values, their correlation was observed
between Kobierzyce and Smolice (r=0.36, p<0.001).

3.2. Genotyping

[llumina sequencing identified 60,436 SilicoDArT markers and 32,178 SNP markers (92,614 in
total). For association mapping, 32,900 markers (26,234 SilicoDArT and 6,666 SNPs) metting the
assumed assumptions (MAF > 0.25 and the number of missing observations <10%) were used. Based
on the identified SilicoDArT and SNP molecular markers, a dendrogram of genetic similarity
between the 122 hybrids analyzed was prepared. The dendrogram distinguished three groups of
similarity. Group I contained 53 hybrids, Group II 50 hybrids, while 19 hybrids were classified in
Group III (Figure 2).
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G01.14

III group

Figure 2. Dendrogram showing the genetic similarity between the 122 analyzed hybrids constructed
based on the observation of 32,900 markers (26,234 SilicoDArTs and 6,666 SNPs).

The association mapping identified 11,282 markers (8,405 SilicoDArT and 2,877 SNPs) in Smolice
(Table 3, Figure 3) and 9,439 markers (7,148 SilicoDArT and 2,291 SNPs) in Kobierzyce (Table 4,
Figure 4) significant at 0.05 level. The percentage of variation explained by each marker ranged from
2.4% to 34.4% in Smolice and from 2.4% to 27.0% in Kobierzyce (Tables 3 and 4). 8,702 markers were
statistically significant simultaneously in both localities. 91 of them were highly statistically
significant — LOD>7.5 (Table 5). The percentage of variation explained by highly significant markers
in both localities ranged from 22.0% (for four SilicoDArT markers: 9682713, 2432042, 2384252 and
4766257) to 30.5% (for SNP marker 4772836 | F10-17:C>A-17:C>A) in Smolice and from 22.0% (for four
markers: two SilicoDArTs — 4766257 and 73750965 as well as two SNPs — 4586493 | F|0-10:T>C-10:T>C
and 259477041F10-38:C>T-38:C>T) to 27.0% (for SNP marker 47714641F10-65:C>T-65:C>T) in
Kobierzyce (Table 5).
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Table 3. SilicoDArT and SNP molecular markers significantly associated with maize plant resistance
to Fusarium stalk rot in Smolice (significant associations selected at p<0.001 with correction for
Benjamini-Hochberg multiple testing).

Type of markers All SilicoDArT SNP
The number of markers 11282 8405 2877
Numbers 5800 4336 1464

Effects -17.06 —-2.14 -13.88--2.14 -17.06--2.14

Negative  Percentage variance

24-314 24-314 24 -30.5
accounted for
LOD 1.30-12.70 1.30-16.70 1.30-11.10
Numbers 5482 4069 1413
Effects 2.14 - 8.55 2.14 - 8.55 217 -7.37
Positi )
ositive Percentage variance 04_344 04— 337 0 4_344
accounted for
LOD 1.30 - 14.40 1.30 - 14.40 1.30 -13.53

107

0l L Rl

l

-log(p)

chr 1 chr2 chr3 chr 4 chr 5 chr 6 chr7 ' chr8 ' chr9 'chr 10

Figure 3. Manhattan plot for Fusarium stalk rot in Smolice.

Table 4. SilicoDArT and SNP molecular markers significantly associated with maize plant resistance
to Fusarium stalk rot in Kobierzyce (significant associations selected at p<0.001 with correction for
Benjamini-Hochberg multiple testing).

Type of markers All SilicoDArT SNP
The number of markers 9439 7148 2291
Numbers 4523 3437 1086
. Effects -6.49--0.78 -6.79--0.777 -4.38--0.784
Negative

Percentage variance 24-270 2.4 -05.7 2.4-270
accounted for
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LOD 1.30-9.30 1.30 - 8.82 1.30-9.30
Numbers 4916 3711 1205
Effects 0779-2214 0.779-2214 0.788-2.173
Positi .
ositive Percentage variance 2 4_953 2 4_953 5 4-939
accounted for
LOD 1.30 - 8.68 1.30 - 8.68 1.31-8.17

-log(p)

chr 1 chr 2 chr3 chr 4 chr 5 chr 6 chr7 chr8 chr9 chrl0

Figure 4. Manhattan plot for Fusarium stalk rot in Kobierzyce.

Table 5. Ninety-one markers highly statistically significant (LOD>7.5) simultaneously in both
localities: Kobierzyce and Smolice.

Kobierzyce Smolice
Chromosome Marker type ClonelD

Estimate Percen! LOD Estimate Percen LOD
1 SilicoDArT 29628241 5.902 23.4 8.02 2.167 243 833
1 SilicoDArT 82348823 6.031 24.4 8.34 2.167 242 827
1 SilicoDArT 24026805 6.219 26.0 8.92 2.156 240 820
1 SNP 47722981 F 10-68:A>G-68:A>G -6.032 245 8.40 -2.127 234  8.00
1 SilicoDArT 2488934 -5.894 22.1 7.54 -2.166 229 7.84
1 SNP 24398501 F 10-12:A>C-12:A>C -6.061 249 8.52 -2.092 227 776
1 SilicoDArT 4774875 5.823 229 7.83 2.092 227 776
1 SilicoDArT 9626410 6.623 299 1030  2.073 223 7.62
1 SNP 25293151F10-56:T>G-56:T>G -6.163 25.8 8.82 -2.073 22.3 7.62
1 SilicoDArT 7054095 -6.361 27.5 9.52 -2.073 22.3 7.61
1 SilicoDArT 7051768 6.122 254 8.70 2.071 222 7.60
2 SNP 47728361 F10-17:C>A-17:C>A -6.722 305 11.10 -2.148 23.7 811

2 SNP 45827431 F 10-42:G>A-42:G>A -6.073 24.6 8.42 -2.135 233 797
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2 SilicoDArT 9694283 5.932 23.8 8.12 2.100 228 781
2 SilicoDArT 82349036 6.234 26.4 9.05 2.092 227 776
2 SilicoDArT 2395963 5.823 229 7.83 2.092 227 776
2 SilicoDArT 2382023 5.823 229 7.83 2.092 227 776
2 SilicoDArT 9703016 5.823 229 7.83 2.092 227 776
2 SilicoDArT 25942787 5.764 223 7.63 2.088 225  7.69
2 SilicoDArT 9633940 6.000 24.1 8.24 2.093 225 7.68
2 SilicoDArT 9718212 5.965 24.1 8.24 2.073 223 761
2 SilicoDArT 4778784 -6.347 27.4 9.40 -2.072 223 761
2 SilicoDArT 29619311 5.742 22.2 7.59 2.066 221 754
3 SNP 47724561 F10-52:T>G-52:T>G -5.802 22.5 7.68 -2.227 256 877
3 SNP 45853651 F10-34:T>C-34:T>C -5.979 23.8 8.15 -2.186 245 839
3 SilicoDArT 9682713 -5.718 22.0 7.52 -2.138 237 811
3 SilicoDArT 9717799 5.981 24.0 8.22 2.140 236  8.08
3 SilicoDArT 77157803 5.877 23.2 7.92 2.140 23.6  8.08
3 SNP 24337951 F10-30:G>C-30:G>C 5.996 242 8.29 2.129 234  8.02
3 SilicoDArT 77158337 5.768 22.5 7.68 2.111 231 791
3 SilicoDArT 29621917 -5.998 244 8.36 -2.101 230 785
3 SilicoDArT 5583810 6.071 249 8.54 2.100 228 781
3 SNP 47740801F 10-65:C>T-65:C>T -5.868 23.3 7.95 -2.092 227 776
3 SNP 47740881 F10-45:G>A-45:G>A -5.868 23.3 7.95 -2.092 227 776
3 SNP 7048352 F10-24:A>G-24:A>G -5.737 222 7.59 -2.092 227 776
3 SNP 55867251 F 10-40:C>A-40:C>A -5.761 222 7.60 -2.099 227 775
3 SilicoDArT 82349016 6.017 24.5 8.38 2.074 223 7.60
3 SilicoDArT 4768318 -5.845 23.1 7.90 -2.067 222 758
3 SilicoDArT 34685358 6.096 252 8.64 2.066 222 757
3 SNP 24034831 F10-62:C>A-62:C>A -5.881 23.4 8.00 -2.066 222 757
3 SNP 47714261 F10-54:A>G-54:A>G 6.129 25.3 8.66 2.072 221 755
3 SNP 45929701 F10-41:T>C-41:T>C -5.924 23.6 8.08 -2.067 221 754
3 SNP 45864931 F10-10:T>C-10:T>C -5.734 221 7.56 -2.063 220 752
4 SilicoDArT 70092308 5.823 229 7.83 2.092 227 776
4 SilicoDArT 9680684 5.823 229 7.83 2.092 227 776
4 SilicoDArT 25001071 5.854 23.1 7.90 2.078 224  7.64
4 SilicoDArT 25942566 5.747 22.2 7.60 2.078 224  7.64
4 SilicoDArT 25004669 -6.261 26.3 9.05 -2.078 221 7.56
5 SNP 45830141 F10-63:A>G-63:A>G -5.998 24.0 8.20 -2.235 256  8.80
5 SNP 25364151F10-25:C>T-25:C>T -5.926 23.6 8.09 -2.187 248 848
5 SilicoDArT 4578971 -5.881 23.2 7.93 -2.177 245 838
5 SilicoDArT 2401113 -6.205 26.0 8.92 -2.168 243 833

5 SilicoDArT 29628894 6.294 26.8 9.22 2.148 239 817
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5 SilicoDArT 2432042 -5.722 22.0 7.51 -2.128 234 8.01
5 SilicoDArT 2499631 -6.401 27.7 9.52 -2.108 230 785
5 SilicoDArT 9690308 6.326 27.2 9.40 2.092 227 776
5 SilicoDArT 9681187 6.145 25.6 8.77 2.092 227 776
5 SilicoDArT 2539842 6.016 245 8.38 2.081 224  7.66
5 SilicoDArT 4776114 6.062 24.8 8.51 2.081 224  7.66
5 SilicoDArT 4779143 6.465 28.5 9.70 2.066 222 757
5 SilicoDArT 2532640 6.355 27.5 9.52 2.066 222 757
6 SNP 47714641F10-65:C>T-65:C>T -6.251 25.7 8.82 -2.309 27.0 930
6 SilicoDArT 5587687 5.989 24.1 8.24 2.158 240 822
6 SilicoDArT 4770044 -6.073 24.6 8.42 -2.160 239 817
6 SilicoDArT 5588627 5.855 23.1 7.90 2.119 233 796
6 SNP 47708651 F10-46:C>T-46:C>T -6.028 24.6 8.41 -2.101 229 781
6 SilicoDArT 2530960 5.794 22.6 7.73 2.098 228 779
6 SilicoDArT 9698143 6.459 28.2 9.70 2.084 224 7.67
6 SNP 47648101 F 10-20:T>C-20:T>C -6.424 27.2 9.40 -2.107 223  7.63
6 SilicoDArT 4775726 6.185 26.0 8.92 2.073 223 7.63
6 SilicoDArT 24029725 5.850 23.1 7.90 2.073 223 761
6 SNP 25947704 1F10-38:C>T-38:C>T -6.129 254 8.72 -2.061 220 751
7 SNP 67225764 |F10-56:C>G-56:C>G -6.228 26.3 9.05 -2.073 223 761
7 SNP 2523212|F10-36:C>T-36:C>T -5.778 22.5 7.70 -2.072 223 761
8 SilicoDArT 9694332 5.899 23.5 8.03 2.081 224 7.66
8 SilicoDArT 9698173 5.991 243 8.33 2.066 222 757
8 SilicoDArT 4766257 5.708 22.0 7.52 2.060 220 752
9 SNP 24754271 F10-37:A>G-37:A>G -6.020 24.2 827  -2.195 247  8.46
9 SilicoDArT 77157588 5.888 22.8 7.81 2.156 23.6  8.06
9 SilicoDArT 4584767 -5.958 23.6 8.09 -2.140 234 8.01
9 SilicoDArT 7049648 -6.051 24.7 8.46 -2.083 224 7.66
9 SilicoDArT 2384252 5.712 22.0 7.52 2.072 223 761
9 SilicoDArT 25947915 5.811 225 7.71 2.082 222 7.60
9 SilicoDArT 73750965 5.912 23.5 8.05 2.065 220 752
10 SNP 9667431 1F10-38:G>C-38:G>C 6.403 27.8 9.52 2.120 233 796
10 SilicoDArT 2575390 5.817 229 7.82 2.085 226 772
10 SilicoDArT 9669953 -5.857 22.8 7.80 -2.095 224  7.66
10 SilicoDArT 5584917 6.512 289 10.00 2.073 223 7.62
10 SilicoDArT 2408858 -5.816 22.6 7.72 -2.084 223 761
10 SilicoDArT 7054499 6.179 259 8.89 2.066 222 757
10 SilicoDArT 25002574 6.455 28.2 9.70 2.070 221 7.56

! Percentage variance accounted for
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Of the 8,702 statistically significant markers in both localities (Smolice and Kobierzyce), ten
significantly associated with plant resistance to Fusarium stalk rot at both Kobierzyce and Smolice
locations (the most significant with the largest coefficients of determination) were selected for
physical mapping (Table 6). Using the BLAST database, the location of the selected markers was
determined and the associated candidate genes were provided. The next step was to design primers
that would be used to identify the 10 selected markers. The sequences of the primer are shown in
Table 7. Among the identified markers, two SNP markers that are located inside candidate genes play
an important role. Marker 4772836 is located inside the serine/threonine-protein kinase bsk3 gene,
while marker 4765764 is located inside the histidine kinase 1 gene. Both genes may be associated with
plant resistance to Fusarium stalk rot.

Table 6. Characteristics and location of markers significantly related to plant resistance to Fusarium

stalk rot.
Marker Marker
Marker Chromosome Candidate Genes
Type Location
4772836 SNP Chr 2 1002990 serine/threonine-protein kinase bsk3
45560 bp at 5' side: uncharacterized protein loc100276421
isoform x1
9626410 SilicoDArT Chr1 147389719
74882 bp at 3' side: ubiquitin carboxyl-terminal hydrolase 15
isoform x1
uncharacterized protein loc103641914 isoform x1
5584917 SilicoDArT Chr 10 137279593
uncharacterized protein 1oc103641914 isoform x2
14188 bp at 5' side: formin-like protein 11
157434 SilicoDArT Chr 2 210848643
23892 bp at 3' side: uncharacterized protein loc100273879
440 bp at 5' side: uncharacterized protein 1loc100273604
9698143 SilicoDArT Chr 6 168628814 86823 bp at 3' side: uncharacterized protein loc100382826
precursor
33662 bp at 5' side: putative protein of unknown function
2499631 SilicoDArT Chr 5 223354035  (duf640) domain fami
10443 bp at 3' side: nac domain-containing protein 92
3967 bp at 5' side: uncharacterized protein loc103627005
21699135 SilicoDArT Chr 5 148291902 11771 bp at 3' side: uncharacterized protein 1oc100279673
precursor
1016 bp at 5' side: abc transporter ¢ family member 10
7054095 SilicoDArT Chr1 192290825
24169 bp at 3' side: probable lipoxygenase 8, chloroplastic
20659 bp at 5' side: putative disease resistance protein rga4
4779143 SilicoDArT Chr 5 32830342 517 bp at 3' side: uncharacterized protein loc101027116
precursor
4765764 SNP Chr 5 213770951  histidine kinase 1

Table 7. Sequences of designed primers used to identify newly selected markers significantly
associated with plant Fusarium stalk rot resistance.

M Primer sequence Melti Pr
ar Forward Reverse ng od
temp uc
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°O) e
(b
p)
47728 GGTGGTTTTACCCCCTGCAG TATTTGCAGGCCCTTGA 59 28
36 CCT 1
96264 AGCAATTTCTCCAGAGT CATGCATTTTTCTGC 61 50
10 CTGATG ATTGGGC
55849 TATTGAAGAGAGATATG GTTCAAATAACTCG 58 78
17 ATAATCGCTGCAG CAAAAGACTCG
15743 CGGACCGTATTACCCGG AATTTCCGCGGTAC 55 27
4 TTA CGAGGC 0
96981 ACCGTGGCTAATCCGGT GGCATTCCGGGTAA 59 35
43 TAT TCCGTT 0
24996 CGGTTCCAATTGGGATT CCTGGACCGGCTTT 61 14
31 ACC ACAATC 5
21699 CCGATACTGCATGCTCT CCTCTGTTTGGCGTA 59 64
135 GCG GGTGA
70540 GTCGACGACGAACCCTG CCAATATCCGGCGG 61 55
95 CAG ACAGAC
47791 AATACCCTGGGTCCGGT TTACCGGGTCCAAC 58 18
43 AA CTGGC 0
47657 TTTTTTCCTTCTTGCTGC CCTCGTTCTGTGAA 61 26
64 AG CTGGAA 3

4. Discussion

Maize is currently the leading crop in the global grain market, next to rice and wheat [29]. Its
largest producers are the United States and China, with 2018 production of 392 million tons and 257
million tons, respectively [30]. In terms of yield growth rate in production, maize dominates among
cereal plants, with yield potential reaches 12-15 tons of dry matter per 1 ha. The high fertility of maize
is the result of many favorable physiological and morphological traits of this species [31]. However,
it should be remembered that yield levels are affected by weather conditions during a given growing
season and local environmental conditions [32]. Maize has successfully acclimatized to Polish soil
and climatic conditions [33,34]. The reason for this phenomenon is the introduction of linear hybrids
into maize cultivation, providing access to varieties with an appropriate growing season. Maize, as a
crop, is of great importance in the world, both in terms of utility and economy. This is due to the
possibility of using virtually all of the plant's biomass as feed, food or industrial raw material [30].

Plants, including maize, are constantly exposed to many stress factors, both abiotic and biotic,
that can affect their growth and development [32]. Biotic stress factors include viruses, bacteria, fungi
and insect pests. Often the consequence of stress factors is the occurrence of pathogenic diseases,
which can interfere with normal plant growth, development and function, and cause significant yield
reduction [35]. Maize diseases occurring worldwide include: common smut of maize, maize small
leaf spot, maize sheath blight, common rust of maize, maize helminthosporium, and maize stalk rot

[36].
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Fusarium stalk rot of maize is caused by fungi of the genus Fusarium. Damage caused by
European maize stalk rot promotes the development of the pathogenic fungus [37]. Characteristic
traits of the disease are wilting and drying of leaf blades, weakening of the stem and often lodging
[38]. In addition, Fusarium fungi increase the content of mycotoxins, which in turn disqualify grain
for further processing [39-41].

In own research the field experiment made it possible to perform and analyze measurements of
the degree of fusarium infection of maize stalks. The observed trait was characterized by a normal
distribution at both localities, which made it possible to perform association mapping. Analysis of
variance indicated that the main effects of genotype and location as well as genotype and location
interaction were significant for Fusarium stalk rot. The differences between the locations were large
(11.39% in Kobierzyce and 1.20% in Smolice), duo to large differences in weather conditions between
the two locations.

The most important mycotoxins include aflatoxins, fumonisins, ochratoxin A, deoxynivalenol,
zearalenone and ergot alkaloids, which are mainly produced by the genera Aspergillus, Penicillium,
Fusarium and Claviceps [6]. Selection of resistant genotypes based on their phenotype can be unreliable
and is time- and labor-consuming. Phenotyping maize for fusarium resistance requires field trials
conducted in several environments due to the high interaction of genotype and environment [42]. In
addition, proper management of inoculation timing is required due to the diversity of genotypes in
terms of flowering [43]. Currently, the most effective and fastest methods to support selection are
transcriptomic and genomic association studies (GWAS). They are useful tools for identifying
candidate genes, especially when combined with QTL mapping to map and validate loci for
quantitative traits [44]. Combining these methods has allowed us to overcome their limitations
[45,46].

Our study identified 60,436 SilicoDArT markers and 32,178 SNP markers (92,614 in total). For
association mapping, 32,900 markers (26,234 DArTs and 6,666 SNPs) were selected, meeting
assumptions about the distribution of values (MAF > 0.25) and the number of missing observations
(<10%). The association mapping identified 11,282 markers (8,405 silicoDArT and 2,877 SNPs) in the
Smolice experiment and 9,439 markers (7,148 silicoDArT and 2,291 SNPs) in the Kobierzyce
experiment. Of the 8,702 markers for physical mapping, ten were selected that were statistically
significant in both localities (Smolice and Kobierzyce).

In recent years, many authors have attempted to identify molecular markers associated with
functionally important traits in maize. Using next-generation sequencing, Sobiech et al. [47] identified
markers associated with Fusarium resistance in maize plants. Bocianowski et al. [48] used NGS
technology and association mapping to identify markers associated with the heterosis effect in maize.
A Similar study was conducted by Tomkowiak et al. [49], who identified six SNP markers (1818,
14506, 2317, 3233, 11657 and 12812) located within genes, on chromosomes 8, 9, 7, 3, 5 and 1,
respectively, associated with maize yield. Other authors [50] identified four genes: the isoform x 2
gene of sucrose synthase 4, the isoform x 1 gene of phosphoinositide phosphatase, the putative
isoform x 1 gene of the SET domain-containing protein family, and the grx_c8—glutaredoxin subgroup
iii gene, which significantly regulate the level of vigor and germination of maize seeds.

In the study presented here, of the 10 markers selected, two of them are located inside genes.
SNP marker 4772836 located on chromosome 2, is located inside the serine/threonine-protein kinase
bsk3 gene, while SNP marker 4765764, located on chromosome 5, is inside the histidine kinase 1 gene.
Histidine kinase are typically trans-membrane proteins of the transferase class that play a role in
signal transduction across the cellular membrane. The vast majority of histidine kinases (HKs) are
homodimers that exhibit autokinase, phosphotransfer and phosphatase activity [51]. Unlike other
classes of protein kinases, HKs are usually parts of a two-component signal transduction
mechanisms, in which the HK transfers a phosphate group from ATP to a histidine residue inside the
kinase and then to an aspartate residue in the receiver domain of the response regulator protein (or
sometimes on the kinase itself). Histidine kinases have been implicated in cytokinin and ethylene
signaling, in regulation responses to environmental stress [52]. These, it can be speculated that they
also involved in the immune response associated with fusarium infection of plants.
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The second gene analyzed, a probable serine/threonine kinase, acts as a positive regulator of
brassinosteroid (BR) signaling. Brassinosteroids, another class of growth-promoting regulator,
regulate many aspects of plant growth and development, including cell expansion and elongation (in
combination with auxin) and vascular differentiation. The necessity of brassinosteroids in plant
growth and development has been demonstrated by the identification of many BR-deficient dwarf
mutants and subsequent BRs treating experiments [53]. Brassinosteroid-signaling kinases (BSKs) are
critical in BRs signal transduction. BSK3 is the only BSK member involved in BR-mediated plant root
growth [54].

To confirm the involvement of the two candidate genes in the immune response to infection of
maize plants by Fusarium fungi, their expression will be analyzed. If the involvement of these genes
in the immune reaction is confirmed, SNP markers associated with them can be used to select
resistant varieties.

5. Conclusions

In maize cultivation, it is crucial to reduce the severity of diseases that cause a drastic decrease
in yields. Excessive use of chemical protection negatively affects the natural environment, so the best
method of crop protection is to use varieties with genetically determined resistance in breeding.
Understanding the genetic basis and molecular mechanisms controlling Fusarium resistance is a key
requirement for developing maize varieties with enhanced resistance. Because resistance to Fusarium
fungi is a quantitative trait based on a distributed architecture of multiple genes with small effectors,
the best approach for future molecular breeding is MAS. Using next-generation sequencing (NGS),
two significant markers were identified in candidate genes associated with Fusarium resistance in
maize plants. SNP marker 4772836, located on chromosome 2, is inside the serine/threonine-protein
kinase bsk3 gene, while SNP marker 4765764, located on chromosome 5, is inside the histidine kinase
1 gene. If the involvement of these genes in the immune response is confirmed, SNP markers
associated with them can be used to select resistant varieties.
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