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Biodiversity in Nordic Horseradish (Armoracia rusticana): Studies 
with respect to conservation and utilization 

Abstract 

The biodiversity of horseradish was studied in accessions collected from old gardens in 

Denmark, Finland, Norway and Sweden. In total 176 accessions were collected. 

Horseradish, Armoracia rusticana (P. Gaertn., B. Mey. & Scherb.), has been used by 

man during long time and it was already mentioned in “De material medicia libri 

quinque” written year 100 AD. The plant, which has its origin in Southeast Europe, was 

brought to the Nordic countries by monks during the thirteenth century. In the Nordic 

countries, horseradish was used both as a bitter spice and as a medicinal plant to treat 

headaches, digestive disorders, high blood pressure and gout. 

The root has a high content of vitamin C and was often used to prevent scurvy on 

long sailing tours and as a component in preserving food. Horseradish also contains 

high levels of sulfur-containing glycosides, so called glucosinolates. Glucosinolates 

(GLS), or their breakdown products are responsible for the pungent taste and claimed 

medicinal effects. The dominate GLS in horseradish is sinigrin (>80%) followed by 

gluconasturtiin and glucobrassicin. Although if the traditional use of horseradish has 

decreased new areas has developed, as a natural preservative, in medical treatments, in 

laboratories and in industrial production. 

Studying the genotypic diversity with AFLP, the results showed a significant genetic 

diversity among Nordic horseradish. The accessions clustered in accordance with their 

country of origin with the highest diversity among the Finnish accessions, followed by 

the Danish accessions. 

The result from the phenotypic analyses with morphological characters and 

glucosinolate content showed a high diversity among the studied accessions. In the 

morphological studies the accessions showed all types of leaf- and root shapes and 

divided in different clusters. Also a high diversity in the glucosinolate content with 

both high and low levels of sinigrin and gluconasturtiin were found. 

No correlation between genotype and phenotypic characters in the Nordic 

horseradish was revealed. Despite that horseradish is a mainly vegetatively propagated 

plant the results show a high diversity among the collected accessions. 

Keywords: AFLP, condiment to food, core collection, glucosinolates, medicinal plant, 

molecular markers, morphological characterization, vegetative propagated crops,  
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The Delphic oracle told the god Apollo that “the radish is worth its weight in 

lead, the beet its weight in silver and the horseradish its weight in gold” 
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1 Introduction 

1.1 Taxonomy and genetics 

Horseradish Armoracia rusticana (P. Gaertn., B. Mey. & Scherb.) is a hardy 

perennial which has been mentioned by various names over the years. One of 

the earliest names are Sinapi perscium or Persicum sinapi which the greek 

physican Pedanius Dioscorides (AD 40-90) called horseradish (Beck, 2005; 

Courter & Rhodes, 1969). During the 16
th
 and 17

th
 century names as Raphanus 

vulgaris, Raphanus rusticanus and Raphanus sylvestris were used. Later in the 

18
th
 century Carl von Linneus named it Cochlearia armoracia (Courter & 

Rhodes, 1969). The name Armoracia rusticana was given by the German 

botanist Joseph Gaertner (1732-1791) in the end of the 18
th
 century (Courter & 

Rhodes, 1969).  

The genus Armoracia belongs to the Brassicaceae family which contains 

nearly 340 genera and more than 3350 species (Johnston et al., 2004), about 40 

of these genera and around 100 species are found in Sweden (Anderberg & 

Anderberg, 2010; Johnston et al., 2004). This family contains many 

economically important species such as Brassica rapa ssp. oleifera (DC.) 

Metzg and Brassica napus L. for oil production and root crops and cabbages of 

B. oleracea L. for direct consumption (Anderberg & Anderberg, 2010). In the 

genus Armoracia, the three species A. macrocarpa (Waldst. & Kit.) Baumg., A. 

rusticana (horseradish), and A. sisymbrioides (DC) Cajand are found. 

Armoracia sisymbrioides, which is native to the Siberian parts of Russia, is 

distinguished from horseradish by its whitish, glaucous leaves and auriculate 

leaves on the stem (Sampliner & Miller, 2009). A. macrocarpa differs from 

horseradish in flowers, fruits and number of seeds. A. macrocarpa has larger 

flowers and a more abundant seed production (Sampliner & Miller, 2009). It is 

only found in the wild (Sampliner & Miller, 2009) but has decreased due to 

drainage of wet meadows and are now regarded as endangered on the IUCN 

http://skud.slu.se/Skud/ReportPlant?skudNumber=25850
http://sv.bab.la/lexikon/engelsk-svensk/cabbages
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red list of threatened species in the south Eastern Europe and Balkan region 

(Stevanović, 2013).  

The genetic diversity center for horseradish is located in eastern Europe and 

south-western parts of Russia (Mossberg & Stenberg, 2003; Courter & Rhodes, 

1969). However, recent attempts to find natural populations of horseradish 

have failed and it may today only exist in cultivation (Sampliner & Miller, 

2009). Horseradish is a tetraploid with a somatic chromosome number of 32 

(2n=4x=32) (Simmonds, 1976). 

 

 
Figure 1. Horseradish plant New Kreüterbuch by Leonhart Fuchs, 1543. Source: Université de 

Strasbourg, Service Commun de la Documentation (France). 

 

http://docnum.u-strasbg.fr/cdm/search/collection/coll13/searchterm/New
http://docnum.u-strasbg.fr/cdm/search/collection/coll13/searchterm/Kre%FCterbuch
http://docnum.u-strasbg.fr/cdm/search/collection/coll13/searchterm/Leonhart
http://docnum.u-strasbg.fr/cdm/search/collection/coll13/searchterm/1543
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1.2 Morphology 

Horseradish flowers in early summer with white flowers and have long, white 

to light yellow fleshed, strong tasting roots (Anderberg & Anderberg, 2010). 

The basal leaves are lancet to heart shaped with toothed margins and long 

stalks. The small white flowers are gathered in branched clusters. It seldom 

sets viable seeds (Anderberg & Anderberg, 2010; Mossberg & Stenberg, 

2003).  

The morphology varies throughout the growing season, where the plant 

produces entire laminate leaves in the summer, turning to more pinnate leaves 

in the autumn. The plants start to produce the pinnate leaves when they prepare 

for winter dormancy, probably induced by the colder temperature in the 

autumn (Shehata et al., 2008). 

 

 

 
Figure 2. Different leaf shapes in horseradish accessions a. narrow elliptic shape b. broad elliptic 

to ovate shape Photo: K Wedelsbäck Bladh. 

1.3 Production and cultivation 

In the Nordic countries the commercial production has been concentrated to a 

few locations. The largest production sites have been in Sindal in Denmark, 
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Enköping and Fjärrås in Sweden. Until the end of the 19
th

 century the 

production center in Sweden was in Enköping (middle Sweden) which was 

called the horseradish town. In 1920 the production decreased and moved to 

Halland in the southern part of Sweden (Enköpings-museum, 2007). Today 

only very few producers are left in the Nordic countries. 

Production of horseradish is found in all parts of the world. In Europe the 

main production take place in Hungary with a production on 1200 ha, but also 

Austria, Germany and Poland have a commercially production of horseradish. 

A large amount is produced in North America, in both Canada and USA 

(Shehata et al., 2009). The commercial production of horseradish in the USA 

started in the 1890s by German settlements (Rhodes, 1977; Courter & Rhodes, 

1969). USA is now the largest producer of horseradish in the world with an 

area on 1600 ha, with Illinois as the main production center (Walters & Wahle, 

2010; Shehata et al., 2009). In China, production has increased during the last 

years (Shehata et al., 2009; Henriksen & Bjørn, 2004). 

   

 
Figure 3. Root sets from the collected horseradish accessions. Photo: K Wedelsbäck Bladh. 

 

Horseradish thrives in deep, well cultivated light clay soil. Many of the 

known production sites are found on earlier seafloors, as in Enköping and 

Halland in Sweden and Sindal in Denmark. In Sweden the cultivation starts in 

May when tiny roots, (sets) approximately 30-40 cm, are planted. The roots are 

laid horizontally with 60 cm distance between the plants and 70 cm between 

the rows. During middle of June the upper part of the roots are lifted and small 
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roots are removed. The main root is then replaced back into the soil. This 

practice ensures the development of commercially favorable thick even roots. 

The mature roots are harvested in April where the central root is distributed to 

the consumers and the sets are stored for a month until they are replanted for 

next year production
1
.  

 

 
Figure 4. Horseradish production in Enköping Sweden (Source: Enköpings museum). 

 

                                                        

 
1
 Personal communication, Mikael Jonsson 2014.  
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Figure 5, Horseradish in Eastern part of Enköping (Source: Enköpings museum). 

 

 

1.4 Diseases 

Horseradish is susceptible to a number of diseases and insect pests. The most 

common insects attaching horseradish are the leaf beetle hopper (Circulifer 

tenellus), which is the vector for brittle root diseases (Spiroplasma citri), and 

the horseradish flea beetle Epitrix spp. which causes damage on the shoots 

after planting. Cercospora leaf spot, caused by Cercospora armoraciae, is a 

common fungal disease. White rust, caused by the fungus Albugo candida 

LEV, is common in Europe but rare in USA and gives the leaves and stems a 

whitish layer. Turnip mosaic virus (TuMV) causes yellow rings on the 

horseradish leaves and streaming on the petioles (Yu, 2010; Bratsch, 2006). 

The most severe economic losses is caused by internal root discoloration 

(IRD), where up to 100% loss of yield has been reported (Yu, 2010). It was 

first described in Europe during the 1920s and in the USA in the beginning of 

the 1930s (Yu, 2010). Three fungal pathogens, Verticillium dahliae (Kleb), V. 

longisporum (Stark) and Fusarium solani (Mart.) Sacc, have been identified to 

be the casual agents of IRD. The disease is spread through symptom-less but 

infected sets and is therefore difficult to control. By using in vitro propagation 

the plants can stay healthy and maintain high yield (Uchanski, 2007). Another 

method against this disease is to treat the sets at 47ºC for 20-30 min. This 

method can control the set-borne inoculum of the pathogenic fungi and also 

result in a higher germination rate of the sets (Babadoost Kondri, 2009).  
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1.5 Historical use and origin 

Horseradish is associated with interesting traditions and diverse use, both as a 

medicinal herb and a condiment to food (Agneta et al., 2013; Wedelsbäck 

Bladh & Olsson, 2011; Courter & Rhodes, 1969). In more modern time it has 

also been used in various industrial processes like production of horseradish 

peroxidase and production of isothiocyanate products for different uses.  

It is believed that horseradish was known by the ancient Greeks but few 

evidences have been found to prove this. Since horseradish is mentioned in 

literature with different names it is sometimes difficult to find out if 

horseradish or other plants has been described. In the „De Agri Cultura‟ (circa 

160 BC) written by the warrior Marcus Porcius Cato (234–149 BC) practical 

instructions for farmers are given. He described how to sow and cultivate 

“radish,” which was used for food or medicine by the Roman people. Although 

some researchers mean that he described cultivation of horseradish it is 

doubtful in view of the poor seed setting in horseradish. Gaius Plinius 

Secundus (23-73 AD) suggested that anyone who ate too much should finish 

with grated horseradish. If someone suffered from asthma, honey roasted 

radish seeds would help according to Plinius (Courter & Rhodes, 1969). These 

statements indicate that the Romans were familiar with horseradish. In the 

paintings of Pompeii dating back to 79 AD pictures with long white roots have 

been depict and interpreted as horseradish (Feemster & Meyer, 2002) although 

no certain evidence for that has been presented. 

 

In the “De Materia Medica” by the Greek physician Pedanius Dioscorides 

(AD 40–90) another early record indicating the use of horseradish plants. 

Dioscorides named the plant Sinapi perscium or wild radish and described the 

thin and long root as diuretic and very hot. Both roots and leaves could be 

eaten boiled as potherbs (Beck, 2005). Another early record is Pliny the Elders 

“Naturalis Historia” published around 77–79 AD. In this book he mentioned 

Persicum napy to be consumed freshly grated for the digestion after a heavy 

meal (Dalby, 1998; Bostock, 1855). 

There are different theories about how horseradish was introduced from 

Russia to the north (Scandinavia) by the Vikings, as they sailed on the Russian 

rivers to these areas. However, no reliable sources to confirm this have been 

found (Wedelsbäck Bladh & Olsson, 2011; Campbell, 2001). In Russia the 

tradition of using horseradish is probably the oldest in the world since the 

genetic diversity center is located in the south east of Europe and in the 



17 

southern part of Russia. According to Hellie (1999) horseradish was mentioned 

along with mustard in Kievian times. Further on it is noted in the Novogrod 

postal record books 1586-1631 that beets, onions, garlic, horseradish and 

radishes were prepared for the tsars table. Although documents for buying 

horseradish have been found in the Expenses book of Nikon, Metopolitan of 

Novogrod and Velikie Luki (year 1651-52) where the expenses for horseradish 

was documented to a price between 2 and 15 kopek (Hellie R., 1999). This 

could be compared with the cost to send a letter between Moscov and Riga in 

1663 which costed 10 kopek (Johnsson & 1917).  

 

 

1.5.1 Medical use 

Horseradish was described by the abbess Hildegard from Bingen, Germany, as 

a medicinal plant in the 12th century. She mentioned horseradish as a treatment 

for lung and heart diseases (Schweiger & Kammerer, 1998). It is believed that 

it was introduced by humans to the central parts of Europe during the Middle 

Ages and later to the northern parts of Europe during the 13th century 

(Schweiger & Kammerer, 1998). The first written record about this plant in 

Scandinavia is by the Danish canon Henrik Harpestreng (1164-1244), (Lange, 

1999). Henrik Harpestreng described several ways of using horseradish as 

medicine in his 'Liber Herbarum'. He also described the following odd ways of 

using the plant: ''If you rub your hands with horseradish you will handle snakes 

without getting bites '' and ''Horseradish gives heat and is good against 

deafness'' (Klemming, 1886).  

Horseradish was used as a medicinal plant in the monasteries, which is 

confirmed in the „Nådendals klosterbok‟. The book was written by monks at 

Vadstena monastery in Sweden in 1440 and sent to their sister monastery at 

Nådendal in Finland (Löfgren, 2009). 

Some of the uses mentioned in the literature include that horseradish can 

heal wounds, that it is good for fever and pain, relieves headaches, is good for 

high blood pressure and gout, and helps against digestive problems. It was also 

used for treating urinary tract infections and bronchitis and its bactericidal 

properties (Wedelsbäck Bladh & Olsson, 2011). However horseradish is best 

known as a cure for scurvy. John Woodall who was a military surgeon in Lord 

Willoughby 's regiment in the late 1590s and the first Surgeon General to the 

East India Company wrote in his book Surgeons mate published in 1639 that 

citrus and horseradish were good for scurvy (Woodall, 1639). Both roots and 

leaves could be stored a long time on the ships but also grown in sandboxes 

(Villner, 1986; Gréen, 1976). At this time they were not aware of that the effect 
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was due to the high levels of vitamin C. There is a considerable variation 

between different clones but on average the content of vitamin C is about twice 

that of an orange (National Food Administration, 2010).  

 

 

1.5.2  Condiment 

During the 1500s, horseradish was used as a complement to food. It is believed 

that this custom began in the East and Central Europe and later came to 

England and Scandinavia. In 1571 the Italian physician and botanist Matthiolus 

(1501-1577) wrote: "The Germans call horseradish „cren‟, they and the 

Hungarian and Polish people eat this root as a condiment to their meals" 

(Becker-Dillingen, 1938). 

Even the English herbalist John Parkinson (1567-1650) wrote in his book 

'Theatrum Botanicum' (1640) that horseradish sauce could be served to country 

people and strong laboring men, but it was too strong for sensitive stomachs 

(Grieve, 1979). In Austria and south east Europe such as Russia, Bulgaria and 

Romania it is still used both as a condiment and as a medicinal plant 

(Sampliner & Miller, 2009). 

The traditional consumption of horseradish has decreased in the Nordic 

countries during later years since it is no longer so common to cook traditional 

food. Horseradish was also an important ingredient in preservatives where the 

horseradish not just contributed to the taste, but also had a bacteriostatic effect. 

New areas and products are developed in which horseradish is commonly used 

as a cheaper replacement for wasabi. 
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Figure 6. Horseradish roots Photo: Kerstin Olsson. 

1.6 Chemical content in horseradish 

1.6.1 Glucosinolates  

The species in the Brassicaceae–family are rich in sulphur containing 

glycosides, so called glucosinolates (GLS) (Kushad et al., 1999; van Doorn et 

al., 1998). In horseradish sinigrin is the major glucosinolate which is also 

responsible for the pungent taste. About 120 structurally different GLSs have 

been described and about 20 of them are present in Brassica vegetables (Fahey 

et al., 2001). The relation between the different GLSs varies between the 

leaves and the roots in horseradish (Agneta et al., 2014a; Agneta et al., 2014b; 

Agneta et al., 2012; Li & Kushad, 2004). Harvest time, use of fertilizers and 

maturity of the plants influence the GLS concentrations as well (Sarıkamış et 

al., 2009; Rosa et al., 1996; Zhao et al., 1993; Nebel, 1987). Also 

environmental factors such as climate and soil affect the GLS levels in the 

plants (Kosson & Horbowicz, 2008; Ciska et al., 2000). Agneta et al. (2012) 

identified 12 GLSs in the roots and 16 GLSs in the sprouts of horseradish. 

Sinigrin and gluconasturtiin were most abundant and that explains the strong 

and bitter taste. When plant tissues are damaged, isothiocyanates are formed 

from the GLS with help of the enzyme myrosinase. Sinigrin and 

gluconasturtiin turn into allyl isothiocyanate (AITC, mustard oil) and 2-

phenylethyl isothiocyanate (PEITC), respectively.  

 

1.6.2 Vitamin C 

Already in the 16
th
 century lemon juice was found to be effective against 

scurvy. As citrus fruits were not grown in northern Europe alternative 
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antiscorbutic plants were looked for. One of these was horseradish, which was 

recommended both by the English surgeon John Woodall and the American 

herbalist William Coles in the middle of the 17
th

 century (Sumner, 2004; 

Woodall, 1639). The active compound, unknown at the time, was vitamin C 

(ascorbic acid). It was not until the beginning of the 20th century that the 

structure and benefit of vitamin C became known (Szent-Györgyi A., 1933).  

Vitamin C is essential for humans who are unable to synthesize it. The daily 

need for grown up humans is about 45 milligrams (World Health Organization, 

2004). Fruits and vegetables are our main sources, the concentration varies 

between different crops with high levels in for example black currant, lemon, 

strawberries, peppers, potatoes, cabbages and horseradish (National Food 

Administration, 2012; Lee & Kader, 2000). In addition to genotype, factors 

like climate, fertilizer, light, and maturity affect the concentration of Vitamin C 

in plants (Ciska et al., 2000; Carlsson et al., 1981). The content can also vary 

depending on harvest time and year as well as between different clones (Nebel, 

1987). 

 

1.7 New areas for using horseradish 

An important product is horseradish peroxidase (HRP). The enzyme in HRP 

has applications in detoxifying polluted industrial wastewaters (Wagner & 

Nicell, 2002) and to reduce the odor from swine manure for several days (Ye et 

al., 2009). It has also many applications in laboratory and medical industry 

(BBI-enzymes, 2009; Bickerstaff, 1987).  

Another modern use of horseradish is as a substitute for wasabi, Wasabai 

japonica Matsum. Wasabi, which is commonly used in the Japanese cuisine, 

also belongs to the Brassicaceae family. Both in wasabi and in horseradish the 

pungent taste comes from sinigrin which is the major glucosinolate (Agneta et 

al., 2014a; Wedelsbäck Bladh et al., 2013b; Kushad et al., 1999). Since 

horseradish is cheaper to produce it is often used as a substitute for wasabi 

(Oregon State University, 2002). 

An increasing interest for natural ingredients that inhibit various bacteria 

could increase the demand of horseradish products for this market. Different 

studies have shown that allyl isothiocyanate strongly inhibits the growth of 

Escherichia coli, Listeria monocytogenes, Salmonella typhimurium, Serratia 

grimesii and Staphylococcus aureus (Lin et al., 2000; Ward et al., 1998). The 

allyl isothiocyanate has shown to be effective against the fish-infecting 

oomycete Saprolegnia parasitica which causes problems in the fish industry 

(Khomvilai et al., 2006). 
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Horseradish has also been shown to be effective in treating different kinds 

of nasal and sinus dysfunctions. Several drugs including sinigrin or allyl 

isothiocyanate have been patented for this use (Iherb, 2014; Friedman, 1995). 

Consumption of Brassica vegetables has been shown to protect the body 

from various forms of cancer (Nilsson et al., 2006). Horseradish is one of the 

plants with increased interest for anti-cancer substances (Weil et al., 2005). 

Studies have shown that the allyl isothiocyanate which is released when the 

plant cells in horseradish are crushed could benefit health and inhibit different 

kinds of cancer such as human prostate cancer (Srivastava et al., 2003; Xiao et 

al., 2003) as well as induction of lung cancer and development of tumors in 

liver and fore stomach (Kosson & Horbowicz, 2008). The antimicrobial and 

antioxidant effects of horseradish is also used by the cosmetics industry as 

strengthening and bleaching substances (Ilcsi Beautifying Herbs Ltd., 2014). 

 

 
Figure 7. Horseradish with flowers Photo: K Wedelsbäck Bladh. 
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1.8 Conservation methods 

1.8.1 Ex situ and in situ conservation 

Both in situ and ex situ conservation should be considered for horseradish. It is 

mainly a vegetatively propagated crop, which is not suitable for conservation 

in seed gene banks, since less than 3% of the plants produce viable seeds 

(Stokes, 1955). The seed production is used only for breeding purposes, why 

other methods for conservation have to be considered.  

To conserve the accessions in their natural habitat in situ is the best way to 

keep the gene-pool maintained. However, the accessions are distributed over 

large area and the sites are not protected, which can lead to losses of many 

accessions. For particularly important or threatened accessions, the ex situ 

conservation is necessary. 

Systems with field gene banks are used for example in the Nordic countries. 

Since the plants are easily spread over large areas if not controlled problems 

with keeping the accessions separated could be solved by keeping a large 

distance between them. Putting many different accessions together also 

increase the risk of diseases in the collection, although the Nordic collections 

have been successfully conserved in the different sites.  

To investigate alternative conservation methods a study with four different 

horseradish accessions for preservation in vitro were carried out at the 

NordGen (Nordic Genetic Resource Center). The same method as described by 

(Corecka, 1987) was used. Plant material from flower buds, leaf veins, 

meristem from leaf axils and root tip were tested for growing on Linsmaier-

Skoog medium (Corecka, 1987).  

In general, in vitro cultivation of horseradish worked well. The accessions 

and the different parts of the plants responded differently, however. Analysis of 

more accessions is needed to select the optimal procedures (Wedelsbäck Bladh 

et al., 2006). Not only different clones respond different to in vitro cultivation, 

but also different leaf types. A study made by Shehata et al. (2008) showed that 

the laminate leaves regenerated 77% more shoots compared to pinnate leaves. 

Field collections are the most economic way to conserve Nordic horseradish 

accessions. However, back up collections are necessary for a safe conservation 

of important accessions. 
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Figure 8. Field collection of Nordic horse radish in Alnarp. Photo: K Wedelsbäck Bladh. 

 

 

 

 

  

Figure 9. In vitro cultivation of horseradish. Figure 10. Seed pods of horseradish  

Photos: K Wedelsbäck Bladh. 
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2 Objectives of the study  

 

The idea for starting this project arose within the working group for vegetables 

at the NGB (Nordic Gene Bank), now called NordGen, Alnarp. We discovered 

a gap of knowledge about the diversity in Nordic horseradish and a lack of 

established collections of horseradish accessions. Accessions from different 

parts of the Nordic countries, i.e. Denmark, Finland, Norway and Sweden were 

collected in order to map the diversity and select representative material for 

conservation. The hope is that this work will be practically useful and inspire 

future collections and conservation of other minor crops. 

The results from this study can be used as a basis for selecting Nordic 

horseradish clones with the widest possible diversity and preserve them in a 

core collection of Nordic horseradish. 

 

 

More specifically the objectives were to 

 

Increase the knowledge about diversity in Nordic horseradish populations 

 

Determine the relationships between various phenotypic characters used in 

horseradish characterization 

 

Determine the relationships between genetic and phenotypic diversity in 

Nordic horseradish 

 

Provide information for the establishment of a Nordic core collection of 

horseradish 
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3 Material and Methods 

3.1 Plant material 

The total numbers of accessions included in this study were 176 but some of 

them were not used in all studies. The major part, 149 accessions, were 

collected from Denmark, Finland, Norway and Sweden during 2002 and 

planted in clone archives in their home countries for ex situ conservation. Most 

of the accessions had been grown at specific site, e.g. a home garden for more 

than 50 years but their origins are unknown. Another 27 accessions of different 

European types grown in Årslev Denmark since the 1970s, the “old” Danish 

collection, were also included in the studies.  

 

 
Figure 11. Collecting sites for the horseradish accessions in Denmark and Southern parts of 

Sweden figure 2. Paper II (Wedelsbäck Bladh et al., 2013a). 
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Figure 12. Collecting sites for the horseradish accessions in Norway, Finland and in the central 

and northern parts of Sweden figure 1. paper II (Wedelsbäck Bladh et al., 2013a). 

 
 



27 

3.2 Methods 

Three different methods were used to study the diversity among the 

horseradish plants. At DNA level the AFLP method was used and for 

characterisation of the morphological diversity the UPOV system was 

followed. The studies of the chemical content focused on glucosinolate 

concentrations in the roots, analyzed by high-performance liquid 

chromatography (HPLC). Accessions from Finland, Norway and the new 

collection in Denmark (collected in gardens) were also analysed for the 

Vitamin C content with the HPLC method.  

 

3.2.1 AFLP analysis 

The AFLP analysis was carried out according to the method described by Vos 

et al., (Vos P, 1995). Three primer combinations for AFLP fragment 

amplification were used. The reaction products were separated with 

polyacrylamide electrophoresis and visualized with silver staining (Bassam et 

al., 1991). Further information is found in paper II, (Wedelsbäck Bladh et al., 

2013a). 

 

3.2.2 Glucosinolate and Vitamin C analysis 

Glucosinolate analysis 

After maceration each sample was boiled in ethanol to hinder degradation of 

GLS by myrosinase. Glucotropaeolin and hot ethanol was added, the sample 

was homogenized and extraction by boiling continued. After cooling and 

centrifugation, the supernatant was applied on a DEAE Sephadex A-25 column 

and treated according to Heaney and Fenwick (1980). The sample was washed 

with water; sulfatase was added and left over-night. The 

desulphoglucosinolates were eluted and analyzed by HPLC according to the 

method described in paper III, (Wedelsbäck Bladh et al., 2013b). 

 

Vitanim C analysis 

The vitamin C analysis was performed with HPLC. Each sample (5 g) was 

mixed with 30 ml 3% metaphosphoric acid (Merck) and homogenized (Ultra-

Turrax TP 18/10) for two minutes. After homogenization the sample was 

diluted with 3% metaphosphoric acid (Merck) up to 100 ml and filtered 

through F1, 15 cm (Munktell Filter AB). The solution was filtered a second 
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time through a 0.2 µm membrane filter (Minisart, Sartorius AG, Göttingen, 

Germany). The analysis was performed using a VARIAN 9012 gradient 

evaluation pump (Walnut Creek , California USA), with auto sampler 

VARIAN 9100, UV-VIS detector VARIAN 9050 and a steal column: Waters 

Nova Pak C-18, 3.9 x 300 mm, particle size 5 µm (Millipore, USA). The 

mobile phase was 100% 0.05 M K2HPO4 (p.a., waterfree, Merck) dissolved in 

water (Milli-Q quality) and adjusted to pH 2.6 with ortophosphoric acid (p.a., 

Merck). The flow rate was 0.80 mL/min, with a 40 µL injection volume; the 

detection wavelength was 254 nm. At this wavelength metaphosphoric acid 

and ascorbic acid were detected as two separate peaks. The method was 

developed in a thesis at LTH School of Engineering at Campus Helsingborg, 

(Matulaniec, 2002). 

 

3.2.3 Morphological characterization 

The plants were first characterized in their country of origin, i.e. in Denmark at 

The Danish Institute of Agricultural Sciences (DIAS) in Årslev (55°30‟N, 

10°48‟E), in Finland at MTT (Agrifood Research Finland) in Pikkiiö (60°23‟N, 

22°30‟ E), in Norway at Bioforsk in Landvik (58°20‟N, 08° 31‟E) and in 

Sweden at Svalöf Weibull AB, Landskrona (55°52‟N, 12°49‟E) in 2004. Later 

all of the accessions were replanted and characterized two times, 2012 and 

2013, at NordGen, Alnarp in southern Sweden, (55 39' N, 13 05' E).  

The characterization followed the UPOV guidelines TG/191/2-2001 

(UPOV The International Union for the Protection of New Varieties of Plants, 

2001) where 19 of the 29 morphological descriptors were studied. The studied 

characters are found in paper IV, Wedelsbäck Bladh et al. (2014). 

 

3.3 Statistical analysis 

The statistical system R, (R Core Team, 2013) was used for the analyses except 

for the AMOVA which used GENALEX 6 (Peakall & Smouse, 2006), details 

are given in the individual papers. 
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4 Summary of the results 

The work consists of four parts where Nordic horseradish samples were studied 

from different perspectives; the historical use and future potential, the genetic 

diversity in the Nordic samples, the glucosinolate content in the roots and 

morphological characters in the plants.  

4.1 Genotypic diversity 

In total 176 accessions from the four Nordic countries Denmark, Finland, 

Norway and Sweden were analysed with the AFLP method. The results were 

presented in a dendrogram in which the accessions were divided in 17 clusters. 

The accessions mainly separated by country where the Finnish accessions 

appeared to be the most diverse. The Principal Coordinate Analysis showed a 

clear separation of accessions depending on their country of origin. The 

Norwegian accessions divided in two groups although some of the accessions 

from the new Danish collection grouped together with some of the Finnish and 

Norwegian accessions. The Swedish accessions and the accessions from the 

old Danish collection separated in two different groups (paper II), (Wedelsbäck 

Bladh et al., 2013a). The results are shown in table 1. 

 

4.2 Phenotypic diversity 

4.2.1 Morphology 

The result from the morphological study showed a high diversity in the studied 

accessions. The variation caused by different trial years contributed less to the 

general variation compared to the diversity between accessions, showing that 

the main part of the characters were stable over the years. The studied 

accessions that included all types of leaf shapes and root shapes divided in 
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different clusters. The type with long leaves and a high quota for the leaf index 

was most common but also types with elliptic and heart shaped leaves were 

found. Correlations between the studied characters were also found where the 

characters separated in five different clusters. In two clusters only characters 

for the leaves were found; Leaf shape and Leaf width in the first cluster and 

Leaf length, Leaf index (length/width) and petiole length in the second. The 

characters for the root divided in three different cluster with two cluster only 

containing root character and one with a combination of leaf and root 

characters (paper IV) (Wedelsbäck et al., 2014). 

 

 

4.2.2 Chemical content  

There was a high variation in glucosinolate levels among the investigated 

accessions and the concentration also differed between different parts of the 

roots. Two glucosinolates, i.e. sinigrin and gluconasturtiin, were found at much 

higher concentrations than the other glucosinolates. In the collections from the 

different countries various combinations with low or high sinigrin content 

combined with low or high content of gluconasturtiin could be found (paper 

III) (Wedelsbäck Bladh et al., 2013b). In the study with Vitamin C content the 

results also indicate a high variation between accessions - from 57 to 182 mg 

/100g FW. 

 

4.3 Correlation between genotypic and phenotypic diversity 

The different studies are presented in table 1 as an overview of how the 

accessions clustered in the molecular and morphological studies. These results 

were combined with the outcome from the chemical analysis. The table could 

be used to get an overview of the diversity in the collections and to select 

potentially relevant accessions for more tests.  

A low correlation between genotypic and phenotypic diversity was found. 

In table 1 the accessions in the molecular clusters are not a morphologically 

homogeneous group. In the morphological study the accessions in the major 

molecular clusters divided in at least three different clusters showing different 

morphological characters. The accessions in the morphological clusters belong 

to different molecular clusters showing that plants with similar morphological 

characters may not have the similar genotype. 

The analyses of chemical content in the accessions are represented with 

different colors and accessions with high Vitamin C content over 125 mg/100 
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FW are highlighted in yellow (Table 1). The accessions were divided in three 

groups for the content of sinigrin, low content (up to 23.99 (μmol/g DM) 

marked with blue, medium in orange (24.00-29.99 μmol/g DM) and high 

content marked with red color (over 30.00 μmol/g DM). There is a variation in 

the sinigrin content both within each molecular cluster as well as within each 

morphological cluster. The Vitamin C content was tested in the accessions 

from Denmark (new collection), Finland and Norway and according to this 

study no correlation between the sinigrin content and Vitamin C were found.  
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Table 1. Clustering of horseradish accessions from morphological and AFLP analyses in 

combination with sinigrin content and high Vitamin C levels. 

C
lu

st
er

in
g
 f

ro
m

 m
o
le

cu
la

r 
a
n

a
ly

se
s 

(A
F

L
P

) 
 Clusters based on morphological studies 

 1 2 3 4 5 6 7 Accessions 

not 

included in 

morphologi

cal 

clustering 

1 

 

N16    N8, 

N20 

    N2  N3, N10, 

N11, N14, 

N19, N7, 

N12, N21 

2    S37 

 

S62 S46, S49 

 

  

3 

 

   S8, S22, 

S24, 

S68=S71, 

S25, S32, 

S33,S34,S

35, S42, 

S12, S15, 

S16, S26, 

S29, S36 

S11, S19, 

S20, S41, 

S21, 

S27,S30,S

53,S59, 

S63,S65,S

72=S69, 

S6, S54, 

S55 

 

S1, S18, 

S56, S66, 

S31, S39, 

S40, S4, 

S5, S10, 

S17, S23, 

S48, S50, 

S51, S52, 

S57, S38, 

S9, S13, 

S45, S47, 

S58, 

S67,S70, 

S2, S5, 

S64 

  S43, S44, 

S14, S28, 

S60, YougS, 

S61, S73 

 

4 D1 

D7, 

D4, 

D14 

D24

D25 

D22 

 
D21 

 

 D10, D12, 

D19, D26,  

D5, D8, 

D11, 

 

 D15 D2,D3, D6, 

D9, D13, 

D16, D17, 

D18, D20, 

D23, D27, 

F27 S74, 

S75  

 

 
5   N9    N13 N4, N6, 

D32, D34, 

D37, D43, 

D44, D46, 

D31, D33, 

D39, D40, 

D42, D51, 

D54, D55, 

D57, D58 

N1, D28, 

D29, D30, 

D35, D36, 

D38, D41, 

D45, D47, 

D48, D49, 

D50, D52, 

D53, D56 
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C
lu

st
er

in
g
 f

ro
m
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o
le

cu
la

r 
a
n

a
ly

se
s 

(A
F

L
P

) 

Clusters based on morphological studies 

Clusters based on morphological studies 

Clusters based on morphological studies 

Clusters based on morphological studies 

 1 2 3 4 5 6 7 Accessions 

not 

included in 

morphologi

cal 

clustering 

6.         N5, N15, 

N17, N18 

7.        F13, F16, 

F25 

8  F18, 

F22 

     F1  

9  F10, 

F19 

  F2, F21, 

F17  

F24, F23  F9, F12, 

F14, F15,  

10        F7  

11        F11  

12  F4        

13     F3    

14  F20        

15        F6  

16      F8    

17     F5     

Sinigrin content: High=Red, Medium=Orange, Low=Blue, Black= Not 

analysed, Yellow=High content of Vitamin C. The numbers are corresponding 

to the numbers in figure 11 and 12 and to the numbers in appendix paper II. 

 

4.4 Discussion 

Vegetatively propagated crops have limited frequency of recombination and 

may therefore be expected to have a low genotypic and phenotypic diversity 

among accessions (Curtis, 1983). Horseradish is mainly a vegetatively 

propagated crop with low seed setting and a low rate of seed germination 

(Sampliner & Miller, 2009; Stokes, 1955). In contrast to the expectations the 

results in this study shows high diversity among accessions on basis of AFLP 

and morphological traits and the content of glucosinolates in the roots. 

Recently, a study including morphological, molecular AFLP studies and 

glucosinolate content on Italian horseradish accessions was performed that 

showed a similar level of diversity (Agneta et al., 2014a; Agneta et al., 2014b). 

In evolutionary ecology studies of crops biologist have often neglected clonally 

propagated crops (McKey et al., 2010) However, the few studies that are 

available have indicated that clonally propagated crops may be more diverse 
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than earlier believed. Many of the clone propagated food crops shows diversity 

with respect to phylogenetics, morphology and ecology and these crops needs 

to be studied in more detail (McKey et al., 2010). 

My results can be compared with studies in old clones of Swedish hop 

(Humulus lupulus L.) where some similarities were found. Hop has been grown 

in Sweden at least since the 13th century and between the 15th and 19th 

century the cultivation was stated by law. In inventory of plants from the 

previous hop gardens, marked in historical maps, was recently carried out by 

Karlsson Strese et al., (2014). Hop is a dioecious species, with separate male 

and female plants. In traditional cultivation the female plants are kept for 

production of cones while the male plants are removed. The plant is normally 

vegetatively propagated through cuttings to keep the selected clone in the 

cultivation (Karlsson Strese et al., 2014). This is similar to the propagation and 

selection of horseradish accessions. The results from Karlsson Strese et al. 

(2014) show that sexual reproduction of hop appears to be rare in Sweden since 

the observed differentiation between the populations are strict. However, a 

considerably variation in the chemical content of the cones and a high variation 

in the morphological traits were found among the studied hop clones 

(Karlsson-Strese, 2008). The hop collection was further studied for genetic 

diversity with SSR. The results indicated high genetic diversity among 

Swedish clones and between Swedish and European clones (Karlsson Strese et 

al., 2014). This pattern is rather similar to the findings in this thesis on 

horseradish where also a separation between accessions with different country 

of origin was found. 

The most likely explanation to the high diversity in horseradish could be the 

introduction to Nordic cloisters and subsequent distribution to different parts of 

the countries at many different occasions. Several monastery orders were 

established in the Nordic region from the 11
th

 century and onwards. Only in 

Skåne (southern part of Sweden) Cistercian, Benedictine, Augustinian, 

Premonstratensians, Dominicans, Franciscans, Carmelites and Helgeands 

cloisters were founded. The cloisters also had many farms connected to them. 

For example, about 450 farms spread over Skåne belonged to „Dalby cloister‟ 

(outside Lund) in 1530 (Carelli, 2010). The connections between the farms and 

the cloisters have probably facilitated the distribution and a more common use 

of the plant. Different cloister orders settled in different locations in the Nordic 

region, for example, the Cistercian order was the dominant one in Sweden with 

exception from Skåne where the Premonstratensians were more common 

(Carelli, 2010). The different cloister orders probably had several sources for 

their horseradish plants since they recruited people from different geographical 

regions of Europe, which may have contributed to the diversity of horseradish.  
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As horseradish was introduced to the Nordic countries in the 13
th 

century 

and later spread to different parts of the country from the cloisters some of the 

accessions could be residues from this time. However, few studies on the age 

of vegetatively propagated accessions have been performed and no available 

records have been found that date horseradish accessions back to this time. 

During the time from the introduction until now there has also been an 

important trade with horseradish. The import and export of roots to the Nordic 

countries has probably added new genotypes which has affected the diversity 

of horseradish. 

Another factor contributing to the diversity in horseradish could be seed 

setting despite the very low germination rate of about 3% that has been 

reported (Winiarczyk & Bednara, 2008; Stokes, 1955). There are different 

reasons to the poor seed setting.  

Horseradish is a cross pollinated plant where the seed development follows 

the normal fertilization process in cruciferous plant. The fertilization occurs 

18-30 hours after the pollination (Shehata et al., 2009) and the fruits mature in 

three to four weeks (Weber, 1949). The ovary contains 16-20 ovules (Weber, 

1949) with a seed number between 1-6 in the pods (Stokes, 1955). Stokes 

(1955) reported that fertilization occurs only in one-third of the ovules and 

failure of the endosperm is the most frequent cause of seed sterility.  

Differences in pollen quality in the two major types of horseradish 

(„Bohemian‟ and „Common‟) have also been observed. „Bohemian‟ types have 

some functional pollen while the „Common‟ type fail to produce functional 

pollen (Stokes, 1955). There are reported differences in the flowers where the 

„Common‟ type is smaller and more often fails to develop. The flowers abort 

before opening to a higher degree compared to the „Bohemian‟ and „Big Top 

Western‟ types (Shehata et al., 2009).  

According to Stokes (1955) the failure to set seeds following fertilization is 

primarily due to endosperm-maternal tissue incompatibility and embryo 

abortion. Aneuploidy and variation in chromosome number in meiotic stages of 

pollen and mother cells in different plants, n=14 and n=16, respectively were 

reported (Shehata et al., 2009).  

Horseradish is also reported to be a possible allotetraploid species since 

some homology occurs between the two genomes and some viable seeds are 

produced (Shehata et al., 2009).  

Despite the problems in developing functional seeds low production of new 

seed plants have probably occurred during the 800 years that horseradish has 

been grown in the Nordic countries. Even a low number of functional seeds 

produced from a cross-pollinated plant could make an important contribution 

to the diversity. 
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Problems have been reported in seed production for breeding purposes. A 

successful method to overcome spontaneous embryo abortion is the use of 

plant tissue culture. Embryos derived from horseradish crosses and self 

pollinations were rescued with plant tissue culture and resulted in a better 

germination rate compared to conventional germination in soil (Ozgur et al., 

2004). 

Few studies have been made to map the wild relatives to horseradish. 

Differences between horseradish and the wild relatives Armoracia macrocarpa 

and Armoracia sisymbrioides are found, for example, in seed setting. The two 

wild relatives produce a rich amount of seeds. Natural populations are 

harvested but in some areas A. sisymbrioides is also cultivated. A. 

sisymbrioides is used for the same purposes as horseradish (Sampliner & 

Miller, 2009) and could be an important gene source for the future. 

The most dominating glucosinolates in horseradish are sinigrin, 

gluconasturtiin and glucobrassicin. However, rather few studies on variation of 

glucosinolate content in different horseradish accessions have been performed. 

Li and Kushad (2004) studied the glucosinolate content of leaves and roots and 

found large variation between the accessions. In this study the sinigrin content 

varied between 2 to 258 μmol/g DM for unpeeled horseradish roots and the 

variation between accessions from the same country could be up to 30-fold (Li 

& Kushad, 2004). Recently, Italian accessions were analysed for the 

glucosinolate content and the results showed that sinigrin was predominating 

followed by gluconasturtiin and glucobrassicin (Agneta et al., 2014a; Agneta et 

al., 2014b). Li and Kushad (2004) reported that the average proportion of 

sinigrin of the total glycosinolate content was 83%, while the investigated 

Italian accessions varied between 53% and 87%. In the Nordic accessions this 

value varied between 82-90%. 

Conservation is of particular interest since this species most probably only 

exists in cultivation and no wild populations remain. The analysis performed 

on horseradish in this thesis, also revealing accession with unique characters, 

and could be a base for the selection of interesting accessions for future 

conservation. The high diversity among the horseradish accessions suggests 

that genotypes suitable for different end-uses can be selected. The conservation 

could be arranged in different ways in private gardens or in common Nordic 

collections. Most important is to keep the accessions separated, healthy and 

promote its utilization in breeding for different areas. An effective way could 

be to create a Nordic core collection with back-up collections in the different 

Nordic countries. 
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5 Conclusions 

Horseradish is a vegetative propagated plant with low frequency of seed sets. 

The Nordic horseradish populations could therefore be expected to have a low 

level of diversity. Based on the genotypic and phenotypic studies on 

horseradish accessions collected in Denmark, Finland, Norway and Sweden the 

following conclusions can be drawn: 

 

 Results from the molecular study showed a relative high level of 

diversity among the studied accessions that separated into 17 different 

clusters and grouping of accession was mainly according to country of 

origin. 

 

 The Finnish accessions showed the highest diversity compared to the 

other countries.  

 

 The results from the chemical analysis of the glucosinolate content 

showed high variation among the studied accessions. No correlation 

was found between the chemical content and molecular analysis. 

 

 The most dominant glucosinolates found in Nordic horseradish were 

sinigrin followed by gluconasturtiin and glucobrassicin.  

 

 A broad diversity in morphology, in both leaf and rhizome characters, 

was found on basis of the studied UPOV characters. 

 

 A clustering of the morphological characters were also observed 

where correlations between the different characters were detected, 

indicating that fewer characters could be used in future morphological 

studies of horseradish for a rational and cost efficient characterization.  
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6 Future developments 

The relationships between the Nordic horseradish accessions were studied 

together with some accessions from Europe. To increase the knowledge of the 

world diversity and to learn more about the introduction history of horseradish 

to different areas, more accessions from different part of the world needs to be 

studied. 

Morphological characters have been an important factor for selection of 

horseradish accessions for commercial production. With an increased use in 

industrial production the morphological characters will be less important in 

favor for the content of chemical compounds. Further research should be 

performed to find accessions with different chemical content for various uses. 

Today the supply of horseradish roots in the shops are limited and only one 

cultivar, without additional information such as strong or weak taste, is offered. 

A diversification to more products and information on the health aspect could 

increase the production and consumption.  

Establishing a Nordic core collection of horseradish could be based on the 

results presented in the thesis. However, the diversity in diseases resistance 

should also be studied before a final selection of the accessions is done. 

Wild relatives to cultivated plants are important genetic recourses in plant 

breeding. For example, important genes for disease resistance may be found in 

wild relatives. The wild relative to horseradish Armoracia macrocarpa is on 

the red list of endangered plants. Only a few seed accessions are stored in the 

gene banks and conserved for the future. Therefore, a collecting mission of 

Armoracia macrocarpa would be of great value. It is likely that this species 

could contribute to future development of horseradish. 

 
 
 



39 

References 

Agneta, R., Lelario, F., De Maria, S., Möllers, C., Bufo, S.A. & Rivelli, A.R. 
(2014a). Glucosinolate profile and distribution among plant tissues 
and phenological stages of field-grown horseradish. 
Phytochemistry, 106(0), ss. 178-187. 

Agneta, R., Möllers, C., De Maria, S. & Rivelli, A.R. (2014b). Evaluation of 
root yield traits and glucosinolate concentration of different 
Armoracia rusticana accessions in Basilicata region (southern 
Italy). Scientia Horticulturae, 170(0), ss. 249-255. 

Agneta, R., Möllers, C. & Rivelli, A.R. (2013). Horseradish (Armoracia 
rusticana), a neglected medical and condiment species with a 
relevant glucosinolate profile: a review. Genetic Resources and 
Crop Evolution, 60(7), ss. 1923-1943. 

Agneta, R., Rivelli, A.R., Ventrella, E., Lelario, F., Sarli, G. & Bufo, S.A. 
(2012). Investigation of Glucosinolate Profile and Qualitative 
Aspects in Sprouts and Roots of Horseradish (Armoracia rusticana) 
Using LC-ESI–Hybrid Linear Ion Trap with Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometry and Infrared 
Multiphoton Dissociation. Journal of Agricultural and Food 
Chemistry, 60(30), ss. 7474-7482. 

Anderberg, A. & Anderberg, A.-L. Den virtuella floran. 
http://linnaeus.nrm.se/flora/di/brassica/armor/armorus.html [3rd 
March ]. 

Babadoost Kondri, M. (2009). Developing an Effective Strategy for 
Management of Internal Discoloration of Horseradish Root: 
University of Illinois. 

Bassam, B.J., Caetano-Anollks, G. & Gresshoff, P. (1991). Fast and Sensitive 
Silver Staining of DNA in Polyacrylamide Gels. Anal Bioanal Chem, 
196, ss. 80-83. 

http://linnaeus.nrm.se/flora/di/brassica/armor/armorus.html


40 

BBI-enzymes BBI enzymes[9th November]. 
Beck, L.Y. (2005). Pedanius Dioscorides of Anazarbus. De Materia Medica. 

Hildesheim: Olms-weidmann. 
Becker-Dillingen, J. (1938). Handbuch des gesamten Gemüsebaues 

einschliesslich der Gewürz- und Küchenkräuter. 3rd uppl. Berlin: 
Paul Parey. 

Bickerstaff, G.F. (1987). Enzymes in Industry and Medicine. London and 
Baltimore: E. Arnold,. 

Bostock, J. (1855). Pliny the Elder. The Natural History. A Description of 
Plants, and of the Remedies Derived from them,27  Chapter 113.). 
London: Taylor and Francis. 

Bratsch, A. (2006). Speciality crop profile horseradish408): Virginia 
cooperative extention. 

Campbell, A.R. (2001). The viking world. London. 
Carelli, P. (2010). Det medeltida skåne. En arkeologisk guidebok: Korotan 

Ljubljana  
Carlsson, D.G., Daxenbicheler, M.E., Van-Etten, C.H., Tookey, H.L. & 

Williams, P. (1981). Glucosinolates in crucifer Vegetables: turnips 
and rutabagas. American Chemical Society, 29, ss. 1235-1239. 

Ciska, E., B, M.-P. & H, K. (2000). content of glucosinolates in cruciferous 
vegetables grown at the same site for two years under different 
climatic conditions. Journal of Agricultural and Food Chemistry, 
48(7), ss. 2862-2867. 

Corecka, K. (1987). In vitra  propagation  of horseradish/ Cochlearia 
amoracia  L. (Acta Horticultura 212). Skierniewice, Poland: 
Research institute of Vegetable Crops. 

Courter, J.W. & Rhodes, A.M. (1969). Historical Notes on Horseradish. 
Econ. Bot., 23, ss. 156-164. 

Curtis, H. (1983). Biology. I. Fourth edition uppl. New York: Wort 
publishers INC, s. 1159. 

Dalby, A. (1998). Cato, M. P. On Farming De Agricultura. Totnes, Devon: 
Prospect Books. 

Enköpings-museum (2007). Med rötter i Enköping-en pepparrotshistoria 
med recept. Sundbyberg: Alfaprint. 

Fahey, J.W., Zalcmann, A.T. & Talalay, P. (2001). The chemical diversity and 
distribution of glucosinolates and isothiocyanates among plants. 
Phytochemistry, 56(1), ss. 5-51. 

Feemster, W.M. & Meyer, F.G. (2002). The Natural History of Pompeii. 
Cambridge: Cambridge University Press. 



41 

Friedman, W.H. (1995). Horseradish Preparation for the Treatment of 
Nasal and Sinus Dysfunction. 5385734.  

Gréen, S. (1976). Kryddor: historia och folktro: kryddgård, odling och 
användning. Stockholm: LTs förlag. 

Grieve, M. (1979). A Modern Herbal. 5th uppl. Thetford: Lowe and 
Brydone Printers LTD. 

Hellie R. (1999). The Economy and material Culture of Russia 1600-1725. 
Chicago: The University of Press Ltd. 

Henriksen, K. & Bjørn, G. (2004). Dyrkning af peberrod. (Grøn Viden, 
Havebrug. 

Iherb Natural products & more. http://www.iherb.com/Horseradish. [ 
Information collected 27th of May 2011]. 

Ilcsi Beautifying Herbs Ltd. Organic skincare in Hungarian The natural 
choise. 

Johnsson, A., Ture Algot., & (1917). Det stora svitjod. Essayer om gångna 
tiders svensk-ryska kulturförbindelser. Stockholm: Gebers förlag. 

Johnston, J.S., Pepper, A.E., Hall, A., Chen, Z.J., Hodnett, G., Drabeck, J., 
Lopez, R. & Price , H.J. (2004). Evolution of Genome Size in 
Brassicaceae. Annals of Botany, 95(1), ss. 229-235. 

Karlsson-Strese, E.-M. (2008). Genetic diversity and phylogenetic 
relationship among cultivated Swedish hops (Humulus lupulus) 
with regard to juridical, fiscal and economic imprint in Swedish 
agricultural history. (Formas report diarienr  2005-1268 Nordiska 
museet. 

Karlsson Strese, E.-M., Lundström, M., Hagenblad, J. & Leino, M. (2014). 
Genetic Diversity in Remnant Swedish Hop (Humulus lupulus L.) 
Yards from the 15th to 18th Century. Economic Botany, 68(3), ss. 
231-245. 

Khomvilai, C., M., K. & M., Y. (2006). Fungicidal Activities of Horseradish 
Extract on a Fish-Pathogen Oomycetes, Saprolegnia parasitica. 
Bull. Fac. Bioresources, 33, ss. 1-7. 

Klemming, G.E. (1886). Läke- och örte-böcker från Sveriges medeltid1-3). 
Stockholm: P.A. Norstedt & söner. 

Kosson, R. & Horbowicz, M. (2008). Effect of Long Term Storage on Some 
Nutritive Components and Isothiocyanates Content in Roots of 
Two Horseradish Types. Veg. Crops Res. Bull, 69, ss. 155-164. 

Kushad, M.M., Brown, A.F., Kurilich, A.C., Juvik, J.A., Klein, B.P., Wallig, 
M.A. & Jeffery, E.H. (1999). Variation of Glucosinolates in 
Vegetable Crops of Brassica oleracea. Journal of Agricultural and 
Food Chemistry, 47(4), ss. 1541-1548. 

http://www.iherb.com/Horseradish


42 

Lange, J. (1999). Kulturplanternes indförselhistorie i Danmark (Introduction 
History of Cultivated Plants in Denmark. 2 uppl. Fredriksberg: DSR 
Forlag. 

Lee, S.K. & Kader, A.A. (2000). Preharvest and postharvest factors 
influencing vitamin C content of horticultural crops. Postharvest 
Biology and Technology, 20(3), ss. 207-220. 

Li, X. & Kushad, M.M. (2004). Correlation of glucosinolate content to 
myrosinase activity in horseradish (Armoracia rusticana). J Agric 
Food Chem, 52(23), ss. 6950-5. 

Lin, C.M., Preston, J.F., 3rd & Wei, C.I. (2000). Antibacterial mechanism of 
allyl isothiocyanate. J Food Prot, 63(6), ss. 727-34. 

Löfgren, J. (2009). Kulturväxternas införsel till Norden: Svenska 
klosterträdgårdar under tidig medeltid. Göteborg: Department of 
Conservation, Faculty of Science, University of Gothenburg. 

Matulaniec, B. (2002). C-vitamin i potatis och vitkål. Diss. Media-Tryck 
Biblioteksdirektionen Lund: Lund University  

McKey, D., Elias, M., Pujol, B. & Duputié, A. (2010). The evolutionary 
ecology of clonally propagated domesticated plants. New 
Phytologist, 186(2), ss. 318-332. 

Mossberg, B. & Stenberg, L. (2003). Den nya Nordiska Floran. Stockholm: 
Wahlström & Widstrand. 

National Food Administration Livsmedelsverkets livsmedelsdatabas version 
04.1.1. http://www.kalorier.net/articles/view.asp?articleid=13 
[10th april]. 

National Food Administration Livsmedelsverkets livsmedelsdatabas version 
04.1.1[29th of August]. 

Nebel, H. (1987). Untersuchungen über einflüsse von herkunft, anbau und 
lagerung auf die qualität von meerrettich (Armoracia rusticana ph 
gaertn., B. Mey. Et scherb.). Diss. München 

Nilsson, J., Olsson, K., Engqvist, G., Ekvall, J., Olsson, M., Nyman, M. & 
Åkesson, B. (2006). Variation in the content of glucosinolates 
hydroxycinnamic acids, carotenoids, total antioxidant capacity and 
low-molecular-weight carbohydrates in Brassica vegetables. 
Journal of the Science of Food and Agriculture, 86, ss. 528-538. 

Oregon State University Commersial vegetable production guides: 
Horseradish Armoracia rusticana 
http://oregonstate.edu/Dept/NWREC/horserad.html. 

Ozgur, M., Shehata, A.M., Skirvin, R.M., Norton, M.A., Mulwa, R.M.S., 
Uchanski, M., Hamblin, A.M. & Babadoost, M. (2004). An In Vitro 

http://www.kalorier.net/articles/view.asp?articleid=13
http://oregonstate.edu/Dept/NWREC/horserad.html


43 

Method to Rescue Embryos of Horseradish, a Reputedly Sterile 
Plant. Journal of Vegetable Crop Production, 10(2), ss. 99-105. 

Peakall, R. & Smouse, P.E. (2006). Population genetic software for teaching 
and research GENALEX 6: genetic analysis in Excel. Molecular 
Ecology Notes 6, ss. 288-295. 

R Core Team (2013). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing.  
[Programvara]. Vienna, Austria. http://www.R-project.org/>. 

Rhodes, A.M. (1977). Horseradish-Problems and research in Illinois Crop 
resourses. 

Rosa, E.A.S., Heaney, R.K., Portas, C.A.M. & Fenwick, G.R. (1996). Changes 
in Glucosinolate Concentrations in BrassicaCrops 
(BoleraceaandBnapus) Throughout Growing Seasons. Journal of 
the Science of Food and Agriculture, 71(2), ss. 237-244. 

Sampliner, D. & Miller, A. (2009). Ethnobotany of Horseradish (Armoracia 
rusticana, Brassicaceae) and Its Wild Relatives (Armoracia spp.): 
Reproductive Biology and Local Uses in Their Native Ranges. 
Economic Botany, 63(3), ss. 303-313. 

Sarıkamış, G., Balkaya, A. & Yanmaz, R. (2009). Glucosinolates within a 
collection of white head cabbages (Brassica oleracea var. capitata 
sub.var. alba) from Turkey. African Journal of Biotechnology, 8(19), 
ss. 5046-5052. 

Schweiger, A. & Kammerer, S. (1998). Hildegard av Bingens Örtabok: 
Förebygg och hela. Stockholm: Cordia. 

Shehata, A., Mulwa, R.M.S., Babadoost, M., Uchanski, M., Norton, M.A., 
Skirvin, R. & Walters, S.A. (2009). Horseradish: Botany, 
Horticulture, Breeding. I: Horticultural Reviews John Wiley & Sons, 
Inc., ss. 221-261.: http://dx.doi.org/10.1002/9780470593776.ch4. 

Shehata, A.M., Skirvin, R.M. & Norton, M.A. (2008). Leaf Morphology 
Affects Horseradish Regeneration In Vitro. International Journal of 
Vegetable Science, 15(1), ss. 24-27. 

Simmonds, N.W. (1976). Evolution of crop Plants. 1st uppl. London: 
Longman group Limited. 

Srivastava, S.K., Xiao, D., Lew, K.L., Hershberger, P., Kokkinakis, D.M., 
Johnson, C.S., Trump, D.L. & Singh, S.V. (2003). Allyl 
isothiocyanate, a constituent of cruciferous vegetables, inhibits 
growth of PC-3 human prostate cancer xenografts in vivo. 
Carcinogenesis, 24(10), ss. 1665-70. 

http://www.r-project.org/%3e
http://dx.doi.org/10.1002/9780470593776.ch4


44 

Stevanović, V., Vörösváry, G., Eliáš, P. & Strajeru, S.    Armoracia 
macrocarpa. The IUCN Red List of Threatened Species. Version 
2014.2. . http://www.iucnredlist.org/details/summary/165173/0. 

Stokes (1955). Seed development and failure in horseradish. The journal of 
Heredity, 46(1), ss. 15-21. 

Sumner, J. (2004). American Household Botany: A History of Useful Plants 
1620-1900. Portland, Oregon: Timber Press. 

Szent-Györgyi A. (1933). Identification of vitamin C. Biochem J., 27, ss. 279-
85  

Uchanski, M.E. (2007). Yield and quality of pathogen-free horseradish 

(Armoracia rusticana) planting stock. Diss.: University of Illinois. 
UPOV The International Union for the Protection of New Varieties of 

Plants (2001). UPOV  
Wagner, M. & Nicell, J.A. (2002). Detoxification of phenolic solutions with 

horseradish peroxidase and hydrogen peroxide. Water Research, 
36(16), ss. 4041-52. 

Walters, S.A. & Wahle, E.A. (2010). Horseradish Production in Illinois. 
Horttechnology, 20(2), ss. 267-276. 

van Doorn, H.E., van der Kruk, G.C., van Holst, G.-J., Raaijmakers-Ruijs, 
N.C.M.E., Postma, E., Groeneweg, B. & Jongen, W.H.F. (1998). The 
glucosinolates sinigrin and progoitrin are important determinants 
for taste preference and bitterness of Brussels sprouts. Journal of 
the Science of Food and Agriculture, 78(1), ss. 30-38. 

Ward, S.M., Delaquis, P.J., Holley, R.A. & Mazza, G. (1998). Inhibition of 
spoilage and pathogenic bacteria on agar and pre-cooked roast 
beef by volatile horseradish distillates. Food Research 
International, 31(1), ss. 19-26. 

Weber, W.W. (1949). Seed production in horseradish. Journal of heredity, 
40, ss. 223-227. 

Wedelsbäck, B., Katarina., , Yndgaard, F., Liljeroth, E., Asda, l.Å., Suojala-
Ahlfors, T., Kjeldsen, B. & Kolodinska Brantestam, A. (2014). 
Morphological characterization of Nordic Horseradish (Armoracia 
rusticana). 

Wedelsbäck Bladh, K., Liljeroth, E., Poulsen, G., Yndgaard, F. & Kolodinska 
Brantestam, A. (2013a). Genetic diversity in Nordic horseradish, 
Armoracia rusticana, as revealed by AFLP markers. Genetic 
Resources and Crop Evolution, ss. 1-12. 

Wedelsbäck Bladh, K. & Olsson, K.M. (2011). Introduction and Use of 
Horseradish (Armoracia rusticana) as Food and Medicine from 

http://www.iucnredlist.org/details/summary/165173/0


45 

Antiquity to the Present: Emphasis on the Nordic Countries. 
Journal of Herbs, Spices & Medicinal Plants, 17(3), ss. 197-213. 

Wedelsbäck Bladh, K., Olsson, K.M. & Yndgaard, F. (2013b). Evaluation of 
glucosinolates in Nordic horseradish (Armoracia rusticana). 
Botanica Lithuanica., 19(1), ss. 48-56,. 

Wedelsbäck Bladh, K., Olsson, P., Kolodinska Brantestam, A. & Dias, O. 
(2006). Metodutveckling för In vitro-bevarande av pepparrot. 
[Opublicerat manuskript]. 

Weil, M.J., Zhang, Y. & Nair, M.G. (2005). Tumor cell proliferation and 
cyclooxygenase inhibitory constituents in horseradish (Armoracia 
rusticana) and Wasabi (Wasabia japonica). J Agric Food Chem, 
53(5), ss. 1440-4. 

Villner, K. (1986). Blod, Kryddor och Sot: Läkekonst för 350 år sedan. 
Stockholm: Carlsson Bokförlag AB. 

Winiarczyk, K. & Bednara, J. (2008). The progamic phase and seed 
formation in Armoracia rusticana. Plant Breeding, 127(2), ss. 203-
207. 

Woodall, J. (1639). The Surgeons Mate, or Military Domestic Surgery. 
London. 

World Health Organization, F.a.A.O.o.t.U.N. ( 2004). Vitamin and mineral 
requirements in human nutrition. . Rome. 

Vos P, H.R., Bleeker M, Reijans M, van de Lee T, Hornes M, Frijters A, Pot J, 
Peleman J, Kuiper M, et al. (1995). AFLP: a new technique for DNA 
fingerprinting. Nucleic Acids Res, Nov 11;(23(21):), ss. 4407-14. 

Xiao, D., Srivastava, S.K., Lew, K.L., Zeng, Y., Hershberger, P., Johnson, C.S., 
Trump, D.L. & Singh, S.V. (2003). Allyl isothiocyanate, a constituent 
of cruciferous vegetables, inhibits proliferation of human prostate 
cancer cells by causing G2/M arrest and inducing apoptosis. 
Carcinogenesis, 24(5), ss. 891-7. 

Ye, F.X., F., Z.R. & Y., L. (2009). Deodorization of Swine Manure Slurry using 
Horseraradish Peroxidase and Peroxides. J. Hazard. Mater, 167, ss. 
148-153. 

Yu, J. (2010). Identification of fungi and bacteria associated with internally 
discolored horseradish roots. Diss. Urbana Illinois: University of 
Illinois Urbana-Campaign. 

Zhao, F., Evans, E.J., Bilsborrow, P.E. & Syers, J.K. (1993). Influence of 
sulphur and nitrogen on seed yield and quality of low 
glucosinolate oilseed rape (Brassica napus L). Journal of the 
Science of Food and Agriculture, 63(1), ss. 29-37. 



46 

Acknowledgements 

Despite all the doubts and tears, it has finally been completed. 

First I would like to thank my supervisors Erland Liljeroth and Agnese 

Kolodinska Brantestam for having confidence in me and helping me to finish 

the thesis. You have my deepest thanks for your valuable support and all the 

time spent on this work, the fruitful discussions and your encouraging 

comments. I am also very grateful to my supervisor Kerstin Olsson for 

teaching me how to collect and characterize plants and for sharing your 

knowledge of horseradish with me. Many thanks to Roland von Bothmer for 

contributing with your knowledge in horseradish and gene bank management.  

My greatest thanks go to Flemming Yndgaard, for all your help with 

statistics solutions and informative pictures, for asking difficult questions and 

giving me time to discuss them with you. Also for proposing solutions to 

problems, as well as bringing energy and commitment to the work you have 

my gratitude. Without you I would never have finished this work! 

I am also very grateful to Gunilla Avodin for coaching me and giving me 

back my self-confidence and the strength to continue this work.  

I am also deeply indebted to my former colleagues at POM: Gitte, Inger, 

Lena, Jens, Eva Jansson, Eva Thörn, Essi, Moneim, Henrik and Lars-Åke for 

being fantastic colleagues and friends. The warmest thanks go especially to 

Karin, Linnea and Anna for your patience with my horseradish problems, for 

bringing happiness to the work, cheering me up and keeping my spirits up even 

in the darkest times. I miss our travels all around Sweden. 

Also to my former colleagues at NordGen I owe especial thanks for the 

warm and friendly atmosphere and interesting discussions. I would like to 

greatly thank Lena A., Svein, Fredrik and Gert for your interest and valuable 

comments on my work and for hosting the plants and caring for them. Many 

thanks also to Pia and Alfia for making the analyses in the laboratory and your 

pleasant company. Udda, thanks for your support and interest in the project and 

your efficient help with the translations. Also a special thanks to the former 



47 

director of NordGen, the late Bent Skovmand, for believing in the project and 

refueling my dream to complete my PhD.  

To the working group for vegetables at Nordgen, my warmest thanks to you 

for your diligent collecting of the plants and for characterizing the non- 

Swedish plants. You contributed to a funny and interesting work and opened 

the door to the knowledge of genetic resources for me. Thank you also to Gitte 

and Terhi for bringing your valuable knowledge on how to characterize plants 

and to Åsmund for organizing the projects in a good way, and always showing 

interest for the progress in my thesis, bringing confidence and joy to the work.  

For the financial support I would like to thank NordGen, CBM, and the 

Swedish Board of Agriculture. Also thanks to the museum in Enköping for 

supporting me with photos and information, Nordregio supplying with maps 

and to Mikael Jonsson for information regarding the production. 

Special thanks also go to my Nordic and European colleagues for 

supporting me with information on horseradish from all parts of the world: 

Jolita in Lithuania, Bertaland in Finland, Maria in Moldavia and Anna in 

Belarus. Many thanks also to Linda for your efficient help with my language 

problems. 

 

To my best friends Bitte and Cecilia I am also deeply indebted: Bitte, 

thanks for your patience in listening to my endless monologs about everything 

and nothing and hours of horseradish talk. Without your support it would have 

been difficult. Cecilia thanks for your great support and understanding the 

sweat and tears in writing this thesis.  

My „‟second family‟‟ Sven, Agnes-Fredrika and Haqvin: thanks for being 

there supporting me and to my dear sister Lotten: also thanks for trying to 

organize my brain and your never-ending list of horseradish projects.  

Towards my wonderful parents I feel the deepest gratitude for giving me 

strength, for believing in me and always showing interest in my work. Thanks 

for loving me despite of the results and your patience while waiting for me to 

finish this thesis. 

Last but not least: my greatest thanks go to my dear family, Mikael, 

Eleonora and Sophia for your love and support and your patience with me. You 

were always prepared to share the ups and downs in the work. You have given 

me a rich life, showing me that life contains more than a finished thesis. You 

also saved me from becoming a horseradish nerd! 

Also my warmest appreciation to Ottilia, Potter and Esmeralda: your 

company was essential during all the lonely hours writing this thesis. 

 


