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Abstract: The basic foundation of plant production consists in plant protection treatments, which
largely shape the quality of plant raw material intended for the food industry. Due to its long
growing season, horseradish requires more treatments than average. Intensive protection based on
synthetic pesticides favours the accumulation of their residues in plants and generates serious
environmental problems. We have examined the effect of chemical protection and its reduced
variant as well as three variants of biological protection, differentiated in terms of preparations
used for seedlings treatment (Pythium oligandrum, Bacillus subtilis, and Ecklonia maxima), on the
content of dry matter, protein, fat, carbohydrates, and the disease severity index (DSI) of Verticil-
lium wilt of horseradish roots. The quantitative and qualitative changes in the microorganism
communities associated with this disease were determined. Thirty-four species of fungi and Glo-
bisporangium irregulare have been shown to contribute to the pathogenesis of Verticillium wilt. The
following were found with the highest frequency: Verticillium dahliae (14.37%), G. irregulare (6.87%),
Ilyonectria destructans (6.73%), Fusarium acuminatum (6.53%), Rhisoctonia solani (6.75%), Epicoccum
nigrum (5.56%), and Alternaria brassicae (5.36%).We found that water deficit promotes the increase
of DSI and reduces the number and richness of fungal species isolated from diseased roots. The
variant of biological protection with treatment of seedlings of E. maxima extract and with reduced
chemical protectionin dry seasons give the best protective effects. Under conditions of optimal
water supply, biological protection (P. oligandrum) is more effective than chemical protection.
Biological protection increases biodiversity in the population of microorganisms that contribute to
blackening of the conductive bundles of horseradish roots. There is a significant negative correla-
tion between the number of isolated microorganisms and the DSI value. Increasing the number of
the CFUs is accompanied by a reduction in the symptoms of Verticillium wilt of horseradish roots.
Biological protection in years with sufficient water supply results in a significant increase in the
content of dry matter, protein, and carbohydrates in horseradish roots. Under the influence of
protective treatments, the ash content in the roots and its alkalinity decrease.

Keywords: horseradish roots; Verticillium wilt of horseradish roots; Bacillus subtilis; Pythium oli-
gandrum; Ecklonia maxima; chemical composition
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1. Introduction

Known in the past under a variety of names— Sinapi persicum, Raphanus vulgaris,
Raphanus rusticanus, and Cochlearia armoracia—the horseradish (Armoracia rusticana
Gaertn.) is a perennial plant belonging to the Brassicaceae family, native to the Mediter-
ranean [1,2]. For centuries, it has been a valued medicinal plant, used as a condiment and
known as a natural cosmetic and food preservative [3], even though it was introduced
into cultivation as late as the end of the eighteenth century. Today, horseradish is grown
commercially in all parts of the world. In Europe, the main production is concentrated in
Hungary, Austria, Germany, and Poland [4], whereas the worldwide leadership in
horseradish cultivation belongs to the United States, with over 50% of the plantations
located in the state of Illinois [2,5]. In Poland, horseradish has been cultivated continu-
ously since 1939, mostly in the south-western part of the Lodz region.

Due to their nutritional value, horseradish roots provide a valuable raw material for
the food industry. They constitute a rich source of fibre, mineral salts, calcium, potassi-
um, magnesium, sulphur, sodium, iron, zinc, phosphorus, iodine, vitamins C, Bi, Bz,
provitamin A, as well as flavonoids, sugars, enzymes, and amino acids [6-9]. In addition,
they contain bioactive ingredients who serichness in glucosinolates (being a source of
isothiocyanates that have a wide range of medical applications) is particularly appreci-
ated [10,11]. Among others, isothiocyanates have bactericidal and anti-inflammatory
properties, and they inhibit the development of colon, stomach, and lung cancer [12-15].
Horseradish peroxidase is used in clinical trials and immunological tests [16-18].

In light of the above, plantations must be managed to ensure the highest quality of
the roots [19]. The food industry uses roots that are smooth, with light skin, free from
defects such as cracks, deformations, or damage caused by pests, and last but not least, free
from internal discoloration. Meanwhile, the lengthy period of this plant’s vegetation cer-
tainly favours infection by pathogens and possible damage by insects [2,20,21]. It is esti-
mated that during the growing season horseradish is attacked by about 22 species of pests,
some of them occurring in several generations. In turn, the most common infectious dis-
eases in horseradish plantations are white rust (Albugo candida), Cercospora leaf spot of
crucifers (Cercospora armoraciae), Phoma leaf spot (Leptosphaeria maculans), Cylindrosporium
disease (Cylindrosporium concentricum), and Alternaria Black spot (Alternaria brassicae,
A.brassicicola, A.alternata) [2,20,22-28]. In all climate zones, an important pathogen limiting
the yield and quality of horseradish roots is the genus Verticillium [21,28-32]. The dominant
species is V. dahlige Kleb. In the United States, the latter is considered the main causeof in-
ternal discoloration of horseradish roots, and the disease itself is referred to as “internally
discoloured horseradish roots” [28]. In Poland, however, this disease is known as Verticil-
lium wilt (annular, or ring-shaped, blackening of horseradish roots).

The guarantee of maintaining good quality and high yields comes from, inter alia,
controlling the severity of infectious diseases during the growing season. In the conven-
tional cultivation system, synthetic fungicides are commonly used for seedling treatment
and foliar application, although their effectiveness is not always satisfactory [19,20]. The
negative effect of the use of chemical plant protection products is that, in addition to
pests, they eliminate beneficial organisms from the environment, they decrease the soil
biological activity, and may often cause resistance in pests [33,34]. A global problem is
the loss of soil biodiversity, which, according to the latest reports, contributes to the
health of plants, animals, and humans [35-39]. The restoration of biodiversity is the basis
of ecological and integrated programs implemented as part of sustainable agricultural
development. Organic fertilization is an essential factor in restoring the balance within
ecosystems [40-43]. It has been proven that biostimulants also have a similar effect.
Brown algae extracts restore the relative balance in the soil —the balance between groups
of parasitic, saprotrophic, and antagonistic microorganisms—which contributes to bet-
terplant health [44]. Thus, thanks to brown algae, the use of synthetic fungicides against
Botrytis cinerea can be reduced by as much as 80% [45].
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What is more, replacing chemical protection with biological preparations makes it
possible to avoid negative consequences for the environment and ecology. In the fight
against pathogens, non-pathogenic bacteria are used: Bacillus subtilis strain QST 713, Ba-
cillus thuringiensis subsp. israelensis (serotype H-2014) strain AM65-52, Pseudomonas chlo-
roraphis strain MA342, Streptomyces griseoviridis K61, as well as fungi: Trichoderma, Glio-
cladium, Fusarium, and Oomycetes— Pythium oligandrum strainM1, [46-50]. A small num-
ber of studies conducted on other plant species show that biological control agents
(BCAs) and natural biostimulants or plant growth promoters (PGPs) significantly modify
the content of nutrients and bioactive substances in plant raw materials [51,52].

So far, it has not been investigated whether and to what extent biological protection
treatments, and the inclusion of biopreparations and biostimulants to reduce the amount
of synthetic pesticides used, translate into variability in the communities of microorgan-
isms associated with Verticillium wilt of horseradish roots. This gap is filled by the study
presented in this paper, undertaken with the following objectives: (I) to understand the
communities of microorganisms associated with Verticillium wilt of horseradish roots;
(IT) to assess the impact of protective measures on the quantitative and qualitative com-
position of the communities of microorganisms participating in the epidemiology of this
disease; (III) to assess the relationship between the number of these communities and the
intensity of Verticillium wilt of horseradish roots; (IV) to determine the optimal protec-
tive treatments that would allow horseradish roots with the best quality and nutritional
value indicators to be obtained. Therefore, in the present study, we have performed a
comparative assessment of chemical protection, its reduced variant and three variants of
biological protection with the participation of BCAs (Pythium oligandrum oospores and
Bacillus subtilis) and PGPs (Ecklonia maxima extract and a mixture of three nitrophenolic
compounds), for the content of dry matter, protein, fat, carbohydrates, and ash in horse-
radish roots.

2. Materials and Methods
2.1. Plant Material and Design of the Field Experiment

The study material consisted of roots of horseradish (Armoracia rusticana Gaertn.) of
the Polish variety Alpo that were collected annually in the third decade of October from a
field experiment carried out in 2015-2017 in Siemkowice (51°12.1164" N; 18°53.928' E) in
the £.6dz region of Poland.

The field experiment was carried out on podzolic soil composed of light, highly
sandy clay with a fine sand grain size composition, classified as IVb, with good rye ag-
ricultural suitability complex [53,54]. The soil was acidic (pH = 5.79) and had low humus
content (1.57%). The topsoil was rich in potassium, but there were deficiencies of other
macroelements and micronutrients such as Cu, Zn, and B, as well as excessive iron con-
tent. The content of heavy metals did not exceed the permissible standards.

A single-factor experiment was established using the randomized block method in
four replications. This design provided six combinations of plant protection (24 plots in
total).The size of the plot for observation and harvest was 20 m? (total working area of 480
m?). Each year, the forecrop for horseradish was spring barley. For winter ploughing, a
full dose of cattle manure of 35 tha"and mineral fertilizers were brought in, in doses
determined based on plant requirements and soil analyses for the content of available
forms of the nutrients. In autumn, 400 kg-ha™ of triple granular superphosphate (46%
P205) and 300 kg-ha™ of potassium salt (60% K20) were used. In spring, 150 kg-ha™ of
Polidap NP (S) fertilizer (18% N, 46% P20s, 5% SOs) was sown, and at the end of June,
calcium nitrate with boron was added (15.4% N, 19% Ca, 0.3% B) in the amount of 200
kg-ha'. The deficiencies of copper, zinc, and boron were also supplemented by intro-
ducing 60 kg-ha'copper sulphate, 40 kg-ha-'zinc sulphate, and 10 kg-ha'borax. Horse-
radish seedlings, 30-35 cm long, were planted in the second decade of March, in rows
with a spacing of 62.5 cm x 30 cm (planting density of 80 thousand seedlings per ha™).
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2.2. Protection Treatments

The research factor was protection against infectious diseases, which included
horseradish seedling treatment before planting and foliar application of prepara-
tions.Due to the high risk of insect infestation, it was also necessary to activate pest con-
trol. During the growing season, the horseradish was protected according to the scheme
presented in Table 1. The control of weeds throughout the entire experiment was con-
ducted mechanically. The following agents were used in the experiment: chemical, bio-
logical, as well as biostimulants included in the list below.

Fungicides: Topsin M 500 SC—Thiophanate-methyl —500 g-1"/(Nippon Soda Co.
Ltd., Tokyo, Japan); Dithane Neo Tec 75 WG—Mancozeb: a complex of zinc with poly-
meric manganese ethylene bis (dithiocarbamate), 20% manganese and 2.5% zinc—750
g-kg(Endophile Industries Limited, Mumbai, Republic of India); Amistar Opti 480
SC—chlorothalonil —400 g1, azoxystrobin—80 g-1"/(Syngenta Limited, Great Britain and
Northern Ireland); Ridomil Gold MZ Pepite 67.8 WG—metalaxyl-M—38.8 g-kg™!, man-
cozeb—640 g-kg'(Syngenta Polska Sp.z o0.0., Warsaw, Poland).

Insecticides: Nurelle D 550 WG—chlorpyrifos—550 g1, cypermethrin 50
gl(Arysta Life Science Polska Sp. z o0.0., Warsaw, Poland); Decis Mega 50
EW —deltamethrin 50 g-I'(Bayer SAS, Lyon, France); Proteus 110 OD —thiacloprid —100
g, deltamethrin—10 gl7'(Bayer Sp.z o0.0., Warsaw, Poland); Sumi—Alpha 050
EC—esfenvalerate—50 g-1"'(Arysta LifeScience Polska Sp.z 0.0., Warsaw, Poland); Bull-
dock 025 EC—beta-cyfluthrin—25 g-1-!(Nufarm Polska Sp.z 0.0., Warsaw, Poland).

Biological control agents (BCAs): Polyversum WP—106 Pythium oligandrum oo-
spores per 1 g of the agent (Biopreparaty Ltd. Uherce, Czech Republic); Serenade
ASO—Bacillus subtillis str. QST 713—13.96 g-l"'(minimum concentration 1.042-1012
CFU'I") (Bayer AG, Leverkusen, Germany); Dipel® WG—Bacillus thuringiensis var.
kurstaki p. ABTS 351—540 g-kg'(Sumitomo Chemical Agro Europe S.A.S., French Re-
public).

Biotechnological plant protection product: SpinTor 240 SC—spinosad: Spinozyn A,
Spinozyn D (a substance from the group of macrocyclic lactones)—240 g-1"(Dow Agro-
Sciences Polska Sp.z 0.0., Warsaw, Poland).

Biostimulants (PGPs): Kelpak SL—auxins—11.0 mgl'and cytokinins—0.031
mg-1-lobtained from Ecklonia maxima algae (Kelp Products International (Pty) Ltd., Si-
mon’s Town, South Africa); Asahi SL—nitrophenols naturally occurring in
plants—sodium para-nitrophenolate—3 g1, sodium ortho-nitrophenolate—2 g-1!, so-
dium 5-nitroguajacolate—1 g-1"'(ArystaLifeScience Ltd., Praha, Czech Republic).

Table 1. Scheme of horseradish protection treatments.

Protection Method
Treatments Root Cuttings TheFoliar Application
Treatment . . . . . . .
. Fungicide Preparations Insecticide Preparations Biostimulants
Before Planting
1 x Decis Mega 50 EW, 0.15]-ha!
1 x Proteus 110 OD, 0.6 I-ha™!
1 . h . 7
Contro Untreated Without protection 1 x Sumi Alpha 050 EC, 0.2 I-ha- Not used
4 x Dipel® WG,1 kg-ha™!
Chemical protection
2 x Dith Tec7 2
. x Dithane Neo Tec 75 WG, 2 x Decis Mega 50 EW, 0.15 l-ha™!
Topsin M 500 SC kg-ha™ .
02% solution) 2 x Amistar Opti 480SC, 2.5 2 Lroteus 110 0D, 0.6 Tha
ChP " soaking I-h};l s 1 x Nurelle D 550, 0.6 I'ha-! Not used
; a1
for15min) 2 Ridomil Gold MZ Pepite 1 >umi Alpha 050 EC, 0.2 Iha

67.8 WG, 2 kg-ha™ 1 x Bulldock 025 EC,0.3 I-ha!
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First treatments in the first pair of leaves unfolded. Next treatments depending on the
occurrence of disease symptoms and pests. The preparations were used alternately.

Reduced chemical protection with the participation of biopreparations and biostimulants

Topsin M 500 SC
(0.2% solution)

1 x Amistar Opti 480 SC, 2.5 1 x Decis Mega 50 EW, 0.15]-ha-1 2 x Kelpak SL,
I'hat 4 1-hat
1 x Polyversum WP, 200 1 Proteus 110 OD, 0.6 T'ha™ (first treatment
Y ’ 1 x Sumi Alpha 050 EC, 0.2 I'hat ~ ©.
g-ha in the 4-leaf

4 x Dipel® WG, 1 kg-ha™!

1 x Serenade ASO, 8 1-ha! stage,the next in

RChP First treatment in the stage of the first pair of leaves. Next treatment the 9- leaf stage)
for 15 min.) depending on the occurrence of disease symptoms and pests. The 1 x Asahi SL,
preparations were used alternately. The protection with bioprepa- 0.51'ha™
rations started in the second half of the growing season,at least 10 ~ (when leaves
days after the use of chemical preparations. The Protector adju- cover 40% of the
vant—300 mL ha'—was used together with biopreparations. soil)
Biological protection
Polyversum WP, 2 x Kelpak SL,
BPPo 10g kg‘.lof cuttings . 4 1-hat
(soaking for 30 (first treatment
in the 4-leaf
Serenade ASQO, 400 stage, the next in
BpBs L Kglofcuttings ) b ilyversum WP, 200 ghat 5 x Dipelt WG, 1kghat e 0 1eafstage)
(soaking for 30 2 x Serenade ASO, 8 1-ha! 3 x Spin Tor 240 SC, 0.4 I'ha! 2 XOPS&SS}:;EL,

Kelpak SL, 0.4%
BPEm (soaking for 10

(when leaves
cover 40% of the
soil, the next at
the beginning of
August

Dates oftreatments depending on the occurrence of disease symp-
toms and pests, were made alternately.

Horseradish root cuttings were manually treated with Polyversum WP, Serenade ASO, Kelpak SL and Topsin M 500 SC.
The plants were sprayed with a hand sprayer (Titan 12 knapsack sprayer, Marolex).

2.3. Assessment of the Prevalence of Verticillium Wilt of Horseradish Roots

Horseradish roots were harvested in the third decade of October. Fifty pieces of main
roots were taken from each plot, they were washed under running water, and the per-
centage of roots showing the symptoms of Verticillium wilt of horseradish roots was as-
sessed. For this purpose, the roots were cut crosswise at a distance of 4 cm from the rosette
(crown of the root). As there isno approved scale for the infection assessment for horse-
radish roots, analogous to the EPPO standard PP 1/78 (3), a four-point scale of the per-
centage infestation of the surface of vascular bundles in the cross-section was adopted.

According to thatscale, 0—signifies no disease symptoms, 1—signifies 1%-25% of
the area of the ring of vascular bundles in a discolouredroot, 2—(26%-50%), and
3—(51%-100%), respectively.

The severity of the disease was expressed by the disease severity index (DSI) index
(%), calculated according to the Townsend and Heuberger formula [55]:

iip -
DSI% = M- 100
i-N

where DSI—disease severity index; n—number of plants at a given degree of infestation;
v—degree of infestation, i—the highest degree of infestation; N—total number of ana-
lysed plants.
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2.4. Isolating and Identifying the Fungi from the Roots Infected Internally

The main roots of horseradish with visible internal discoloration of the vascular
bundles were included in the mycological analysis. The material for isolation was col-
lected immediately after health assessment. In accordance with the adopted phyto-
pathological procedure, 30 roots with the strongest symptoms of Verticillium wilt of
horseradish roots and with even thickness (diameter approx. 2 cm) were taken from each
combination. The root was cut lengthwise, and then one 1-milimeter-thick half-slice
(disc) was cut transversely, thus obtaining a total of 60 half-discs. Sections 2-3 mm in size
were cut from the border of healthy and diseased tissue. From each combination of sec-
tions, 200 were prepared, which weighed 5 g. Then, they were disinfected for 30 s in 0.5%
sodium hypochlorite (Javal, Warszawa, Poland). The root fragments were rinsed three
times for 10 min in sterile distilled water and thoroughly dried on sterile gauze. Then, 10
pieces at a time, they were placed on solidified PDA (potato dextrose agar) medium with
0.05 g-1"' chloramphenicol and pH 6.5 in Petri dishes with a diameter of 150 mm. The
fungi were grown in an air-conditioned chamber for up to 10 days, at a temperature of 23
°C and a 12-h light cycle. The number of obtained isolates was counted, which corre-
sponded to the number of colony forming units (CFU) per 5 g of diseased horseradish
roots. The fungal cultures were transported onto PDA and water agar (WA) medium.
The filamentous fungi were identified using the MALDI-TOF MS technique (matrix as-
sisted laser desorption/ionization time-of-flight mass spectrometry), which uses mass
spectroscopy to determine ribosome protein profiles. Reference spectra for these are
stored in the library database of Bruker Daltonik GmbH [56].

The cultivation and sample preparation of the filamentous fungi was performed
according to the standard operating procedure developed by BrukerDaltonik GmbH.
Tubes of 8 mL Modified Fluid Medium cat. no. 221014 (Becton Dickinson) were inocu-
lated with a small amount of three-day-old fungal hyphae and sealed with a lid. They
were then placed in an SB2 rotator (cat. no. Y552, Carl Roth GmbH & Co KG) and incu-
bated in the top mix until sufficient biological material was acquired. A detailed meth-
odology for obtaining supernatants (crude protein extract) from the fungi is presented in
the work of Glen-Karolczyk et al. [42].

Then, 1 uL of supernatant was pipetted onto a steel MALDI plate and allowed to dry
at room temperature. Subsequently, 1 puL of the alpha-cyano-4-hydroxycinnamic acid
solution—HCCA matrix (cat. no. 8255344) —was applied and allowed to dry at room
temperature. The plate was inserted into a MALDI Biotyper microflex apparatus, linked
via computer to a database of reference spectra for fungi contained in Filamentous Fungi
Library 1.0 (BrukerDaltonik GmbH). The spot on the plate where the strains had been-
located was marked, given a number, and the identification was started via the “start”
table. Fungi identification was conducted using MBT Compass research use only (RUO)
4.1.60 software. Each isolate was identified twice.

2.5. Chemical Analyses

Material for chemical analysis was collected from the parts of the roots on which the
health assessment was performed. The content of dry matter was determined using
gravimetric methods according to standard PN-ISO 712:2002 and expressed in g per 100
g; the content of protein was determined using the Dumas method (TruSpec, Leco) ac-
cording to PN-EN ISO 16634-1:2008 (nitrogen to protein conversion factors: 5.9); fat con-
tent, by extraction method in overcritical CO:z state (TFE 2000, Leco); ash content, by
burning in a muffle furnace (Nabertherm model LE6/11/B150) according to PN-ISO
2171:1994; alkalinity of ash was determined according to PN-A-75101/08: 1990 (expressed
in ml of 0.1 M HCI per 100 g dry matter of sample).

The accuracy of methods used was verified on the basis of certified reference mate-
rial NCS ZC73012—GSB-5. All the methods used were fully validated and checked using
internal quality control procedures.
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The amount of carbohydrates was calculated according to Kunachowicz et al.[57].

2.6. Developing the Results
2.6.1. Descriptive Statistics

The microorganisms colonizing the infected roots in particular combinations of the
experiment were characterized using the following population parameters:

The frequency of occurrence of particular species C = a/b-100%

where: a—the number of occurrences of a given species; b—the number of all iso-
lates (100%).

Based on the above, the fungi were assigned to frequency groups: eudomi-
nants—above 10.0% of the total isolated fungi; dominants—5.1-10.0%; subdomi-
nants—2.1-5.0%; recedents —1.1-2.0%; and subreferences below 1.0% [58]. Moreover, the
species richness index (S), which represents the total number of species in the sample,
was used [59].

2.6.2. Statistical Analysis

Using a Statistica 13.1 PL software package, the results concerning the occurrence of
Verticillium wilt of horseradish roots were subjected to a two-way ANOVA analysis
(factor I being the year of cultivation and factor II the protection treatment). Homoge-
neous groups were determined using Tukey’s test, and the significance level was as-
sumed to be 0.05. To determine the relationship between the intensity of Verticillium wilt
of horseradish root (DSI) and the number of colony forming units (CFU) per 5 g of in-
fected roots or the annual sum of precipitation (SP), Pearson correlation coefficients (r)
and regression equations were used. The correlation analysis was also used to determine
the relationship between the prevalence of dominant species in communities of micro-
organisms isolated from horseradish roots.

On the other hand, the results concerning the chemical composition were presented
as the mean value + SD. They were subjected to a two-way ANOVA analysis. Duncan’s
post hoc test was applied. Differences were considered significant at p<0.05. The calcula-
tions were performed with the statistical software package Statistica 9.1 (StatSoft Inc.,
Tulsa, OK, USA).

3. Results and Discussions
3.1. Verticillium Wilt of Horseradish Roots Depending on the Studied Factors

Root diseases, in contrast to those occurring on leaves, directly affect the commercial
value of horseradish, therefore, they pose a greater problem for agricultural producers.
Fruit and vegetable processing plants, which in 90% are direct recipients of raw material
from farmers, set requirements regarding horseradish root quality. Roots intended for
the food industry should have smooth, light skin, and they should be free from defects
such as cracks, deformation, or damage caused by pests, and internal discoloration is not
tolerated either.

A three-year study showed that horseradish cultivation in Poland is endangered by
Verticillium wilt of horseradish roots. The intensity of this disease depends significantly
on the conditions prevalent in a given growing year or season.

Weather conditions in the years of the study were varied (Table 2). They are de-
scribed using the Sielianinov (K) hydrothermal index:

_pb
0,1->t

where: p—precipitation total for the examined period (mm); t —mean daily air tempera-
ture (°C).

K =
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Table 2. Precipitation totals and mean air temperatures at 2 m above sea level, in the growing months in the years
2015-2017, in the Siemkowice region (according to the Institute of Meteorology and Water Management National Re-

search Institute in Poznan).

Months
Year m v v VI vl VI IX X Total/Mean
Precipitation total [mm]

2015 29.7  21.7 294 76.5 42 35.7 41.1 35.8 311.9

2016 35.2 38.3 64.9 71.5 133.7 27.5 22.7 99.9 493.7

2017 504 584 56.4 128.8 61.1 53.5 1854 88.7 682.7
1971-2010 32.6 38.1 53.8 70.8 82.5 66.2 51.3 39.3 434.6

Mean air temperature [°C]

2015 5.1 8.4 13.2 16.7 20.1 22.8 15.4 7.5 13.7

2016 4.0 8.7 14.7 18.4 18.9 18.0 16.0 7.7 13.3

2017 5.9 7.1 134 17.1 18.1 19.3 134 10.1 13.1
1971-2010 29 7.7 13.3 16.0 17.7 17.5 13.0 8.3 12.1

Sielianinov hydrothermal coefficient [K]

2015 09* 0.7 1.5 0.7 0.5 0.9 1.5

2016 1.5 1.4 1.3 2.3 0.5 0.5 4.2

2017 2.7 14 2.5 1.1 0.9 4.6 2.8

* K <0.4—extremely dry month; 0.4 <K <0.7—very dry; 0.7 <K <1.0—dry; 1.0< K £ 1.3—quite dry; 1.3< K < 1.6 —optimal;
1.6 <K £2.0—moderately humid; 2.0 < K< 2.5—humid; 2.5 < K< 3.0 —very humid; K > 3.0 —extremely humid [60].

Of the seasons covered by the study, 2015 was the driest year (see Table 2). As little
as 311.9 mm of rainfall was recorded from March to October. In the first growing season
(April-June), precipitation totaled 127.6 mm, and in the second (July-September), it
amounted to 118.8 mm. In turn, the year 2016 can be considered optimal in terms of water
supply (493.7 mm) and covering the needs of horseradish plants. However, after a very
humid July, there was a significant deficit of rainfall in August and September, followed
by excess precipitation in October. The study period from March to October 2017 was
humid (682.7 mm of precipitation) and warm. In the period April-June, total precipita-
tion was 243.6 mm, and in July-September, it totaled 300.0 mm. This means that the
horseradish plants were sufficiently supplied with moisture.

The organisms responsible for the development of Verticillium wilt attack the roots
with more intensity during drought periods, while the temperature seems to be a factor of
lesser importance. The total precipitation of 682.7 mm in 2017 resulted in a significant re-
duction of discoloration within the vascular bundles (Figure 1). In turn, a decrease in the
amount of precipitation by 189 mm in 2016 resulted in a significant increase in the disease
severity index (DSI). On the other hand, the significant water deficit (311.9 mm) in the first
year of the study contributed to the increase in the DSI. As the disease symptoms intensify,
darkening of the tissues of the core (on the inside) and the cortex (on the outside) is ob-
served. Internal discoloration of the roots significantly reduces the commercial yield, often
completely (100%) disqualifying them from being used for processing [32].
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Figure 1. Infection of horseradish roots by a fungi complex causing Verticillium wilt. Disease se-
verity index (DSI) [%] (homogeneous groups, Tukey’s HSD test, o = 0.05). Values marked with the
same letters do not differ statistically significantly, p < 0.05. Control —Without protection;

ChP —Chemical protection; RChP—Reduced chemical protection with the participation of bio-
preparations and biostimulants; BPPo—Biological protection (root cuttings treatment before
planting with Pythium oligandrum); BPBs—Biological protection (root cuttings treatment before
planting with Bacillus subtilis); BPEm —Biological protection (root cuttings treatment before plant-
ing with Ecklonia maxima).

In the opinion of Babadoost et al. [31], insufficient information on the etiology of this
disease is the main reason for the lack of effective preparations to combat it. Although
seedling treatment appears to be the first and best choice when it comes to protection
against soil pathogens, there is also a marked lack of research in this field in the literature
on the subject.

The weather conditions in the growing season strongly determined the severity of
the disease and the effectiveness of the protection treatments. The interaction between
the years and protection treatments turned out to be significant (Figure 1).

It was demonstrated that in the growing season (2017) with generally the lowest
DS, the applied protection treatments, except for BPEm, protected the horseradish roots
against Verticillium wilt to equal extent. On the other hand, in 2015, a year characterized
as dry and warm, the most intensive development of the disease was recorded, whereas
there was no protective activity in BPBs and BPPo plots. In particular, it was the water
deficit, persisting after planting horseradish seedlings and for the next two months, that
contributed to this (Table 2). In the conditions of soil drought, the BCA (B. subtilis and P.
oligandrumy) did not protect the roots against pathogens causing Verticillium wilt of in-
ternal roots. The study showed that in such conditions, the best protective effect against
Verticillium wilt of horseradish roots was achieved in the BPEm plot, where seedling
treatment with E. maxima extract was supported by additional foliar application of bi-
ostimulants and biopreparations (Figure 1). It is worth noting that in 2015 also the option
of protecting with a reduced amount of chemicals (RChP) protected against Verticillium
wilt of horseradish roots significantly more effectively than the ChP. Therefore, in
horseradish cultivation, there is a chance to minimize the number of treatments per-
formed with synthetic fungicides without reducing the effectiveness of root protection.
Glen-Karolczyk [61] points out that periods of extreme drought have become a dire
problem for horseradish growers in Poland in recent years. Thus, it is reasonable to use
the E. maxima-based biostimulant for horseradish seedling treatment and foliar applica-
tion. The auxins and cytokines contained therein alleviate the stress associated with wa-
ter deficit and promote the health of the roots [60]. In vitro studies also confirm the fun-
gistatic effect of this biostimulant [21].
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3.2. Microorganisms Related to Verticillium Wilt of Horseradish Roots

3.2.1. Quantitative Analysis of Microorganisms Colonizing Horseradish Roots Affected
by Verticillium Wilt

The number of isolates obtained from internally infected horseradish roots varied
according to the growing seasons. In the first year of the study (2015), the most intensive
development of Verticillium wilt of horseradish roots (Figure 1) was represented by the
smallest number of isolated microorganisms (Figure 2). In the following years (which
were wetter), with lesser disease severity, the number increased. As the material collected
for microbiological analysis was carefully weighed and cut into small pieces, it can be
concluded that the number of isolates obtained corresponded to the number of colo-
ny-forming units (CFU) per 5 g of a diseased root. In this approach, on average, the
highest amount of CFU in 5 g was found in infected roots from the 2017 growing season
and the lowest in those from 2015.

185
140 I
ChP

m2015 w2016 m2017

274 283
253
221
200
187
163
i ]35 I

266 261

121

RChP BPPo BPBs BPEm

Protection treatments

Figure 2. Number of colony forming units (CFUs) isolated from internally infected horseradish roots.

It was shown that in the plots where seedlings were treated with PGP (E. maxima)
and BCA (P. oligandrum, B. subtilis), more CFUs were isolated from 5 g of roots that were
showing the symptoms of the disease than in those treated with the ChP, RChP, or in the
control group. At the same time, a significant correlation was found between CFU and
the intensity of Verticillium wiltof horseradish roots from the plots where the seedlings
were treated with P. oligandrum, B.subtilis, and thiophanate methyl before planting (Table
3). The data do not support the conclusion that there is a correlation between CFU and
DSl in the plots where seedlings were treated with E. maxima extract and the control plot.

Table 3. Relationships between the intensity of Verticillium wilt of horseradish roots (DSI) and the number of colony
forming units (CFUs) and between the intensity of Verticillium wilt of horseradish roots (DSI) and the sum of precipita-
tion in the growing season (SP) and CFUs and the sum of precipitation in the growing season.

DSI =b,+b,-SP DSI =a,+a,-CFU
Protection Treatments Tsp.cru
b, b, T'psi.sp a a, Tpsi.cru
Control 92.9 —0.345 *** —0.984 *** 89.2 —0.274 *** —0.851 *** 0.927 ***

ChP 57.5 -0.073 ***  —0.935 *** 64.5  —0.307 *** —0.934 *** 1.000 ***
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RChP
BPPo
BPBs
BPEm

404 -0.040 **  -0.976 *** 50.9  —0.187 *** -0.984 *** 0.999 ***
76.4 -0.101 **  —0.895 *** 93.7  —0.302 *** -0.996 *** 0.928 ***
79.3 -0.102 ***  —0.926 *** 849  —0.264 *** -0.960 *** 0.995 ***
35.0 -0.024 ** —0.712 *** 30.0 -0.029 -0.205 0.830***

t-test significant respectively at: p< 0.01 **; p< 0.001 ***. Control - Without protection; ChP—Chemical protection;
RChP—Reduced chemical protection with the participation of biopreparations and biostimulants; BPPo—Biological
protection (root cuttings treatment before planting with Pythium oligandrum); BPBs—Biological protection (root cuttings
treatment before planting with Bacillus subtilis); BPEm —Biological protection (root cuttings treatment before planting
with Ecklonia maxima).

For all protective treatments, the coefficients of the linear regression equations of the
intensity of the DSI of Verticillium wilt of horseradish roots from the sum of atmospheric
precipitation during the growing season (SP) are statistically significant (Table 3). As the
amount of rainfall increases, the DSI value decreases. For the BPEm treatment, an in-
crease in precipitation by 1 mm causes the smallest (0.024 pp) reduction in the severity of
this disease. In this combination, no statistically significant relationship was found be-
tween DSI Verticillium wilt of horseradish roots and CFUs. These relationships were
statistically significant with respect to the remaining treatments. For ChP, an increase in
CFU by one unit causes a DSI decrease of 0.307 pp. There was a significant positive cor-
relation between the amount of precipitation during the growing season and CFUs.

3.2.2. Qualitative Analysis of Microorganisms Colonizing Horseradish Roots Affected by
Verticillium Wilt

In the course of the pathogenesis of Verticillium wilt of horseradish root, the species
composition, frequency, and biodiversity of the microorganisms involved are important.
During the three-year study; 3508 isolates were isolated from horseradish roots with clear
symptoms of the disease (Table 4).

Table 4. List of species of microorganisms isolated from horseradish roots affected by Verticillium wilt in the years

2015-2017.
) Number of Isolation Frequency Group of
Phylum Genus Species Isolates C [%]q ’ AttendI:mce

Acremonium A. strictum (W. Gams) 9 0.26
) A. niger Tiegh. 14 0.40 SR

Aspergillus A. terreus Thom 12 0.34
) A. brassicae (Berk.) Sacc. 188 5.36 D

Alternaria -

A. alternata(Fr.) Keissel 100 2.85 D

Botrytis B. cinerea Pers. 73 2.08
Chaetomium C. globosum Kunze ex Fr. 41 1.17 R

C. rosea (Link) Schroers, Samuels,

Clonostachys Seifert & W. Gams 10 0.28 SR
Ascomycota Curvularia C. lunata (Wakker) Boedijn 63 1.79 R
Colletotrichum C. acutatum ].H. Simmonds 86 2.45 SD
Epicoccum E. nigrum Link (2.93) 195 5.56 D

F. acuminatum Ellis & Everh. 229 6.53
F. avenaceum (Fr.) Sacc. 94 2.68 SD
F. culmorum (Wm.G. Sm.) Sacc. 41 1.17 R

) F. equiseti (Corda) Sacc. 117 3.33

Fusarium - -

F. proliferatum (Matsush.) Nirenberg 139 .96
ex Gerlach & Nirenberg SD

F. solani (Mart.) Sacc. 114 3.25

F. incarnatum (Desm.) Sacc. 77 2.19
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F. sambucinum Fuckel 51 1.45 R
F. oxysporum Schltdl. 39 1.11
. L. destructans (Zinssm.) Rossman, L.
Ilyonectria Lombard & Crous 236 6.73 D
P. expansum Link 90 2.56 SD
Penicillium P. verrucosum Dierckx 14 0.40
Penicillium spp. 33 0.97
P. herbarum Westend. 13 0.37
Didymella glomerata (Corda) Qian 1 0.60
Phoma Chen & L. Cai (P. glomerata) SR
Juxtiphoma eupyrena (Sacc.)
Valenz.-Lopez, Crous, Stchigel, 31 0.88
Guarro & J.F. Cano (P. eupyrena)
Ulocladium U. consortiale (Thiim.) E.G.Simmons 24 0.68
Sclerotinia S. sclerotiorum (Lib.) de Bary 91 2.60 D
Trichoderma T. viride Pers. ex Gray 77 2.19
Verticillium V. albo-atrum Reinke & Berthold 56 1.60 R
V. dahliae Kleb. 504 14.37 E
Ba51d1t(;myco- Rhizoctonia R. solani Kithn 237 6.75 D
Rhizopus Rh. stolonifer (Ehrenb.) Vuill. 38 1.09 R
Zygomycota Rhizomucor Rhizomucor spp. 13 0.37 SR
Mucor Mucor spp. 19 0.54
Total fungi 3189 90.91
) ; G. irregulare (Buisman) Uzuhashi, Tojo
Oomycota  Globisporangium & Kakish 241 6.87 D
Unknown microorganisms 78 2.22
Total 3508 100

E—eudominants (>10%);

SR —subrecedents (<1%).

D—dominants (5.1-10.0%); SD—subdominants (2.1-5.0%); R—recedents (1.1-2.0%);

Of these, 90.91%, that is 3189 species, were fungi, and 6.87% were Globisporangium
irrequlare (241 isolates), which was the only representative of Oomycota. The isolated
fungi belonged to 34 species and represented 21 genera within the clusters Ascomycota,
Basidiomycota, and Zygomycota. At the same time, the 17 genera belonging to Ascomycota
accounted for 82.16% of the total isolated fungi. Only one species—V. dahliae—was de-
termined as eudominant, with a 14.37% share. The group of dominants, constituting a
share of 37.80% of the total number of isolated microorganisms, included, in decreasing
order (in terms of percentage),G. irregulare (6.87%), R. solani (6.75%), Ilyonectria destructans
(syn. Cylindrocarpon destructans) (6.73%), Fusarium acuminatum (6.53%), Epicoccum nigrum
(5.56%), and A. brassicae (5.36%). The subdominant group had a share of 28.06% and
comprised 11 species, of which 6 belonged to the genus Fusarium: F. acuminatum—6.53%,
F. proliferatum—3.96%, F. equiseti—3.33%, F. solani—3.25%, F. avenaceum—2.68%, F. in-
carnatum—2.19%, A. alternate—2.85%, Sclerotinia sclerotiorum—2.60%, Penicillium expan-
sum—2.56%, and Colletotrichum acutatum—2.45%. The complex nature of the etiological
factors causing Verticillium wilt of horseradish roots means that they can be considered
as an ecological micro-niche or “microhabitat”, which is shaped by, inter alia, weather
factors and plant protection measures. In assessing the biodiversity of these microhabi-
tats, we have applied the basic criterion of biodiversity, which is species richness (S). It is
obvious that this biodiversity is negligible compared to that found in soil. Nevertheless, it
seems to be important in the pathogenesis of Verticillium wilt of horseradish roots.
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In the analysed years, the smallest number (i.e., lowest richness) of species, namely
26, was recorded in the warmest season with the highest water deficit—i.e., in 2015
(Supplementary Table S1). On the other hand, in the years 20162017, along with the in-
crease in recorded precipitation, the species richness increased to 37 (Table 5, Supple-
mentary Table S2). The same number of species was obtained in the BPPo and BPMe
plots. On the other hand, the species richness in the control plot was 25. With full chem-
ical protection (ChP), the S index equalled 19. In the studies to date, there are no reports
from research studies that would involve the biodiversity assessment of the community
of microorganisms associated with diseases of complex etiology. Earlier studies indicate
that with the increasing biodiversity (expressed by various indicators), the severity of
disease symptoms decreases [42].

Table 5. Frequency of species in microbial communities isolated from horseradish roots.

Species of Fungi

Protection Treatments

ChP RChP BPPo BPBs BPEm  Control
A. brassicae || EEGIN 441 NGB 243 3.66 G
A. alternata 2.14 4.61 1.77 0.81 0.76 4.37
B. cinerea 0.77 1.09 0.40 3.03 1.94
C. globosum 1.54 1.36 0.40 1.39
C. lunata 2.14 0.77 1.91 1.62 2.14 1.29
C. acutatum 2.88 1.77 1.21 1.89 3.07
E. nigrum 0.96
F. acuminatum 4.37 0.81
F. avenaceum 3.57 441 0.95
F. culmorum 1.43 1.34 0.95 0.88 1.29
F. equiseti 3.57 3.26 3.14 3.64 2.65 4.21
F. proliferatum 2.86 3.45 3.55 4.45 441 3.24
F. solani 1.43 1.92 2.59 1.62 4.29 3.40
F. incarnatum 0.19 1.36 1.21 3.03 2.75
F. sambucinum 3.57 1.34 1.91 1.21 0.76 1.46
F. oxysporum 0.95 0.81 2.14 0.49
L destructans
P. expansum 4.29 4.03 2.86 1.62 2.52 0.49
P. verrucosum 2.14 0.58 0.41 0.81 0.38
S. sclerotiorum 2.69 3.82 4.86 2.40 0.81
T. viride 0.95 2.02 - 0.65
V. albo-atrum 2.14 1.73 1.50 0.40 1.64 1.29
V. dahlige 13.57 19.96 20.70 19.03 11.22 25.57
R. solani 20.00
Rh. stolonifer 0.58 1.50 2.02 1.51
Rhizomucor spp. 0.95 2.43 0.13
Mucor spp.
Total fungi 84.28 88.10 92.90 90.69 91.05 90.29
G. irrequlare 9.21
S 19 29 37 32 37 25
B cudominants >10%) D Dominants (5.1-10.0%)
Explanations Subdominants (2.1-5.0%) Recedents (1.1-2.0%)

Subrecedents (<1%)
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In 2015, the eudominant group had the largest share (38.81%), mainly due to the
record-high frequency of V. dahliae (28.16%), followed by the 10.65% share of A. Brassi-
cae(Supplementary Table S1). The V. dahliae species was a constant component of the
eudominant group in all of the studied years, and in 2016, it was its only representative,
accounting for 19.23%. In the last growing season, R. solani (10.90%) and I. destructans
(10.16%) also belonged to the group of eudominants. On the other hand, the share of the
dominant group ranged from 9.75% to 20.88%, and F. acuminatum was the only repre-
sentative of dominants in 2015 (9.75%). Then, R. solani and I. destructans dominated in
2016. In turn, G. irregulare (8.80%) and E. nigrum (8.18%) dominated in the communities of
fungi isolated in 2017.

In all protection variants, V. dahliae belonged to the group of eudominants, isolated
with the highest frequency from the infected roots of the control plot (25.57%) (Table 5,
Supplementary Table S2). This proves that the tested preparations limited the develop-
ment of this species. Its lowest share, at the level of 11.22%, was recorded among isolates
obtained from the BPEm combination.

The dominant role of V. dahlige in the pathogenesis of Verticillium wilt is confirmed
by other authors [28-30,32,61,62]. Moreover, in the complex of microorganisms causing
Verticillium wilt of horseradish roots progressing from the vascular bundles, the fol-
lowing ranked as dominants: Globisporangium irrequlare (Pythium irregulare),R. solani, Il-
ynonectria destructans (Cylindrocarpon destructans, Fusarium acuminatum, Epicocum
nigrum and Alternaria brassicae). There is no information in the literature concerning the
share of I. destructans and G. irregulare in the complex causing Verticillium wilt of horse-
radish roots. Numerous authors point to the high pathogenicity of I. destructans in rela-
tion to the underground parts of many plant species [63-67]. According to Yu [28], F.
acuminatum is a constant component of the complex of Verticillium wilt of horseradish
roots. Pathogens such as F. acuminatum, R. solani, and G. irrequlare were most frequently
isolated from the ChP plot. This proves chemical protection to be ineffective against these
pathogens. In particular, R. solani exhibits exceptional resistance to synthetic fungicides
[68,69]. In view of the above information, the use of BCAs and PGPs is revealed as an al-
ternative method that can be used to reduce pathogens and disease severity without
adversely affecting the environment. BroZova [70] claims that P. oligandrum not only re-
duces the concentration in soil of R. solani, Fusarium spp. and many other significant
pathogens, but it also increases the population of antagonists. Ourstudydoes not sup-
portthis conclusion. The antagonistic species of Trichoderma viride with the highest fre-
quency was found in the community of fungi isolated from the infected horseradish roots
of the BPEm plot (treated with E. maxima extract). This was also the observation of pre-
viously published studies [61,71]. Antagonism of fungi of the genus Trichoderma against
R. solani has been observed repeatedly, and other mechanisms such as competition for
food and induction of resistance genes have been pointed out [72-74]. In the present
study, the increase in T. viride frequency was also accompanied by a smaller proportion
of R. solani. Koutb and Ali [75] report thatE. nigrum is an antagonist effective in reducing
the pathogenic activity of P. irregulare. The same reaction was observed in our study. In-
fected roots from the combination of seedling treatment with B. subtilis and P. oligandrum
as well as E. maxima were colonized by E. nigrum with the highest frequency, while the
share of G. irrequlare decreased.

Diversity of interactions between the dominant microrganisms colonizing horse-
radish roots with symptoms of Verticillium wilt of horseradish roots was demonstrated
(Table 6).EudominantsV. dahliae significantly negatively correlated with I. destructans and
T. viride. It was concluded that I. destructans had different microhabitat preferences than
V.dahliae. The frequency of this fungus increased in the years with more rainfall, while the
development of V. dahlinze was favored by drought (Supplementary Table S1). It turned
out that T. viride as an antagonist can significantly reduce the population of V. dahlige as
well as G. irregulare and F. acuminatum. E. nigrum showed very strong antagonism to-
wards F. avenaceum and F. acuminatum.The significantly positive strong correlation be-
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tween V. dahliae and A. brassicae, as well as R. solani and G. irregulare, indicates the syner-
gism of these pathogens in the Verticillium wilt of horseradish roots complex.

Table 6. Correlations between microorganisms occurring with the highest frequency in the communities of microorgan-
isms isolated from diseased horseradish roots.

Species of FungiV. dahliaeG. irregulareR. solaniF. acuminatumF. avenaceumA. brassicaeE. nigruml. destructans

G. irregqulare -0.207
R. solani -0.383 0.948 ***

F. acuminatum 0.341 0.033 -0.066

F. avenaceum 0.468 * 0.412 0.258 0.881 ***

A. brassicae 0.674**  -0.811 *** -0.857 *** 0.375 0.128

E. nigrum -0.253 -0.374 -0.263 -0.909 *** -0.948 *** -0.093
L destructans —0.804 *** 0.457 0.535 * -0.583 * -0.467 -0.805 ***  0.304
T. viride -0.560* -0.533* -0.453 -0.288 -0.641 ** 0.003 0.544 * 0.201

t-test significant respectively at p < 0.05 *; p <0.01 **; p < 0.001 ***,

3.3. Chemical Composition of Horseradish Roots

The abundance of nutrients in vegetables is the basic feature that determines the
suitability of their edible parts for consumption. The chemical composition is a varietal
feature and may vary significantly depending on the soil, climatic, and agro-technical
conditions [76]. Vegetables and fruits are one of the basic groups of food products that
provide the ingredients necessary for proper functioning of the human body. A very
important indicator of the quality and nutritional value of vegetables is the dry matter
content. Based on its quantity, it can be established whether the product is rich in nutri-
ents or not [77]. In the tested horseradish roots, the average dry matter content was 28.0
g-100 g (Table 7), and it ranged from 23.1 to 31.1 g-100 g-'. Similar values for the dry
matter content of horseradish have also been reported by other authors [78-80].

Table 7. Effect of protection treatments and year of horseradish cultivation on dry matter content

(8100 g™'].
. Year
Protection Treatments Mean
2015 2016 2017
ChP 26.2<+0.14 26.84+032 2312+0.36 254+1.71
RChP 28.7ev+0.41 27.7¢+029 245b+041 27.0+1.90
BPPo 275¢+0.14 31.81+0.18 282©+0.36 29.2+1.98
BPBs 27.7¢+0.18 289h+0.24 28.1 £+0.18 28.2 +0.55
BPEm 31.3k+0.18 30.7i+0.22 27.6¢+0.18 29.9+1.70
Control 30.1i1+0.18 2858+0.12 262<+0.12 28.3+1.67
Mean 28.6 +1.01 29.1+1.48 26.3 +1.86 28.0+1.24

Values marked with the same letters do not differ statistically significantly, p <0.05.

The two-factor analysis of variance showed that the level of dry matter was statisti-
cally significantly different—both depending on the year of cultivation and the protec-
tion treatments applied. The lowest amount of dry matter was found in horseradish roots
from PD plots—namely, 25.4 g-100 g on average—while the highest amount was found
in BPEm plots (29.9 g-100 g on average). Witkowicz et al. [51] reported that pre-sowing
treatment of buckwheat seeds with E. maxima algae extract also favoured the accumula-
tion of dry matter in the sprouts of this plant, while B. subtilis reduced the level of this
component. Having analysed the level of dry matter in horseradish roots depending on
the year of plant cultivation, we observed that the horseradish roots most abundant in
dry matter were those grown in 2016, that is the year in which the hydrothermal condi-
tions were the closest to the optimal horseradish requirements. In turn, the lowest level of
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dry matter was characteristic of the roots harvested in the year 2017, classified as moist
and warm. Many researchers indicate large variability in the amount of dry matter in
vegetables under the impact of climate and soil factors [81-84]. In turn, according to
Marcinek and Hetman [85], the dry matter content in vegetables does not depend on the
preparations used in plant cultivation. These hypotheses are confirmed in the studies of
Wierzbicka and Majkowska [86] and Kowalska et al. [87].

In vegetable cultivation, apart from the yield, more and more attention is paid to the
quality of the harvested crops, measured not only by such features as appearance and
taste, but also by the content of organic ingredients [88]. Protein is one of the most im-
portant nutrients. Its content in the tested horseradish roots was in the range 14.8-21.6
g100 g! dry matter (DM), which corresponds approx. 4-6 g-100 g fresh weight (Table 8).
The obtained results were similar to the data reported in the literature on the subject. Ac-
cording to Kunachowicz [78], the protein content in horseradish root is approx. 4.5 g-100
g, whereas Orlowski and Kotota [89] report a much lower value. On the other hand,
Ortowski [90] determined 1.6-3.1 g of protein per 100 g of fresh root mass. On the basis of
the conducted study, it was found that the tested horseradish roots contained more protein
than other vegetables such as beets, carrots, cucumbers, parsley, and radishes and less than
garlic and green peas [78]. As was observed in the case of dry matter, the content of protein
in the roots was also significantly differentiated depending on the year of cultivation and
protective treatments. Similar observations were also made by Noworodnik [91], who
stated that the use of fungicides impacts the increase of the total protein content. The low-
est protein content was found in horseradish roots obtained from the cultivation where
BPPo was used, as well as those obtained in 2017. Significantly more of this nutrient was
contained in horseradish roots in the BPEm and RChP plots.

Table 8. Effect of protection treatments and year of horseradish cultivation on protein con-
tent(g-100 g™! dry matter).

. Year
Protection Treatments Mean
2015 2016 2017
ChP 18.8i+0.2 17.2£+0.03 1654+0.3 17.5+1.05
RChP 21.6n+0.11 20.6t+0.07 171f+0.13 19.8+2.03
BPPo 18.51+0.05 14.83a+0.14 169¢+0.10 16.7x1.61
BPBs 20.41+0.04 18.1h+0.07 16.1<+0.08 18.2+1.84
BPEm 214m+0.17 189i£0.10 16.9¢+0.06 19.1+1.92
Control 19.8x+026 1758+0.05 159*+0.04 17.7+1.69
Mean 20.1 +2.01 17.8 +2.14 16.6 +1.98 18.2+1.94

Values marked with the same letters do not differ statistically significantly, p < 0.05.

The fat content in horseradish roots was insignificant, and it did not exceed 1 g in
100 g of dry matter (Table 9). Based on the statistical analysis, it was found that the level
of this component varied significantly depending on the plant protection method. The
accumulation of fat in the roots was significantly favoured by the treatment of seedlings
with the application of P. oligandrum.

Table 9. Effect of protection treatments and the year of horseradish cultivation on fat content(g-100
g™ dry matter).

. Year
Protection Treatments 2015 2016 2017 Mean
ChP 0.85«d+0.02 0.76+0.03 0.692+0.01 0.77 +£0.07
RChP 0.96¢+0.01 0.90d+0.02 0.80+0.03 0.89+0.07
BPPo 1.051+0.13 0.874+0.03 0.82bc+0.02 0.91x0.12
BPBs 0.89d+0.02 0.722+0.03 0.70+0.02 0.77 +0.09
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BPEm 0.79bc+0.01 0.742<+0.03 0.672+0.03 0.73+0.06
Control 093d+0.03 0899 +0.02 0.75+04 0.86+0.09
Mean 0.91 = 0.09 0.81 +0.08 0.74+0.08 0.82+0.11

Values marked with the same letters do not differ statistically significantly, p <0.05.

Carbohydrate turned out to be the basic component of root dry matter(Table 10).
Significant differences in the level of this component were observed depending on both
the year of cultivation and the protective treatments applied. The roots most abundant in
these ingredients were those obtained in 2016 and those protected with the BPEm.

Table 10. Effect of protection treatments and year of horseradish cultivation on carbohydrate con-
tent (g-100 g dry matter).

. Year
Protection Treatments 2015 2016 2017 Mean
ChP 72.18+0.11 69.1°+0.15 6692+0.12 69.3+2.22
RChP 66.92+0.13 69.5¢+x0.04 6682+007 69.5+224
BPPo 72.81+0.07 73.5i+0.06 70.7¢x0.11 723+1.27
BPBs 73.01+0.09 73.8k+0.04 6994+0.14 723+1.75
BPEm 75.81+0.03 75.01+0.12 71.0f+£0.15 73.6+2.06
Control 769m+0.14 721&+x0.06 69.94+0.05 72.9=+3.06
Mean 73.9+2.01 72.0+1.56 69.2 +£2.12 71.7 +2.68

Values marked with the same letters do not differ statistically significantly, p <0.05.

The ash content ranged from 6.21 to 7.89 g-100 g dry matter (Table 11), which was
approx. 2 g-100 g fresh weight. The values obtained in the conducted studies were
comparable to the values indicated in the tables of nutritional value [78]. A similar level
of ash is also characteristic of “Hajdtisagi torma” horseradish variety. The level of min-
erals expressed as ash was significantly differentiated depending on the protective
treatments applied and the year of cultivation (Table 10). Higher values were character-
istic for the roots obtained in 2016 and those from the control plot. The applied protection
variants reduced the ash content. However, the roots from both the ChP and BPPo plots
contained significantly less minerals. Literature lacks information on the impact of pro-
tection treatments on the chemical composition of horseradish, and such an impact is
rarely analysed in relation to other vegetables. However, in studies on buckwheat, it was
reported that pre-sowing treatment of seeds with P. oligandrum oospores reduces the ash
level in sprouts [51].

Table 11. Effect of protection treatments and the year of horseradish cultivation on ash content
(g:100 g™! dry matter).

Year of cultivation

Protection Treatments 2015 2016 2017 Mean

ChP 7198+0.02 7.098+0.03 6.212+0.05 6.83+0.46

RChP 7198+0.06 7.35h+0.05 6.32b+0.05 6.95+0.48

BPPo 6.46<+0.03 6.921+£0.05 6.684+0.12 6.69+0.21

BPBs 694t+0.08 6.81¢x0.02 700%+007 6.92+0.10

BPEm 74117+0.9 8.01i+0.01 6.76 4 +0.04 7.39+0.54

Control 732h+0.04 7.89i+0.03 7.02%+0.15 7.41+0.39

Mean 7.09 £ 0.58 7.35+1.02 6.67 +0.65 7.03+0.47

Values marked with the same letters do not differ statistically significantly, p <0.05.

The alkalinity of ash in the tested horseradish roots ranged between 47.5 and 55.2
cm?® 0.1 M HCI g-100 g of dry matter (Table 12). There is no data available on this pa-
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rameter in horseradish roots in the literature on the subject. Korus [92] investigated the
alkalinity of ash in grass peaseeds, indicating much higher values, i.e., 85 cm® 0.1 M
HCI-100 g* DM. The statistical analysis of the obtained results showed statistically sig-
nificant differences in the ash alkalinity depending on the applied treatments and the
year of horseradish cultivation. The ash from BPPo-plot horseradish demonstrated the
lowest alkalinity (on average, 49.6 cm?® 0.1 M HCl g-100 g'DM), while the highest was
found in the horseradish grown in the control plot (53.2 cm?® 0.1 M HCl per 100 g DM)
(Table 11). A higher value of this parameter indicates a higher content of elements such as
potassium, magnesium, sodium, and calcium, which are of high nutritional significance.

Table 12. Effect of protection treatments and the year of horseradish cultivation on ash alkalinity
(0.1 M HCl per 100 g of dry matter).

Year of cultivation

Protection Treatments 2015 2016 2017 Mean

ChP 50.1<f+0.04 51.9i+0.06 49.14+0.07 504+1.21

RChP 50.38+0.04 525k+0.03 49.0«¢+0.04 50.6+1.49

BPPo 4753a+0.04 51.00+0.09 502f%+0.16 49.6+1.58

BPBs 486°+0.09 51.2i+0.12 50.2f{+0.03 50.0+1.13

BPEm 50.1¢+0.07 53.4!+0.03 489¢+0.13  50.8+2.00
Control 53.51+0.05 55.21+0.90 51.0h+0.12 53.2+1.80

Mean 50.0 +2.09 52.5+1.89 49.7 +1.38 50.7 +1.92

Values marked with the same letters do not differ statistically significantly, p < 0.05.

4. Conclusions

The study showed that Verticillium wilt of horseradish roots, which determines the
plant’s suitability for food processing, is a serious problem in its cultivation. Especially in
seasons with a high water deficit, where the DSI of roots reaches 52.00%, a good oppor-
tunity to improve the health of plants is provided by the variant of biological protection
using E. maxima for seedling treatment, as well as reduced chemical protection (RChP).
On the other hand, biological protection with the participation of P. oligandrum and
B.subtilis produces beneficial protective effects in vegetation seasons rich in rainfall and
with optimal humidity. In the process leading to internal Verticillium wilt of horseradish
roots, 34 species of fungi were identified as well as G. irregulare, the latter being the only
recorded representative of Oomycetes. In the population of these microorganisms, de-
pending on the protection applied, V. dahliae is eudominant with an incidence of 11.22%
to 25.57%. In turn, G. irregulare, I. destructans, F. acuminatum, R. solani, E. nigrum, and A.
brassicae species were found consistently throughout the study, but their categorisation in
the frequency groups depended on the growing season and protection measures
used.The applied protection treatments differentiated quantitatively and qualitatively
the communities of microorganisms isolated from the infected horseradish roots. A sig-
nificant negative correlation was observed between the number of these communities
(CFU) and the intensity of Verticillium wilt symptoms after the application of BPPo,
BPBs, RChP, and ChP. The communities of microorganisms isolated from the diseased
roots from the BPPo and BPEm plots were characterised by the greatest variety of species
and the participation of antagonistic fungi. The content of dry matter, protein, fat, car-
bohydrates, and ash in horseradish roots as well as alkalinity are all significantly im-
pacted by hydrothermal conditions in the given growing season. We also found statisti-
cally significant effects of the interaction between the cultivation years and plant protec-
tion treatments for each of the tested ingredients. Biological protection in years with suf-
ficient water supply resulted in a significant increase in the content of dry matter, protein,
and carbohydrates in horseradish roots. Under the influence of protective treatments, the
ash content in the roots and the alkalinity of the ash were observed to have decreased.
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