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Abstract:

Horseradish is a crop grown for its edible underground parts. The
development of new cultivars is hindered by the species’ predominant
vegetative reproduction, making it essential to evaluate locally cultivated
accessions to identify new types suitable for cultivation. To this end,
eleven horseradish accessions from family vegetable gardens in
Trentino-Alto Adige, Italy, were examined using 26 qualitative and six
quantitative morphological descriptors and characterised by the five
major glucosinolates (GSLs) present in the rhizome compared to a
reference cultivar. A wide range of variability was observed for the
considered qualitative morphological traits. The rhizome’s top and basal
diameters were 9.9 and 6.2 cm, respectively, with an average fresh
weight of 521 g. Total GSL content ranged between 79.5 and 133.5
umol-g-1 dry weight (DW), with sinigrin (SIN) being the primary
component at an average content of 110.0 pmol-g-1 DW. Differences
among the investigated accessions were noted for quantitative traits
describing their productive features and for GSL content. A positive
correlation was discovered between the biometric traits of the plant’s
underground parts and the SIN and total GSL content, suggesting a link
between the quality and yield of the edible product. According to the
multivariate analysis, accessions were grouped into three main clusters:
the largest of the reference cultivar and the majority of accessions with
similar productive and qualitative traits; another featuring two with good
qualitative and productive characteristics. The investigated accessions
proved to be a valuable germplasm source for cultivating the species.
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ABSTRACT

Horseradish is a crop grown for its edible underground parts. The development of new cultivars is
hindered by the species’ predominant vegetative reproduction, making it essential to evaluate
locally cultivated accessions to identify new types suitable for cultivation. To this end, eleven
horseradish accessions from family vegetable gardens in Trentino-Alto Adige, Italy, were examined
using 26 qualitative and six quantitative morphological descriptors and characterised by the five
major glucosinolates (GSLs) present in the rhizome compared to a reference cultivar. A wide range
of variability was observed for the considered qualitative morphological traits. The rhizome’s top
and basal diameters were 9.9 and 6.2 cm, respectively, with an average fresh weight of 521 g. Total
GSL content ranged between 79.5 and 133.5 pmol-g! dry weight (DW), with sinigrin (SIN) being
the primary component at an average content of 110.0 umol-g'! DW. Differences among the
investigated accessions were noted for quantitative traits describing their productive features and for
GSL content. A positive correlation was discovered between the biometric traits of the plant’s
underground parts and the SIN and total GSL content, suggesting a link between the quality and
yield of the edible product. According to the multivariate analysis, accessions were grouped into
three main clusters: the largest of the reference cultivar and the majority of accessions with similar
productive and qualitative traits; another featuring two with good qualitative and productive
characteristics. The investigated accessions proved to be a valuable germplasm source for

cultivating the species.

Keywords: Horseradish; morphological traits; agronomic features; germplasm; glucosinolates.
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INTRODUCTION

Horseradish (Armoracia rusticana G.Gaertn., B.Mey. & Scherb.) is a herbaceous perennial plant
that belongs to the Brassicaceae family. It is native to Southern Russia and Eastern Ukraine and has
been naturalised throughout most of Europe (Ball, 1964). Although wild populations of the species
are no longer reported, it is still cultivated today as a crop and is appreciated for the edible features
of its underground parts (Sampliner and Miller, 2009). The main cultivation areas of horseradish are
in Northern and Eastern European countries and the United States (Shehata et al., 2009; Filipovi¢ et
al., 2015).

Horseradish roots and rhizomes have long been used as a spice in traditional dishes (Courter
and Rhodes, 1969; Fahey et al., 2001; Agneta et al., 2013) and as a condiment due to the presence
of several compounds in the plant tissues. Glucosinolates (GSLs), which are secondary metabolites
of Brassicaceae and precursors of isothiocyanates (ITCs), are responsible for the characteristic
pungent and spicy taste obtained from the underground parts of the horseradish plant (Agneta et al.,
2013).

Bell et al. (2021) characterised the pungent aroma of some Brassicaceae and identified 75
volatile compounds in the headspace of Armoracia roots, including 38 previously unreported
compounds and GSL hydrolysis products such as allyl ITC and phenetyl ITC, which had the highest
relative abundances. Brassicaceae vegetables are a rich source of phytochemicals with high
nutritive and nutraceutical value. Plant extracts obtained from Brassicaceae have numerous
bioactive properties, including antimicrobial, antioxidant, anti-inflammatory, cardioprotective,
immunomodulating, and antimutagenic functions (Favela-Gonzalez et al., 2020; Pefia et al., 2022).
Over 130 GSLs have been characterised in plants to date (Blazevi¢ et al., 2020), and after crushing
or chewing, these secondary metabolites are hydrolysed and release ITCs, which are the main
reaction products formed at neutral pH in the presence of the myrosinase enzyme. The presence of
GSLs, which have different profiles and contents in all Brassicaceae species (Agerbirk and Olsen,
2012; Blazevic¢ et al., 2020), has been shown to have a chemopreventive effect by facilitating the
inhibition of mutagenic factors and cancer growth (Velasco et al., 2010; Zhang et al., 2020; Pena et
al., 2022).

To date, 17 GSLs have been identified in the roots and sprouts of 4. rusticana (Agneta et al.
2012, 2014b). More recently, Deki¢ et al. (2017) identified, for the first time, the presence of 5-
phenylpentyl ITC in the aerial parts of the species. This compound is a probable natural hydrolysis
product of a 5-phenylpentyl GSL or glucoarmoracin, as proposed by the authors. It may have
interesting antimicrobial and spasmolytic effects. The therapeutic effects of Armoracia are mainly

attributed to its GSL content, and the plant’s medicinal uses, which have been known since

Cambridge University Press



Page 5 of 32 Plant Genetic Resources

71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

antiquity (Wedelsbiack Bladh and Olsson, 2011; Walters, 2021), are now limited to traditional uses
still surviving in some countries (Sampliner and Miller, 2009; Papp et al., 2018).

Several studies have investigated the health effects of horseradish and reported its ability to
prevent cancer proliferation, decrease plasma cholesterol, and exhibit antimicrobial and antioxidant
activity (Agneta et al., 2013; Popovic et al., 2020; Walters, 2021). Most reports published on the
characterisation of horseradish from different origins have mainly focused on its GSL content. Li
and Kushad (2004) evaluated 27 accessions of horseradish varieties from North America and
Eastern Europe and reported a wide range of variability in the GSL amount in different plant
tissues. Wedelsbéck Bladh et al. (2013) reported the GSL content of 168 accessions from Nordic
European countries, while Ciska et al. (2017) evaluated the GSL quantity of four European
landraces.

While the bio-agronomic characterisation of accessions is essential for the horseradish
germplasm description and classification (Agneta ef al., 2013), only a few authors have reported the
agronomic and morphological traits of the investigated accessions. Katalyin (2012) described the
morphological and agronomic features of 78 cultivated varieties, mainly of Hungarian origin.
Wedelsback Bladh er al. (2014) evaluated the morphological traits, level of genetic diversity, and
GSL content of 176 accessions.

Horseradish is a rhizomatous geophyte (Pignatti, 2017) with an underground part consisting
of a rhizome and roots that are often difficult to distinguish. Most authors report roots as the main
exploited part of the plant (Nguyen ef al., 2013), with a primary or marketable root being
distinguished from secondary roots (Walters and Wahle, 2010). The presence of rhizome in
horseradish is responsible for the species’ characteristic of being propagated by its hypogeous parts,
as it rarely produces viable seeds and is commercially propagated by rhizome cuttings (Sampliner
and Miller, 2009). However, this characteristic also presents an obstacle to improving the crop by
developing new cultivars (Walters et al., 2016). Horseradish cultivars with some degree of
variability are grown worldwide (Walters and Wahle, 2010). In Italy, where the species is cultivated
or naturalised near vegetable gardens (Pignatti, 2017), Sarli et al. (2012) reported the morphological
traits of 32 cultivated accessions from Basilicata in Southern Italy. The traditional uses of
horseradish in the Basilicata region were reported by Agneta et al. (2013), who later evaluated six
accessions from the same region for their morphological and productive traits, GSL content, and
genetic diversity (Agneta et al., 2014a).

Despite the extensive cultivation or naturalisation of horseradish being reported in the
northern regions of Italy (Fiori, 1923; Pignatti, 2017) and particularly in Trentino-Alto Adige (Dalla
Torre, 1909; Dalla For, 1969; Aeschimann et al., 2004), to our knowledge, no reports on the

Cambridge University Press



105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

Plant Genetic Resources Page 6 of 32

characterisation of cultivated accessions from this area have been published to date. The interest in
this region stems from the presence of typical small-scale mountain farming, known locally as
“Maso” (Mori and Hintner, 2013), where farmers grow horseradish in vegetable gardens for self-
consumption. The underground parts of the plant are traditionally used to prepare a sauce mainly
used as a condiment for meat dishes. Farmers usually propagate horseradish themselves,
maintaining and conserving their cultivated accessions. This tradition is mainly preserved by the
German-speaking ethnic group living in the region and probably originated from the use of the
plant, which has been known since ancient times and is widespread in the areas situated further
north of the Alps (Mattioli, 1568). Moreover, recently, the Trentino-Alto Adige region has been the
subject of studies on locally cultivated plants (Lucchin et al., 2003; Heistinger and Pistrick, 2007),
highlighting the importance of this area for the presence of underutilised plant genetic resources.
This study aims to evaluate horseradish accessions cultivated in vegetable gardens in the
Trentino-Alto Adige region by describing their morphological and productive traits and quantifying
the main GSLs contributing to defining the quality of the obtained product when compared to a
reference cultivar. Characterising the investigated accessions could be important in expanding the
existing knowledge on the germplasm consistence of the species and identifying possible new

genetic resources suitable for cultivation.

MATERIALS AND METHODS

Plant material

The investigated accessions were collected from local vegetable gardens in the Trentino-Alto Adige
region (see Supplementary Figure 1) between 2012 and 2016. Exact details regarding their sites of

origin are reported in Table 1 and online in Supplementary Figure 2.

Table 1

The cultivated variety Bagameri 93/1 was obtained from the Leibniz Institute of Plant Genetics and
Crop Plant Research (IPK) in Gatersleben, Germany. During the collection of accessions from
horseradish growers, ethnobotanical information was acquired through interviews using a set of
open-ended questions regarding the characteristics of the interviewee, plant origin, cultivation
techniques used, and product uses. The collected accessions were conserved in vivo, ex situ, at the
experimental farm “Nicolini” of the Research Centre for Forestry and Wood of the Council for
Agricultural Research and Economics in Trento, Italy (46°02°53°° N, 11°08’51°’ E; 370 m a.s.l.), an

area characterised by a temperate sub-continental climate and a Hyperskeleti-rendzic leptosol soil
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type (IUSS, 2015). On March 2, 2016, all collected accessions were simultaneously vegetatively
propagated and transplanted into a field settled at the same experimental farm, with climatic
conditions and soil characteristics representative of the growing sites from which the cultivated
accessions originated.

Propagation was carried out using root cuttings that were 20 cm in length and 1 cm in
diameter, transplanted at distances of 120 cm between rows and 70 cm within the row. The field
was prepared beforehand by creating ground beds of approximately 30 cm in height, where the
cuttings were laid at a 45° angle, following the polarity of the roots, with the proximal end (the
point of attachment to the mother plant’s rhizome) placed on top of the ground. Six plants per
accession were transplanted in single rows and cultivated in 2016, following the local cultivation
practices for the species, including watering at the time of transplantation and subsequently as
needed and manual weed control (Supplementary Figure 3). Fertilisation was carried out one month
before transplantation by applying 50 kg-ha'! of N as ammonium nitrate, 50 kg-ha-! of K, 30 kg-ha’!
of S as potassium sulfate, and 50 kg-ha-! of P as mineral superphosphate on the entire area. No

further manuring was done during cultivation.

Morphological characterisation

Morphological characteristics were recorded following the UPOV guidelines for horseradish
TG/191/2 “Guidelines for the Conduct of Tests for Distinctness, Uniformity and Stability of
Horseradish (4drmoracia rusticana Gaertn. Mey. et Scherb.)” (UPOV, 2001), using the complete set
of 29 characters. Characters related to aerial parts (UPOV descriptors n° 1-17), except for the
height of stems at full flowering, were recorded in the first year of cultivation on all six plants per
accession since no missing plants were recorded, on the fourth fully developed leaf and the first
incised leaf, following the UPOV guidelines. Characters related to the underground parts were
recorded on three plants per accession during the harvest, conducted manually between March 8
and 16, 2017, at the beginning of the vegetative growth phase in the second year after transplant.
The harvest was conducted during this period to follow the local practice linked to the traditional
use of the product during the Easter festival.

The height of stems at full flowering (UPOV descriptor n°29) was recorded during the
second year after transplant for the plants left after harvest. Some of the quantitative morphological
traits included in the UPOV descriptor list, related to the dimension of the rhizome (UPOV
descriptors n°20, 21, and 22), were measured instead of being described by classes. The total fresh
weight of all underground parts of the plant, which is not included in the UPOV guidelines, was

also measured as an additional character. The quantitative traits related to the dimension of the leaf,
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including length, width, their ratio, and those of the petiole (respectively, UPOV descriptors n°2, 3,
4, 13, and 14), were measured and transformed into classes by following the method described by
Sarli et al. (2012), which established the limit values of each class so that the arithmetic mean was

the central value, and each class included at least 10% of cases concerning the total.

Sample preparation and GSL analysis

To determine the GSL content, samples of rhizomes from three harvested plants per accession were
prepared as follows: immediately after recording the morphological traits of the underground parts,
the rhizomes were cleaned with distilled water, dried with a paper towel, and a central portion of
their tissue was cut and separated from the rest. The tissue was quickly put in liquid nitrogen, then
freeze-dried and stored in sealed paper bags at room temperature until analysis. The residual parts
of the rhizome were then dried in a thermostatic ventilated oven at 105°C until steady weight to
determine dry matter content. Two hundred milligrams of finely powdered freeze-dried samples
were extracted with boiling 70% ethanol. The GSLs were desulfated and analysed by HPLC-UV in
compliance with the EU official ISO 9167-1:2019 method, with minor modifications (Pagnotta et
al., 2017).

Desulfated-GSLs were detected by monitoring their absorbance at 229 nm and identified
based on the retention times and UV spectra of desulfo-GSL standards available in our library
(Wathelet et al., 2004; Galletti et al., 2015; Miiller et al., 2018). Their content was quantified using
isolated epi-Progoitrin [(2S)-2-hydroxy-but-3-enyl-GSL] as an internal standard (250 pl of a
solution 0.031 pumol/ul). The epi-Progoitrin standard was isolated from Crambe abyssinica Hochs t.
ex R. E. Fries (Daubos ef al., 1998) at a purity of 96% on a weight basis and stored at -20°C until
required. Sulfatase from Helix pomatia (Sigma Aldrich, USA) was purified according to ISO 9167-
1:2019 and stored at -20°C until required.

Statistical analysis

Quantitative measured traits were subjected to one-way ANOVA, with the percentage data
previously transformed into angular values (arcsin/Vx), and statistical mean comparisons were
calculated following Tukey’s (HSD) test. Agglomerative hierarchical clustering (AHC) was
performed using the Unweighted Pair Group Medium Average fusion method and the Euclidean
distances as criteria. These statistical analyses, principal component analysis (PCA), and correlation

analysis were conducted using the XLSTAT software package (Addinsoft, New York, US).

RESULTS
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Ethnobotany and uses

Among the 11 interviewees who grew horseradish, six were male. Only one was under 30 years old,
while eight were over 50 years old, and two were over 70 years old. Five of them were professional
farmers who owned the typical local mountain farm, called “Maso”, while two were professionals
in the food business. They all reported cultivating their horseradish accessions since they received
the plant from their forefathers. They used the obtained product for self-consumption and grew
plants in a limited part of their home garden. Only one interviewee cultivated it on a larger surface
(around 100 square meters) to sell locally. The edible parts of the plants consumed in line with
tradition were rhizomes and roots, which were used fresh and ground to prepare a sauce by mixing
it with various ingredients, including apples (five interviewees), cream (four interviewees), vinegar,
bread (four interviewees), salt (two interviewees), sugar, pepper, and cranberry jam (one
interviewee).

Two interviewees reported using edible flowers, and one grower mentioned that young
leaves were eaten according to tradition. Both flowers and leaves were used for preparing salads.
All interviewees stated that spring (March or April) is the optimal period for harvesting horseradish
underground parts, consistent with the traditional use of the obtained sauce. Five recalled the
custom of combining the sauce with boiled ham, a traditional dish prepared during the Easter
period. In some villages of the province of Bolzano, the tradition of bringing the foods, including
the horseradish root, consumed during the Easter lunch to the Easter Mass for blessing is still alive
(online Supplementary Fig. 4). Three respondents highlighted that roots harvested in autumn are too
stringy to prepare a good sauce. One interviewee recalled the medicinal use of horseradish
underground parts, applied fresh externally to cure contusions. Another reported the plant protection
features of horseradish. It was cultivated under fruit trees to prevent plant pathogens, possibly due
to the well-known nematocidal effect of GSLs in the plant’s underground parts (Van Dam et al.,

2009).

Morphological characterisation

Great variability in qualitative traits was observed among accessions, except for the leaf’s absent or
very weak glaucosity, the mostly smooth surface texture of the rhizome, generally whitish internal
colour, and the presence of more than three shoots on the crown of the rhizome in all accessions.
Regarding the leaf, the predominant shape was elliptic (66.7%). Most accessions were characterised
by medium-sized leaf blades (medium length 58.3%, medium width 75.0%) and petioles (medium
length 66.7%, medium width 50%), medium glossiness of the upper side (66.7%), medium twisting
of the tip (58.3%), and medium serration (66.7%) of the leaf blade. The undulation of the margin

Cambridge University Press
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241 was strong in half of the investigated accessions, and the colour of the midrib was whitish in most
242 of them (66.7%), while just two accessions presented anthocyanin colouration at the base of the

243 petiole. The incised leaf’s appearance was mostly early (58.3%), and incisions, when present, were
244 weak (25%). As for the rhizome, it was obtriangular (75%), straight (50%), and had weak

245  colouration of the flesh (50%) in the majority of accessions, with a medium density of side roots
246  both at the upper third (66.7%) and at the base (66.7%) (Supplementary Tables S1, S2, and S3). The
247  photographs of the investigated accessions are included in the Supplementary materials

248  (Supplementary Figures 5-16).

249

250  Productive traits

251  The measured biometric traits of the underground parts are given in Table 2.

252

253  Table 2

254

255  On average, the top diameter of the rhizomes of the accessions was 9.9 cm, and the basal diameter
256  was 6.2 cm. The top diameters of ANT, LAI, and NOV and the basal diameters of BAD and BAG
257  were larger than those of ALD and BED accessions. The average fresh weight of rhizomes was

258  521.6 g, with BAD having a higher weight (721.6 g) than BED accession (188.1 g). The percentage
259  of the dry matter content of rhizomes (data not shown) was 25.9% on average, with higher values in
260 BAD (28.2%) compared to ALD, ANT, and BED. The mean fresh weight of the underground parts,
261  including rhizomes and roots, was 1485.3 g, with higher weights in BAD, BAG, and LAI than ALD
262  and BED accessions. BAD, LAI, and the reference cultivar BAG showed better productive

263  characteristics, such as larger rhizome diameters and higher fresh weights of rhizomes and whole
264  underground parts, compared to other accessions.

265

266  Qualitative traits

267  Five major GSLs were identified and quantified in the investigated accessions: glucoiberin (GIB),
268  sinigrin (SIN), gluconapin (GNA), glucobrassicin (GBS), and gluconasturtin (GST). Their contents
269  are presented in Table 3, and a representative HPLC-UV profile of GSLs is shown in

270  Supplementary Figure 17.

271

272 Table 3

273
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The total amount of identified GSLs ranged from 133.5 to 79.5 umol-g'! DW in NOV and BED
accessions, respectively, with an average content of 119.9 umol-g-! DW. SIN was the predominant
GSL in all accessions, ranging from 69.5 in BED to 123.9 umol-g-! in SCE accession, with an
average content of 110.0 umol-g'! DW, followed by GST, GNA, GBS, and GIB. Highly significant
differences among investigated accessions resulted in total and single GSL content (P<0.01).
Eleven out of 12 accessions produced more than 100 umol-g-! DW of total GSL, and values higher
than 120 umol-g! DW were found in eight accessions (ANT, BAD, BUR, LAI, NOV, PUS, SCE,
and ZIV) which were significantly different (P<0.01) from BED, except for PUS. The cultivar BAG
showed no difference from the others for the content of total GSL, which was 113.97 umol-g-' DW.
The SIN content of BED was significantly lower (P<0.01) compared to half of the investigated
accessions (BAD, BUR, LAI, NOV, SCE, and ZIV). Nine accessions produced more than 100
umol-g'! DW of SIN. In particular, in BAD, BUR, NOV, SCE, and ZIV, more than 120 umol-g-!
DW were extracted. GST content ranged from 3.9 in BAD to 8.2 umol-g"! DW produced in ALD,
accounting for an average of 5.1% of the total GSL. The remaining GSLs were present in amounts

lower than 1.5 umol-g'! DW and with percentages lower than 1.2% of the identified GSLs.

Multivariate analysis

Measured biometric traits of underground parts and rhizome GSL content are the most important
traits in defining the attractive quantitative and qualitative characteristics of the obtainable
commercial and edible product of the investigated accessions (Agneta et al., 2014a). A principal
component analysis (PCA) was carried out using the mean values of these parameters per accession
to explore and summarise the existing variability among them for these traits. A correlation matrix
was obtained first among the considered traits (online Supplementary Table S4). As expected, a
highly significant positive correlation was observed among the different measured biometric
characters of the underground parts of the plant. Additionally, SIN and total GSL content were
positively correlated with the evaluated biometric traits, except for the lack of correlation between
total GSLs and the rhizome basal diameter. Correlation indexes between biometric traits and SIN
ranged from 0.624 to 0.762, while those between the same traits and total GSL ranged from 0.709
to 0.745.

Furthermore, GST content was negatively correlated with three rhizome biometric traits: the
basal diameter (-0.798), the fresh weight of the rhizome (-0.709), and total underground parts (-
0.614). SIN was positively correlated with Total GSLs, with a correlation index of 0.987, which
was highly expected since SIN was the main GSL in the rhizomes. A positive correlation was also

found between SIN and GNA (0.587) and, consequently, between GNA and Total GSLs (0.609).

Cambridge University Press



308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

Plant Genetic Resources Page 12 of 32

SIN and GNA belong to the Met-derived GSL group, for which studies on the Arabidopsis and
Brassica genus (Liu et al., 2014; Senderby et al., 2010) revealed that the two GSLs share many
steps of the biosynthetic pathway starting from the same precursor amino acid, methionine.
Considering that the final step of synthesising these GSLs is catalysed by the same gene (AOP2),
even if the metabolic way splits into two different pathways, we could hypothesise that the content
of SIN and GNA in A. rusticana accessions may be correlated. The results of the PCA are reported
in Table 4.

Table 4

The first three principal components (PCs), with an eigenvalue higher than 1, explained 87.13% of
the total variability. PC1 was highly correlated with SIN, total GSL content (T.GSL), and all the
evaluated biometric traits. PC2 was highly correlated with GBS and, to a lesser extent, with GNA
content, while PC3 was positively correlated with GST and negatively with GIB content (see Table
4). In the score plot obtained for the first two PCA components (Fig. 1), most of the investigated
accessions positively correlated with PC1 formed a main cluster, almost entirely included in the
right quadrants, together with the reference cultivar BAG. Accessions BED and ALD, negatively

correlated with PC1, formed a separate cluster.

Figure 1

To better understand the existing similarities among the accessions for the considered traits and to
more accurately identify any clusters of accessions with similar traits, AHC was carried out using
the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) fusion method and the
Euclidean distances. The accessions are grouped into three main clusters in the resulting

dendrogram (Fig. 2).

Figure 2

The first cluster, comprising accessions ALD and BED, was characterised by lower values of
productive traits such as the dimensions and fresh weight of rhizome and whole underground parts,
lower amounts of GIB, SIN, GNA, and total GSL, and the highest amount of GST. The second
cluster, composed of seven cultivated accessions and the reference cultivar BAG, was characterised

by the highest values of productive traits, particularly regarding the fresh weight of rhizome and
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whole underground parts and the highest amounts of SIN and total GSL. The third cluster grouped
accessions LAI and PUS and was characterised by the highest amounts of GIB, GNA, and GBS, in
addition to sharing with cluster 2 high values of rhizome and underground part fresh weight, as well

as high amounts of SIN and total GSL content.

DISCUSSION

A wide range of variability was observed for the considered qualitative morphological traits. The
expression level in BAG accession was identical to those reported in the UPOV guidelines for the
same reference cultivar, except for the number of rhizome shoots. It was higher than three in this
study and lower than three in the UPOV guidelines. In a study focused on the morphological
characterisation of A. rusticana accessions from the Basilicata region (Sarli et al., 2012), the authors
reported the absence of glossiness in the upper side of the leaf, the green colour of the midrib and
the absence of anthocyanin colouration at the base of the petiole in all the accessions. However, a
certain variability was observed for these characters in our study.

The rhizome biometric data recorded in this study agree with, or in some cases, are higher
than, those reported in the literature. However, a comparison was not always easy due to the
different criteria used to differentiate the underground parts of the plant. For this purpose, we
referred to the UPOV guidelines (UPOV, 2001), distinguishing a central rhizome from side roots.
This differs from other authors who distinguished a main root (Rivelli ef al., 2017) or a marketable
root (Agneta et al., 2014a) from the others.

The rhizome diameters of the accessions investigated in this study comply with the
Standards for Grades of Horseradish Roots of the United States Department of Agriculture, for
which the minimum diameter of marketable horseradish roots varies from 1.27 to 3.8 cm,
depending on the commercial grade (USDA, 2016). The fresh weight of the rhizomes of the
accessions fell within and sometimes exceeded the range of 150 and 600 g indicated by Achleitner
and Kaufmann (2013) for a commercial standard. In a study investigating the chemical profile of a
horseradish accession (Agneta et al., 2012), smaller diameters of the primary root, both at the top (6
cm) and at the base (2 cm), and lower total fresh root weight (1056 g) were reported compared with
our results. However, the same author observed a marketable root weight (733 g) comparable to the
highest rhizome weight measured in this study. In Agneta et al. (2014a), a study on the evaluation
of different accessions from the Basilicata region, the marketable root top diameter values varied
from 2.6 to 15.3 cm, a wider range compared to our results. However, the basal diameter, with
values from 1.8 to 3.4 cm, had a smaller range than our data. The same authors reported fresh

weights of marketable roots ranging from 78 to 732 g and total roots from 121 to 1063 g. These
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values were lower than most obtained in the present study in both cases. Rivelli ez al. (2017), in a
similar study focused on two accessions from the same region in Italy, reported the fresh weight of
the main root ranging from 189 to 293 g and that of the total roots from 323 to 424 g. In both cases,
these values were lower than those reported in this study.

Regarding the dry matter content, Agneta ef al. (2012) reported a percentage of 37%,
ranging from 24.9 to 36.4% in a subsequent study (Agneta et al., 2014a). In both cases, the dry
matter content was higher than our results. The higher weights and larger dimensions of the
rhizomes found in this study, compared to those reported in previous papers, could be due to many
factors, such as different environmental conditions and cultivation practices.

Regarding cultivation practices, the supply of fertilisers adopted, nitrogen in particular, may
have influenced the development of the plants. However, in a study focused on the effect of
fertilisation on horseradish cultivation, Rivelli ef al. (2016) reported that plants cultivated with an N
supply of 100 kg-ha'!, double the dose applied in this study, had a rhizome fresh weight of 824 g
and a total root weight per plant of 1042 g. These values were slightly higher and lower compared
to our results. The dose of fertilisers used in our study was very low compared to those reported in
the literature for 4. rusticana (Walters and Wabhle, 2010; Filipovi¢ et al., 2015; Ciska et al., 2017).

The importance of environmental and climatic conditions for the cultivation of horseradish
has been reported by various authors (Walters and Wabhle, 2010; Filipovi¢ et al., 2015). Agneta et
al. (2012, 2014a) and Rivelli ef al. (2016, 2017) conducted their experimental trials at cultivation
sites situated four degrees of latitude south of the site reported in this study and characterised by a
different climate. Rivelli et al. (2016) reported a long-term annual average rainfall of 546 mm and
mean monthly temperatures during the experimental period ranging from 8 to 26°C, whereas the
site of cultivation in this study recorded a mean annual average rainfall of 1127.8 mm over the long
term period (1979-2017), and minimum and maximum monthly temperatures of 0.9°C (January
2017) and 23.3°C (July 2016), respectively, throughout the experimental season. The different
climatic conditions of the growing sites may have influenced the plants’ development, including the
underground parts and the dry matter content. The latter parameter could possibly cause the higher
fresh weight of the underground parts obtained in this study.

The results reported in this study regarding the productive traits of the accessions refer to
soil and climatic conditions similar to the vegetable gardens where the plants are locally cultivated.
The genetic background of the cultivated accessions was an important factor in this study and
probably played a primary role, as it generally does, in affecting the phenotypic variation of plants
and the development of commercially important traits described in this study as the dimensions of

the rhizome.

Cambridge University Press



Page 15 of 32 Plant Genetic Resources

410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

Regarding the qualitative traits of underground parts, the detected GSLs are consistent with
A. rusticana GSLs found in previous studies (Li and Kushad, 2004; Agneta et al., 2012, 2014b;
Wedelsbick Bladh et al., 2013; Ciska ef al., 2017). Among the investigated horseradish accessions,
SIN was the predominant GSL. GST, which is typically the major GSL in Brassicaceae roots and is
interesting for its toxic effect on soil-borne organisms due to its hydrolysis products (Van Dam et
al., 2009), was confirmed to be the second most abundant GSL in the roots of A. rusticana. Several
studies have shown that the total GSL content can vary significantly in A. rusticana. For example,
among 27 horseradish accessions, mainly from Eastern Europe and North America, the total GSLs
ranged from 2 to 296 umol-g"! DW, with an average content of 81.0 pmol-g-! DW, and eight
accessions had a total content greater than 150 umol-g'! DW (Li and Kushad, 2004). In Ciska et al.
(2017), total GSL contents from 70 to 120 umol-g'! DW were found in different landraces from
Central and Northern Europe. However, Wedelsbiack Bladh ef al. (2013) reported a total GSL
content lower than 50-60 umol-g' DW in a screening of 168 Nordic accessions. In Agneta ef al.
(2014a), six local accessions collected in the Basilicata region produced significantly different total
GSL contents, ranging from 1.73 to 37.7 umol-g'! DW, a narrower range with lower values
compared to many of those found in previous studies and our investigation.

According to the reports above, SIN accounts for over 80% of the root total GSL content,
and its variability depends on SIN content (Li and Kushad, 2004; Wedelsbéack Bladh et al., 2013;
Agneta et al., 2014a). In our samples, SIN accounted for an average of 91.5% of the identified
GSLs, with a less variable range compared to that (53—-87%) reported in Agneta et al. (2014a) and
similar to the percentage values shown in Wedelsbédck Bladh et al. (2013). The SIN content of our
accessions was higher than half of the SIN values reported by Li and Kushad (2004) and higher
than most values reported by Ciska et al. (2017), Wedelsbédck Bladh ef al. (2013), and Agneta ef al.
(2014a, 2014b).

The range of GST concentrations reported here was similar to the values found in Ciska et
al. (2017) and Wedelsbédck Bladh et al. (2013) and higher than the values indicated in Agneta et al.
(2014a, 2014b). The range of GNA (1.3—1.5 umol-g'' DW), GBS, and GIB content (0.8—1.7
umol g’ DW and 0.4-1.1 pumol-g'! DW, respectively) found in the investigated accessions was
similar to the values reported in previous studies. In many species of the Brassicales order, to which
Brassicaceae belongs, GSLs are usually present with different contents and profiles depending on
the analysed tissue. Typically, four to five GSLs are predominant, while many others with different
structures are present in traces in the same species (Verkerk et al., 2009). Among the seventeen

GSLs identified in 4. rusticana, the five major GSLs found in our samples were included. Our data
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confirmed that A. rusticana has a very rich GSL profile compared to other genera of Brassicaceae
(Fahey et al., 2001; Verkerk et al., 2009).

Unlike other species, the roots of horseradish do not have a more diversified GSL profile
compared to other plant tissues, where SIN, GIB, and GNA, belonging to the aliphatic GSL group,
predominate (about 95%), with SIN accounting for around 90% of the total GSL content. GBS and
GST, which belong to the indolic and phenethyl GSL structural groups, are present in much lower
concentrations, about 2.6% and 2.4% of the total GSLs, according to Agneta ef al. (2014b) and the
results obtained in this study. Additionally, horseradish has a wide range of total GSL content,
reaching some of the highest concentrations measured in root vegetables (Li and Kushad, 2004;
Verkerk et al., 2009).

It is well-known that photoperiod, temperature, soil type, and biotic and abiotic factors can
affect GSL accumulation (Bijorkman ef al., 2011; Burow, 2016). In many species of the Brassica
genus, it has been shown that GSL biosynthesis is subject to fluctuations in temperature, with an
increase in GSL content induced at temperatures less than or around 10°C and at stress temperatures
above 30°C (Engelen-Eigles et al., 2006; Schonhof et al., 2007; Verkerk et al., 2009). Rao et al.
(2021) reported that in Brassica rapa seedlings grown under controlled conditions, the content of
aliphatic GSLs could increase during short-term high-temperature stress, while indole GSLs
increase during long-term stress or stress recovery. In the roots of four horseradish landraces from
Central-North Europe (Ciska et al., 2017), SIN content fluctuated according to the harvest time of
the year, reaching the highest concentration in October, with SIN values ranging between 70 and
116 pumol-g'! DW, higher than the SIN contents in horseradish from Basilicata (Agneta et al.,
2014a, 2014b) and some accessions analysed by Li and Kushad (2004).

Although we found significant differences between the lowest and highest total GSL and
SIN content in our samples, which varied almost twofold, the high SIN concentrations detected in
most horseradish accessions are consistent with the results reported by Ciska et al. (2017). This
could be explained by the climate characterising the cultivation site, which is likely similar to that
of continental European areas, and by the genetic background of the investigated accessions,
considering that they all originated from the Trentino-Alto Adige region in northern Italy. This
combined effect of environment and genotype might partially explain the difference in root GSL
content between the horseradish accessions evaluated in this study and those analysed in Agneta et
al. (2014a), which originated from Basilicata, a region in southern Italy characterised by different
pedoclimatic traits. Regarding the effect of sulfur fertilisation on sulfur-containing compounds,
since GSLs can account for up to 30% of the total sulfur content of plant tissues, sulfur supply in

cultivated plants of Brassicaceae species can lead to an increase in GSL content (Falk et al., 2007).
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Thus, besides the genotype effect, GSL root accumulation in the underground parts of A. rusticana
can also be modulated by fertilisation, particularly affecting SIN content and its degradation
product, allyl isothiocyanate (allyl-ITC), which mainly gives a bitter, pungent taste to the roots and
contributes to the valued flavour of traditional dishes (Agneta et al., 2013; Rivelli et al., 2016).

In Rivelli et al. (2016), a major root yield and an increasing GSL concentration concerning
the control were detected in 4. rusticana plants fertilised with nitrogen and sulfur and harvested
during vegetative regrowth in early spring. Consistent with Rivelli ef al. (2016) and, above all, with
the local cultivation practices of the sites where the investigated accessions originated, the
underground parts of plants in this study were harvested during early spring vegetative regrowth.
Furthermore, the soil had been fertilised before cultivation according to local practices. This fact
may raise the question of whether the biosynthesis and accumulation of GSLs were favoured in the
first stages of the plant’s vegetative cycle. However, it seems unlikely that such fertilisation could
have influenced the GSL content of the accessions investigated. It must be taken into account that
sulfur in the soil is easily washed away, a low sulfur dose (30 kg-ha'! of S as potassium sulfate) was
used in this study, and a long time had passed since fertilisation to harvest, which was over one
year. These three factors probably reduced the sulfur effect on the GSL content of the investigated
accessions.

Regardless of any unverifiable hypotheses, the fact remains that the accessions investigated
in this study were all cultivated under the same experimental conditions, and the differences found
in their GSL content are thus effective. Plant genetic background plays a primary role in affecting
SIN content (Magrath ef al., 1993). Studies examining possible effects of the interaction of
genotype and environment on GSL content have confirmed that the genotype has a greater influence
than climate factors, mainly on aliphatic GSL synthesis (Farnham ef al., 2004; Verkerk et al.,
2009). In the present study, the variability in quantified GSLs among investigated accessions
cultivated under the same experimental and environmental conditions could be attributed to their
different genetic profiles.

Finally, some of the results of multivariate analysis, particularly the significant positive
correlation between SIN, GSL content, and some of the evaluated biometric traits of underground
parts, are partly in contrast with the results of Agneta et al. (2014a), who reported that higher GSL
concentrations were not always associated with the best root yield traits in six accessions from
southern Italy. In our study, the positive correlation between SIN and total GSL content and the
main biometric traits of underground parts suggests that the quality and yield of A. rusticana’s

edible product can be correlated.
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511  CONCLUSIONS

512  The accessions examined in this study demonstrated high variability in morphological qualitative
513  and quantitative traits, encompassing both aerial and underground parts. Most of them exhibited
514  biometric traits indicative of productive features, such as rhizome diameters and weights, with

515  values comparable to the reference cultivar and, in some instances, surpassing those found in the
516  existing literature. High variability was also observed in the case of GSL content, where the mean
517 relative percentages aligned with those reported in the literature, while the absolute amounts of GSL
518 often exceeded those documented in prior studies.

519 GSL content correlated with the rhizome’s biometric traits, highlighting their significance in
520 evaluating intraspecific diversity in horseradish. Taking these characteristics into account, the

521 agronomic features of most locally cultivated plants proved to be comparable to those of the

522  reference cultivar. Two types cultivated in the study area, specifically those originating from Laion
523  and Pusteria, distinguished themselves from the others due to their intriguing qualitative and

524  quantitative traits.

525 By exhibiting notable productive and qualitative features, the accessions cultivated in the
526  Trentino-Alto Adige region serve as a valuable source of germplasm for the cultivation of this

527  species.
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Tables, Figure legends

Table 1. Identification code and geographical origin (municipality, province, altitude and
geographic coordinates) of A. rusticana accessions investigated in this study.

Table 2. Morphological quantitative traits of underground parts of 4. rusticana accessions
(abbreviated codes are indicated in Table 1).

Table 3. Glucosinolate content in rhizome of 4. rusticana accessions (GIB = glucoiberin; SIN =
sinigrin; GNA= gluconapin; GBS = glucobrassicin; GST = gluconasturtin; reported values
expressed as pmol-g-! dry weight).

Table 4. The principal component analysis results of the 4. rusticana accessions evaluated with the
10 morphological quantitative traits (first three principal components); abbreviated codes of
considered traits are indicated in Tables 2 and 3.

Figure 1. Score plot for the 12 evaluated 4. rusticana accessions (abbreviated codes are indicated
in Table 1).

Figure 2. UPGMA dendrogram based on the relative scores for the three extracted PCs
(abbreviated codes are indicated in Table 1).

Supplementary Figure S1. One of the vegetable gardens from which the investigated accessions
were sourced.

Supplementary Figure S2. Map of Trentino-Alto Adige region, Italy, showing the localities where
the cultivated 4. rusticana accessions examined in this study originated.

Supplementary Figure S3. Field trial for the evaluation of 4. rusticana accessions.
Supplementary Figure S4. The Easter basket contains the foods consumed during the lunch to be
brought to the Easter Mass for blessing, horseradish included.

Supplementary Figure S5. Cultivated plant of Aldino accession.

Supplementary Figure S6. Cultivated plant of Anterivo accession.

Supplementary Figure S7. Cultivated plant of Avigna accession.

Supplementary Figure S8. Cultivated plant of Badia accession.

Supplementary Figure S9. Cultivated plant of Bagameri cultivar.

Supplementary Figure S10. Cultivated plant of Bedollo accession.

Supplementary Figure S11. Cultivated plant of Burgusio accession.

Supplementary Figure S12. Cultivated plant of Laion accession.

Supplementary Figure S13. Cultivated plant of Nova Levante accession.

Supplementary Figure S14. Cultivated plant of Pusteria accession.

Supplementary Figure S15. Cultivated plant of Scena accession.

Supplementary Figure S16. Cultivated plant of Zivignago accession.
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772 Supplementary Figure S17. Representative chromatogram of glucosinolate profile of A. rusticana
773  rhizome (Avigna accession) with the indication of the identified desulfoglucosinolates 1-5,
774  retention time (r.t), UV spectrum of each desulfoglucosinolate, and chromatogram and UV

775  spectrum of Internal standard (I.S.), epiprogoitrin.
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Table 1. Identification code and geographical origin (municipality, province, altitude and geographic

coordinates) of A. rusticana accessions investigated in this study.

ID  Denomination Municipality Province Altitude Latitude (N) Longitude
code (m (E)

a.s.l.)
ALD Aldino Aldino Bolzano 1194 46°22'11" N 11°21'11"E
ANT Anterivo Anterivo Bolzano 1139 46°16'42" N 11°22'04"E
AVI Avigna San Genesio Atesino  Bolzano 1022 46°34'14" N 11°21'40" E
BAD Badia San Martino in Badia  Bolzano 1138 46°40'57" N 11°53'44"E
BAG Bagameri 93/1 - - - - -
BED Bedollo Bedollo Trento 1049 46°09'40" N 11°17'58"E
BUR Burgusio Malles Bolzano 1154 46°4223"N 10°31'30" E
LAI Laion Laion Bolzano 1100 46°36'34" N 11°33'58"E
NOV Nova Levante Nova Levante Bolzano 1046 46°25'46" N 11°30'44" E
PUS Pusteria Vandoies Bolzano 1156 46°50'39" N 11°42'57"E
SCE Scena Scena Bolzano 448 46°40'36" N 11°11'19"E
ZIV  Zivignago Pergine Valsugana Trento 520 46°03'55" N 11°15'04" E
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Table 2. Morphological quantitative traits of underground parts of A. rusticana accessions

(abbreviated codes are indicated in Table 1).

Accessions Traits

R.TD (cm) R.BD (cm) R.FW (g) T.FW (g)

ALD 59+12 B 34+0.7 B 218.6+65.8 AB 626.2+£240.6 BC
ANT 12114 A 58+1.5 AB 586.0+123.5 AB 1749.6 £ 301.0 AB
AVI 95+22 AB 74+3.1 AB 519.4+244.6 AB 1178.3 +£548.0 AC
BAD 103+1.6 AB 85+0.6 A 721.6 £ 142.1 A 20382 +311.8 A
BAG 11.0+£04 AB 8613 A 631.3+252.5 AB 1990.7+ 822 A
BED 6.5+1.1 B 28+0.6 B 188.1+583 B 5822+2434 C
BUR 93+02 AB 6.6+14 AB 536.1+86.1 AB 1304.8 £283.6 AC
LAI 12109 A 6.1+1.1 AB 690.3+126.2 AB 1914.6 £223.8 A
NOV 121+1.7 A 59+1.1 AB 562.4+191.7 AB 17182+ 361.0 AC
PUS 78+1.8 AB 57+0.7 AB 3423+943 AB 1304.6 £ 543.7 AC
SCE 109+1.2 AB 7.1+£04 AB 631.8+112.1 AB 1718.0 £161.5 AC
ZIV 10.8+2.6 AB 70+1.2 AB 630.8+99.0 AB 1698.0 +£318.5 AC
Mean 9.9+24 6.2+2.0 521.6+210.7 1485.3+551.3

Mean values (N=3) + SD followed by different letters are significantly different at P<0.01 according

to Tukey (HSD) Test. R.TD Rhizome top diameter; R.BD Rhizome basal diameter; R.FW Rhizome

fresh weight; 7.FW Total rhizome and root f.w.
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GST= gluconasturtin; reported values expressed as pmol-g! dry weight).

Accession GIB SIN GNA GBS GST Total

ALD 0.77 £ 042 AB 94.97 2.78 AB 133 + 0.03 BC 1.29 0.27 AB 8.23 0.81 A 106.53 2.69 AB
ANT 0.70 = 0.20 AB 110.94 754 AB 140 £+ 0.02 AC 1.21 0.17 AB 7.33 1.76 AB 128.22 563 A
AVI 0.97 £ 0.12 AB 97.31 11.02 AB 134 + 0.04 BC 0.96 0.26 AB 4.67 1.65 AB 105.24 10.05 AB
BAD 0.90 = 0.17 AB 121.14 747 A 131 £+ 0.00 BC 0.98 0.05 AB 3.86 0.52 B 128.22 7.89 A
BAG 0.81 £ 0.17 AB 104.62 2537 AB 141 + 0.07 AC 147 022 AB 5.65 0.46 AB 113.97 2595 AB
BED 0.40 + 0.20 B 69.50 1354 B 127 + 006 C 1.17 023 AB 7.10 226 AB 79.52 1191 B
BUR 0.70 = 0.10 AB 122.56 1331 A 139 + 0.01 AC 0.78 043 B 5.79 0.98 AB 131.20 11.95 A
LAI 1.10 = 0.17 A 117.15 438 A 1.52 +£ 0.03 A 1.65 0.13 A 5.01 0.62 AB 126.44 512 A
NOV 0.83 =+ 0.06 AB 123.68 951 A 140 = 0.05 AC 1.40 022 AB 6.16 0.70 AB 133.47 1032 A
PUS 1.13 =+ 0.06 A 112.11 16.66 AB 144 + 0.04 AB 1.39 0.32 AB 6.11 1.00 AB 122.19 15.60 AB
SCE 0.63 =+ 0.06 AB 123.89 1280 A 142 + 0.04 AB 1.18 0.16 AB 5.34 0.28 AB 132.49 13.28 A
ZIV 0.61 = 0.11 AB 122.54 9.00 A 138 0.06 AC 0.80 0.10 B 6.13 0.61 AB 131.46 931 A
Mean 0.80 £ 0.25 110.03 18.94 1.38 + 0.07 1.19 0.33 5.95 1.50 119.91 18.63

Mean values (N=3) + SD followed by different letters are significantly different at P<0.01 according to Tukey (HSD) Test.
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Table 4. Results of the Principal Component Analysis (PCA) of the A. rusticana accessions evaluated
with the 10 morphological quantitative traits (first three principal components); abbreviated codes of

considered traits are indicated in Tables 2 and 3.

Trait PC1  PC2 PC3

Factor loadings:

R.TD 0.872 0.014  0.203
R.BD 0.832 -0.340 -0.312
R.FW 0.946 -0.208 -0.011
T.FW 0946 -0.014 0.013
GIB 0477 0.547  -0.508
SIN 0.872 -0.066 0.317
GNA 0.655 0.635 0.185
GBS 0.079 0.909  -0.108
GST -0.684 0.289  0.607
T.GSL 0.851 -0.015 0.410
Eigenvalue 5.856 1.776 1.080
Variability (%) 58.565 17.764 10.803

Accumulated variability (%) 58.565 76.328 87.131
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Figure 2. UPGMA dendrogram based on the relative scores for the three extracted PCs (abbreviated codes
are indicated in Table 1).
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