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1. Introduction 

 

1.1 Health-promoting food products 
 

In recent years, nutritional and health aspects of foods have become increasingly important for 

consumers, especially in developed countries. According to a survey, conducted by the German 

Federal Ministry of Food and Agriculture, 92% of the interviewed consumers indicated, that they 

prefer healthy food. This is nearly the same approval rate as for the criteria good taste, which is 

strongly important for 99% of consumers (forsa, Politik- und Sozialforschung GmbH 2017). The 

term “healthy food” is hereby not clearly defined, but often associated to food with low caloric 

value as well as further health promoting benefits due to high amounts of fiber and phenols, 

antioxidant activity or bifidogenic effects. Closely related to healthy food is the term “functional 

food”, which is defined by the FAO as “A foodstuff that provides a health benefit beyond basic 

nutrition, demonstrating specific health or medical benefits, including the prevention and treatment 

of disease” (FAO 2005). The class of the functional foods was first characterized by the word 

“FOSHUA” (Food for specified health used), which was originally minted in Japan (de Almeida 

Paula et al. 2015). The awareness for consumption of health promoting food products and in 

general healthy food products increases steadily due to better education and information 

(Ärztekammer Niedersachsen 2017). Several dietary habits, that serve a specific purpose for 

example for athletes, vegans, and allergy suffers or gastroenteritis, need special food products 

which offer health benefits or act as a substitute for animal-based products or certain undesirable 

ingredients. Besides the health promoting benefits the caloric value of food products is a major 

issue, because of an increasing amount of obesity in developed countries. Between 1999 and 2017 

the amount of obese people in Germany for example increased from 39 to 61% (Statista GmbH 

2018). In addition, 39% of women and 32% of men are strongly interested in low-calorie-food 

(forsa, Politik- und Sozialforschung GmbH 2017). The widespread diseases in prosperous 

countries such as obesity, coronary heart failure, diabetes mellitus type II are strongly related to 

high consumption of free sugars (Deutsche Adipositas-Gesellschaft; Deutsche Diabetes 

Gesellschaft; Deutsche Gesellschaft für Ernährung 2018). Free sugars are defined as 

monosaccharides and disaccharides, which are added in food or occur naturally in honey, fruit 

juices or syrups (World Health Organization 2015). According to several professional associations 

like WHO, AHA, IOM, ESPGHAN and SACN the consumption of free sugar should be limited 

to ≤ 5 to ≤ 25% of total daily energy input (Deutsche Adipositas-Gesellschaft; Deutsche Diabetes 
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Gesellschaft; Deutsche Gesellschaft für Ernährung 2018). Consumption higher than these 

recommended levels are suspected to induce diseases like mentioned above and may lead to a 

nutrient displacement. However, sugar is not only of great importance in food products because of 

sweetening, but also because of a functional meaning. As a consequence the reduction of sugars is 

ambitious, as substitutes with lower caloric values and similar functional properties are required. 

(Max Rubner-Institut; Bundesforschungsinstitut für Ernährung und Lebensmittel 2018b). The 

searches for alternatives of added sugar is thus of crucial importance and requires attention. 

Especially the product groups of yoghurt, breakfast cereals and some kind of instant soups showed 

particularly high potential for replacement of sugar. Most notably is hereby the target group of 

children involved. Products, which are mainly advertised for children showed partially higher 

sugar amounts than products for adults (Max Rubner-Institut; Bundesforschungsinstitut für 

Ernährung und Lebensmittel 2018a). The European commission aspires to reduce added sugar by 

10% with the focus on sugar sweetened drinks, dairy products and breakfast cereals (Max Rubner-

Institut; Bundesforschungsinstitut für Ernährung und Lebensmittel 2018b). Therefore, different 

initiatives like, for example, the one of the Rewe trading group, have been started to reformulate 

relevant food products with the help of consumers. Products with different sugar amounts were 

successively launched and reformulated following after the customers decision (REWE Group 

Buying GmbH 2018). 

 

1.2 Sugar substitutes 
 

For sugar substitutes, a general distinction can be made between artificial and natural sweeteners. 

The artificial sweeteners, often labeled as sugar substitute, are synthetically manufactured 

(Chattopadhyay et al. 2014). They can be divided into two large subcategories: the high intensity 

sweeteners, which offer a very high sweetness power but only none to low caloric value and the 

nutritive sweeteners also known as sugar alcohols, which offer caloric value. They are often added 

to chewing gums or candies due to the lower risk of dental problems compared to normal sugar 

(Neacsu and Madar 2014). Artificial sweeteners like aspartame, cyclamate, neotame and saccharin 

have a sweetening power up to 13000 times higher than normal sugar, but are suspected of causing 

diseases like headaches, seizures, heart palpitations up to cancer. Also the acceptance of the 

consumer is low due to synthetic manufacturing. (Neacsu and Madar 2014; Chattopadhyay et al. 

2014). Therefore, natural sweeteners, which are engendered naturally like agave nectar, 

blackstrap molasses, rapadura, rice syrup or honey are preferable. They are mainly processed by 
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dehydration and often consist of complex carbohydrates or contain lower amounts of simple sugars 

or sucrose. Besides that, natural sweeteners also contain several vitamins and minerals and offer 

therewith further health promoting benefits. These reasons lead to higher acceptance of consumers 

compared to artificial sweeteners. However, the main barrier for using natural sweeteners is the 

high price for the products (Neacsu and Madar 2014).  

One possible alternative to sugar substitutes could be fructooligsaccharides (FOS), which occurs 

naturally in several plants like onions, bananas, Jerusalem artichoke and yacon (Campbell et al. 

1997). The use of FOS as a substitute for sugar offers several health-promoting benefits. FOS are 

polysaccharides with a degree of polymerization (DP) between 3 and 10 which cannot be digested 

by the human intestinal tract due to missing enzymes (Caetano et al. 2016a; Graefe et al. 2004; 

Campbell et al. 1997). Therefore, the blood glucose level does not increase significantly after 

consumption of FOS (Sumiyanto et al. 2012; Lachman et al. 2003). Because FOS are fermented 

by intestinal bacteria, their consumption offers prebiotic effects, promotes intestinal health and 

therewith positive effects on the organism due to a better absorption of minerals (Leidi et al. 2018; 

Caetano et al. 2016a; Kothari et al. 2014). The caloric value of FOS is up to 25 - 30% lower than 

the caloric value of other sugars (Manrique et al. 2005). The high sweetening power in combination 

with the low caloric value renders it an ideal substitute of added free sugars (Ojansivu et al. 2011; 

Campbell et al. 1997). The limited disadvantages of over consumption of FOS are also worth 

mentioning.. Excessively high quantities can lead to stomach as well as intestinal difficulties such 

as bloating, flatulence and diarrhea due to a general laxative effect (Caetano et al. 2016a).  

Besides the replacement of free sugars, FOS can be used for texture modifying and as a fat replacer 

(Mensink et al. 2015). Overall the addition of FOS instead of free sugars offers two main 

advantages: on the one hand the replacement of free sugars and on the other hand several further 

health promoting benefits due to the chemical structure of FOS.  

 

1.3 Yacon as a natural sweetener 
 

One possible alternative for the exploitation of sugar substitutes in form of natural sweeteners 

could be yacon (Smallanthus sonchifolius (Poepp. &Endl.)). Yacon is a tuberous root crop native 

to the Andean region and belongs to the family of Asteraceae. It contains up to 70% FOS in dry 

matter (DM) (Goto et al. 2014; Campos et al. 2012). It is an perennial, herbaceous plant with dark 

green leaves (Fernández et al. 2007) and, according to the definition of FAO, are the tubers of 
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yacon specified as functional food (FAO 2005). The average single tuber weight ranges from 200 

to 500 gram and leads to a tuber yield of 3 to 5 kg per plant (Delgado et al. 2013; Douglas et al. 

2005a). The color of tubers varies from creamy, white, red to purple (Graefe et al. 2004). On 

account of absent flower and fertile seed development, the propagation is carried out vegetative 

(Douglas et al. 2005b). Because of various distribution areas in the Andean region, where it is 

cultivated in altitudes ranging from 500 to 3500 m a.s.l., yacon is adaptable to a wide range of 

climatic conditions (Delgado et al. 2013; Fernández et al. 2006). Besides its origin, yacon is or 

was cultivated in Japan, Brazil, New Zealand, Korea, the United States and also in Europe in Czech 

Republic, France, Italy and Germany (Fernández et al. 2006; Bredemann 1948). 

Yacon plants, especially the aboveground biomass, are frost sensitive and therewith annual in 

Europe (Douglas et al. 2007). The name yacon gives an indication of the ingredients of the tuber. 

It is composed of the two words “Yakku” and “Unu” which means “tasteless” and “water” in the 

Quechua language (de Almeida Paula et al. 2015; Zardini 1991). This is a reference to the bland, 

neutral taste immediately after harvest. This neutral taste exists due to storage of carbohydrates 

mainly in form of FOS and low amounts of fructose, glucose and sucrose. Only after exposing the 

tubers to the sun or storage for a few days, the sweet taste will increase along with enzymatic 

reduction of FOS to monosaccharides and sucrose (Graefe et al. 2004). A period of seven days is 

sufficient to reduce the amount of FOS by 30 to 40% (Manrique et al. 2005). This effect can be 

decelerated at lower temperatures (Doo 2000). 

The possibilities for consumption of yacon are various. The tubers can be eaten raw, cooked like 

fruits or vegetables or used in processed form like syrup, juice, powder or chips (Manrique et al. 

2004; Lachman et al. 2003). The processed form, especially syrup or powder, is a good option for 

sugar substitute and natural sweetener in a wide spectrum of food products. In this form they can 

substitute other syrups or honey in household use or even free sugars by using yacon powder for 

bakery or convenience food (Campbell et al. 1997). Besides this, yacon offers the advantage of 

being a vegan product and can be used as a natural sweetener from people with vegan dietary 

habits, which is one major benefit against honey.  

The tubers have a saccharide content of up to 80% of dry matter and contain fructose, glucose, 

sucrose and mainly FOS. (DM) (Goto et al. 2014; Lachman et al. 2003). The amount of FOS in 

tubers ranges from 6.5 to 70% of DM (Goto et al. 2014; Campos et al. 2012). This wide range is 

due to several different factors influencing the composition of the tubers ingredients such as 

genotype, cultivation area and cultivation practice (Lachman et al. 2004). FOS is quite interesting 
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for the food industry as the caloric value ranges from 14 to 22 kcal per 100 gram FM, which is 

quite low compared to other fruits like banana with an caloric value of 89 kcal per 100 gram FM 

(United States Department of Agriculture 2018; Manrique et al. 2004). Currently yacon is used 

mainly for producing syrup or powder as a sweetener or consumed fresh (Manrique et al. 2005). 

These two products offer a wide range of possible applications in professional processing and 

households as well. In addition to the FOS, yacon tubers contain valuable phenols and 

antioxidants, which also show health promoting effects (Khajehei et al. 2018; Andrade et al. 2014). 

Also the leaves of yacon contain huge amounts of phenols and antioxidants, which can be extracted 

and used for the preparation of infusions (Fernández et al. 2007; Lachman et al. 2003). 

In 1941, preliminary yacon cultivation trials were already carried out in North Germany for sugar 

and alcohol extraction as a possible alternative to Jerusalem Artichoke (Bredemann 1948). In its 

area of origin, yacon is still mainly cultivated in subsistence farming by smallholders (Hermann et 

al. 1997). The small areas of cultivation are not sufficient to satisfy the increasing demand of 

natural sweeteners, like yacon, which rose annually by 15% in the last decade (Panesar et al. 2014). 

Besides insufficient area of production, the import of yacon and yacon products is difficult due to 

several reasons. The raw material is really sensitive to post-harvest treatment and storage 

conditions like mentioned above (Doo et al. 2000). Because of missing infrastructure and non-

existing cooling chains, these problems cannot be solved in the Andean region (Graefe et al. 2004). 

In addition, the consumer´s preferences must be considered. In general is it very important for the 

consumer to be able to clearly retrace the origin and processing form of the product. A survey 

presented, that 78% of consumers attach importance to regional produced products and specified 

certification for organic regulations and fair trade signet (forsa, Politik- und Sozialforschung 

GmbH 2017). Therefore, cultivation of yacon in Europe would increase the acceptance of 

consumers due to regional produced products. Besides the mentioned arguments would offer a 

new crop the opportunity to increase biodiversity in agricultural cropping systems. Overall, the 

growing demand for sugar substitutes makes it reasonable to develop a cultivation system for 

yacon in Europe.  
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1.4 Critical aspects of cultivation  
 

Main aspects, slowing down the implementation of yacon into European agriculture, are the 

various knowledge gaps with regard to the cultivation of yacon. Therefore, some fundamental 

parameters must be investigated in order to enable a sustainable yacon production in Europe. One 

major problem within the cultivation process of yacon is associated with the propagation. 

As mentioned above, is yacon almost exclusively propagated vegetative, because fertile seeds will 

not be developed (Douglas et al. 2005a; Hermann et al. 1997). Propagation of plant material is 

done with rhizome pieces or, in rare cases, with stem cuttings. However, the use of stem cuttings 

for propagation in Europe is not possible, because they cannot be stored over winter. Therefore, 

the production of seedlings out of rhizome pieces is the main way in Europe. Commonly 

propagation can be done in two ways; the first possibility is to produce seedlings from mother 

plants and the second to cut the rhizome in pieces. In both methods a pre-cultivation of seedlings 

in greenhouse before planting is necessary. Due to the high costs for seedlings of > 3.60 € per 

piece these approaches are quite expensive (Wersin, gardening Helenion 2018). The plant density 

of in minimum 10.000 plants ha-1 will lead to high investment costs, which are not attractive for 

farmers. Another critical aspect is inhomogeneous seedling development from propagation by 

divided seedlings from mother plants due to the time period for seedling production of up to 14 

days. Inhomogeneous seedlings make mechanization in the further cultivation process more 

complex. Therefore opportunities, which reduce manual work and thereby costs, are necessary to 

make the cultivation of yacon more appealing to the farmer. The mechanization of the cultivation 

process could lead to a significant decrease in costs due totime and manual work savings.  

Moreover, it must be investigated how far different propagation methods lead to different tuber 

yield potentials and thereby also to different costs and profits for the farmer. Because not only the 

cost but also the yield can differ between propagation methods (Doo et al. 2002). Besides the 

production costs for the farmer, also the consumer´s price for the end product is a decisive point. 

If the production costs can be reduced, the end product can be favorable as well. That would make 

yacon products affordable for a broad range of consumers.  

Another uncertainty in the yacon cultivation process is the diversity of existing genotypes, 

especially with regard to their tuber yield and sugar composition. Due to different origins, there 

are also large differences between the genotypes with regard to tuber yield potential under 

European climatic conditions as well as sugar composition (Fernandez et al. 2013; Lachman et al. 
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2004). To enhance the profitability of yacon cultivation, it is important to know which genotype 

offers the most benefits, from both an ecological and economical point of view. Also the different 

possibilities for food processing after harvest of the many genotypes are fundamental. For farmers 

it is indispensable to know about the specific characteristics of each genotype. Depending on the 

way of commercialization, or processing, the selection of the genotype is decisively, because of 

the different tuber sizes, sugar compositions and colors as well (Valentova et al. 2006). For fresh 

market uniform tubers are mandatory for packaging (Codex Alimentarius Commission 2017). 

Contrary to that, size and form are irrelevant for the processing industry. Tuber yield, sugar 

composition and resulting sugar yield may differ significantly between the genotypes (Fernandez 

et al. 2013; Valentova et al. 2006). It has to be investigated, if the quality and amount of sugars, 

especially FOS, in tubers is equal to previously common cultivation areas. If there is a change in 

the quality, especially sugar composition, health promoting benefits may no longer exist.  

One further crucial point for a successful and sustainable yacon cultivation is the fertilizer 

requirement, especially nitrogen, because of its enormous impact on vegetative growth (Mokrani 

et al. 2018). Currently there are no clear indications about nitrogen demand and nitrogen removal 

of yacon. The indications of demand range from 24 to 98 kg N ha-1 but do not clarify the removal 

of plants or the influence on tuber yield or even the influence on sugar composition (Sumiyanto et 

al. 2012; Douglas et al. 2007; Doo 2000; Doo et al. 2000). The demand of nitrogen and the 

remaining nitrogen in soil after cultivation must be considered in crop rotation planning. The 

amount of remaining nitrogen in plant residues is a decisive factor for nutrient supply of a 

subsequent crop. Therefore, it is necessary to determine the optimum nitrogen fertilization level 

to obtain highest tuber yields with the highest nitrogen use efficiency. 

 

1.5 Aim of study and approach 
 

The entire objective of the present thesis, was to develop a sustainable cultivation system for yacon 

in Europe. Therefore, fundamental agronomical parameters were investigated to develop 

recommendations for farmers for a successful integration of yacon in their cropping system. In 

order to enable commercial cultivation, the main focus was placed on propagation methods, 

genotype screening and the identification of influencing factors, e.g. nitrogen, on overall tuber 

yield and amount of sugars, especially amount of FOS. These aspects are highly relevant for the 
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introduction of new crops as they might go along with possible changes in quality and yield due 

to different climatic conditions.  

Based on the research gaps identified the specific objectives of this thesis are: 

• to evaluate differences between direct planting and pre cultivation of rhizomes in two 

ways with regard to yacon growth, development, tuber yield formation and cost 

distribution; 

• to investigate the yield potential of different yacon genotypes with regard to tuber yield, 

sugar yield and tuber composition under the given climatic conditions of Europe; 

• to determine the influence of different nitrogen levels on nitrogen uptake, tuber yield 

formation and amount of monosaccharides and polysaccharides as well as total sugar; 

• to investigate the environmental impact and the production costs of different yacon 

cultivation systems to determine the most sustainable cultivation method. 

To achieve the above mentioned objectives, a three year field experiment was conducted from 

2016 - 2018 at the experimental station ‘Ihinger Hof’ of the University of Hohenheim. Within the 

field trial separate trials were carried out focusing on the main topics propagation, genotype 

screening, nitrogen uptake and optimization of the economic and environmental performance. The 

field trials resulted in four publications which form the body of the present thesis. The first 

chapter deals with three different propagation methods and their influence on tuber yield 

formation and cost distribution. High costs for plant material induced by work intensive 

propagation make yacon cultivation unattractive for farmers. Furthermore, attention was paid on 

the tuber size influenced by the propagation method and therewith conditions for further 

processing or a suitable post-harvest strategy. The second chapter deals with the cultivation of 

nine different genotypes and the effect of genotypes on sugar composition and tuber yield 

formation under European conditions. Depending on the sugar composition, different options for 

using the tubers are conceivable. The aim of this chapter was to determine the most suitable 

genotype for cultivation under consideration of tuber quality. The third chapter covers the 

cultivation of two different genotypes under three nitrogen levels to investigate the nitrogen uptake 

in different plant parts and the possible nitrogen demand of yacon. Besides the nitrogen uptake the 

influence of the nitrogen level on tuber yield formation and sugar compositions were examined. 

The influence of the propagation method and genotype on tuber yield formations were already 

shown in chapter I and II. In chapter four the production costs and environmental impact of 

different yacon cultivation systems were examined, to identify a practice-orientated and most 
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promising cultivation method. Fundamentals for this study were a combination of the obtained 

results from chapter I – III.   

Publication I – IV represent the results of the present study and were already published in peer-

reviewed journals. In accordance to the published and already discussed results, a general 

discussion is included in section 7 connecting the different parts and aspects of yacon cultivation. 

Special note is given in the thesis to the agronomical part, discussing which further innovations 

have to be implemented and which additional knowledge gaps will have to be solved within the 

given structure in Europe and the related chances and risks of new crops in general. Afterwards an 

outlook is given for ongoing research at this topic and a summary of the whole present study as 

well (section 8).  
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2. Publications  
 

The present thesis consists of four scientific papers, which have been published in peer-reviewed 

journals. These four articles constitute the body of the thesis. Any further publications from 

conferences or non-peer-reviewed journals are listed in the Appendix (table A1). For citation of 

the four articles please use the reference given below.  

 

Publication I (published, Impact Factor 3.8): 

Kamp, L., Hartung, J., Mast, B., Graeff-Hönninger, S. (2019): Plant growth, tuber yield formation 

and costs of three different propagation methods of yacon (Smallanthus sonchifolius). Industrial 

Crops and Products, 132, pp. 1–11.  

DOI: 10.1016/j.indcrop.2019.02.006 

Publication II: (published, Impact Factor 2.25): 

Kamp, L., Hartung, J., Mast, B., Graeff-Hönninger, S. (2019): Tuber yield formation and sugar 

composition of yacon genotypes grown in Central Europe. Agronomy 2019, 9, 301.  

Doi:10.3390/agronomy9060301 

Publication III (published, Impact Factor 2.25): 

Kamp, L., Hartung, J., Mast, B., Graeff-Hönninger, S. (2019): Impact of nitrogen fertilization on 

tuber yield, sugar composition and nitrogen uptake of two yacon (Smallanthus sonchifolius Poepp. 

& Endl.) genotypes. Agronomy 2019, 9, 151. 

DOI: 10.3390/agronomy9030151 

Publication IV (published, Impact Factor 2.59): 

Wagner, M., Kamp, L., Graeff-Hönninger, S., Lewandowski, I. (2019): Environmental and 

economic performance of yacon (Smallanthus sonchifolius) cultivated for fructooligosaccharide 

production. Sustainability, 2019, 11, 4581. 

DOI:10.3390/su11174581



3. Chapter I 

11 

 

3. Chapter I: Plant growth, tuber yield formation and costs of three 

different propagation methods of yacon 
 

 

 

Publication I: 

Kamp, L., Hartung, J., Mast, B., Graeff-Hönninger, S. (2019): Plant growth, tuber yield 

formation and costs of three different propagation methods of yacon (Smallanthus sonchifolius). 

Industrial Crops and Products, 132, pp. 1–11. 

 

 

Currently the cultivation of yacon is not particularly 

appealing to farmers due to high investment costs 

caused by the propagation method. Up to now, yacon is 

propagated exclusively vegetative because of missing 

fertile seeds or seeds in general. Plantlets are mostly 

obtained by dividing seedlings after budding. The 

resulting high investment costs are one of the major 

barriers and make large-scale cultivation of yacon 

unattractive for farmers. Besides the high costs the 

predominant use of manual labor is not really attractive 

for farmers. According to this, the paper “Plant growth, 

tuber yield formation and costs of three different 

propagation methods of yacon (Smallanthus 

sonchifolius)” investigated three different propagation 

methods with regard to tuber yield formation and costs. 

Special attention is paid on single tuber weight as an 

indicator for final marketing opportunities.  
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Plant growth, tuber yield formation and costs of three different 

propagation methods of yacon (Smallanthus sonchifolius) 
 

Larissa Kampa, ⁎, Jens Hartungb, Benjamin Masta, Simone Graeff-Hönningera  
⁎Corresponding author, E-mail address: Larissa.Kamp@uni-hohenheim.de 
aInstitute of Crop Science, Cropping Systems and Modelling, University of Hohenheim,Stuttgart, 

Germany  
bInstitute of Crop Science, Biostatistics, University of Hohenheim, Stuttgart, Germany  

Industrial Crops & Products 132 (2019) 1–11; https://doi.org/10.1016/j.indcrop.2019.02.006 

 

Yacon (Smallanthus sonchifolius) ((Poepp. and Endl.) H. Robinson) is a tuberous root crop native 

to the Andean region. The tubers store carbohydrates mainly in form of fructooligosaccharide (up 

to 60% of DM) which are supposed to have a health promoting benefit. Due to high propagation 

costs the cultivation of yacon is currently limited. The current study investigated three different 

propagation methods i) divided seedling after budding from mother plants with pre-cultivation in 

the greenhouse (DSAB), ii) seedlings from rhizome pieces pre-cultivated in the greenhouse (RP1), 

and iii) rhizome pieces directly planted into the field (RP2) regarding plant growth, tuber yield 

formation and costs. The propagation methods DSAB (92cm) and RP2 (85cm) reached significant 

larger plants than RP1(70cm). Also, the trend of leaves and ramifications was similar. 

Furthermore, differed the number of ramifications between DSAB (24) and RP1 (16) significantly, 

but not to RP2 (18). The average rhizome weight at harvest was highest for DSAB with 871g and 

lowest for RP1 with 561 g. Relating to the tuber yield achieved RP1considerably highest tuber 

yields (29.8t FMha−1) compared to DSAB and RP2 (21.3 and 17.8t FM ha−1) respectively. For the 

mean fresh weight of tubers significant differences were detected between RP1 (308g) and RP2 

(196g), whereas DSAB (255g) did not differ significantly from RP1 or RP2. Additionally, reached 

RP1 the highest number of tubers per plant (8.2) and DSAB and RP2 with 5.6 and 6.6, respectively, 

lower. Due to the highest tuber yield and low investment costs, RP1 turned out to be the most 

favourable propagation method for the cultivation of yacon regarding the costs. The major cost 

drivers are the procurement of plant material and pre-cultivation in greenhouse. A further 

mechanization of direct planting (RP2) would offer the chance to decrease the propagation costs 

within this method significantly.
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Abstract: Yacon (Smallanthus sonchifolius) is a tuberous root crop native to the Andean region. The eatable
tubers contain up to 70% fructooligosaccharides (FOS) on a dry matter (DM) basis. These FOS are not
digestible by the human intestinal tract and do not cause an increase of blood glucose level. Therefore,
the consumption of yacon tubers offers health promoting benefits. With regard to cultivation, little to no
information about yield potential and FOS content as well as sugar composition of diverse genotypes is
known. However, this information is crucial for the development of new health beneficial food products
out of different genotypes of yacon. In the present study nine different genotypes were studied in a field
experiment in 2017 and 2018 regarding their tuber yield formation, sugar yield, and sugar composition.
The genotypes red-shelled (‘RG’), brown-shelled (‘BG’), and ‘Morado’ reached the highest tuber yields
of 46.6, 43.5, and 41.6 t ha−1 FM, respectively. These three genotypes also had the highest sugar yields
in the same order (2.2, 2.0, and 1.9 t ha−1). Considering the sugar composition and sugar content, these
three genotypes were outstanding, with a sugar content up to 66% of DM (‘RG’, 2018). With regards
to the development of possible food products, cv. ‘Peru’ can be considered as favorable for the fresh
market due to high amounts of both monosaccharides and FOS. Genotypes ‘BG’, ‘RG’, and ‘Morado’
seem to offer various options for the food processing industry, due to their high amounts of FOS.

Keywords: fructooligosaccharides; sugar yield; sugar content

1. Introduction

The tuberous root crop yacon ((Smallanthus sonchifolius (Poepp. et. Endl.) H. Robinson)) is native to
the Andean region and belongs to the family of Asteraceae. The highest diversity of yacon genotypes can
be found in Peru and Bolivia [1]. In addition to its area of origin, yacon is cultivated in Brazil, Czech
Republic, New Zealand, Japan, and Italy [2,3]. There have already been cultivation attempts in Germany
in the early 1940s [3]. Basically yacon is a perennial plant. As it is not frost tolerant, it is grown as an
annual crop in Central Europe and other regions with frosts [4]. Aboveground biomass can achieve a
plant height of up to 2–2.5 m and consists of dark green leaves [4,5]. Below ground yacon produces
eatable tuberous roots. On average, each plant achieves a tuber yield of 2–3 kg, sometimes reaching up to
5 kg [6–8]. The color of the tuber’s flesh and peel varies from white to yellow, red, purple, or brown [9].
Each tuber generally weighs between 200 and 500 g, but weights can reach up to 2000 g with a dry matter
of 10–14% [5,10]. In contrast to other tuberous root crops, yacon stores carbohydrates in the form of
fructooligosaccharides (FOS). These FOS are polysaccharides which cannot be digested by the human
intestinal track and do not cause an increase of blood glucose level [11,12]. Therefore, the consumption
of yacon products with high amounts of FOS offers health promoting benefits [13].
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The main components of FOS in yacon are kestose (GF2), nystose (GF3), and fructofuranosylnystose
(GF4) at amounts generally between 34 to 60% of dry matter (DM), but also considerably less depending
on the cultivar [6,14,15]. Major differences between yacon and other FOS containing crops like
Jerusalem artichoke and chicory are the shorter chain length of FOS in yacon. Jerusalem artichoke and
chicory had noticeable higher chain lengths with a degree of polymerization (DP) > 10 [16]. Due to a
decreasing bifidogenic effect with increasing DP, lower DP, like in yacon tubers, is preferable [17,18].
Furthermore, yacon contains phenolic compounds and flavonoids [11,13] which offer health promoting
benefits when consumed. The tubers can be commercialized for the fresh market as a fruit or for
the food processing industry. They can be processed as natural sweeteners in the form of syrup or
powder or dried to chips [11,19]. As sugar composition and DP are highly relevant for the technological
properties and potential resulting health benefits of the intended food products, it is important to
examine potential differences of sugar composition between the genotypes. In general tubers with
high amounts of FOS are more preferable because of greater health promoting benefits.

In general, yacon tubers show a wide range of FOS amounts and DP indicating that several factors
impact sugar composition and yield formation. The yacon genotype can be considered as a major
influencing factor [20]. Hence, it is mandatory to examine the sugar compositions and yield potential
of several genotypes grown in Central Europe. With regards to sugar composition and bioactive
compounds in general, only little information is found in literature related to the choice of the genotype.
In addition little to no information, related to tuber yield formation, is available about cultivation in
Central Europe. Both characteristics are decisive for the market potential of the genotypes. Depending
on single tuber weight, and the amount of FOS and fructose as well as glucose, different marketing
options as well as final food products could be possible. For fresh market purposes, size and weight of
the tuber, and of course taste are decisive. For the processing industry, weight and size of tubers is not
relevant, but sugar composition and therefore processing characteristics are. Amount of FOS should
be as high as possible to offer maximum health promoting benefit.

Therefore, the aim of the present study was to investigate the potential of different yacon genotypes
with regard to (i) tuber yield formation and (ii) sugar composition and sugar yield. Different yield
parameters and sugar compositions will result in different sugar yield potentials and marketing options
as well as food products.

2. Materials and Methods

2.1. Field Site and Experimental Design

Field trials were carried out in 2017 and 2018 at the experimental station Ihinger Hof of the
University of Hohenheim (48◦44’ N, 8◦55’ E and 475 a.s.l.) in south-west Germany from May–November.
Mean annual rainfall was 653.9 mm in 2017 and 252.9 mm in 2018. Average annual temperature
amounted to 9.2 ◦C in 2017 and 10.2 ◦C in 2018. During the cultivation period the average temperature
was 13.5 ◦C in 2017 and 16.1 ◦C in 2018 (Figure 1a,b).

The soil of the experimental fields was classified as a Vertic Cambisol with winter wheat as the
preceding crop in both years [21]. The trials were set up as alpha design (Figure A1) with three
replicates each with two incomplete blocks of five plots. Each plot was 5 × 4 m. The trial was laid
out in ridges (60 × 45 cm; 44 cm between the ridges; 114 cm between centers of ridges). Ridges were
formed by using a common asparagus ridge planting machine (Leofant, HMF-Hermeler Maschinenbau
GmbH, Füchtorf, Germany). The ridges were directed from east to west and formed four weeks before
planting. Each plot was comprised of two ridges and 14 plants (0.7 × 1.14 m) resulting in a final
plant density of 12,531 plants ha−1. Nmin content in the soil was determined shortly before planting
(VDLUFA, 2004) and amounted to 119 and 53 kg NO3 ha−1 in 2017 and 2018, respectively. Due to high
amounts of Nmin in 2017, no additional nitrogen fertilizer was added. In 2018, 66 kg N ha−1 were
applied as ENTEC 26 (EuroChem Agro GmbH, Mannheim, Germany) shortly before planting to reach
a similar nitrogen amount as in the year before.

4. Chapter II

15



Agronomy 2019, 9, 301 3 of 15

To prevent water stress, in particular in the first development phase after transplanting and during
hot and dry periods in 2018, plants were additionally irrigated. In 2017, irrigation was carried out four
times (26 and 30 of May, 20 and 22 of June) and in 2018 12 times (30 of July and 3, 6, 7, 8, 9, 10, 13, 15,
16, 21, and 23 of August) with 1.4 L per plant each time. Weed control was done manually until the
plant population was established.
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Figure 1. Temperature (�) and precipitation (bars) at the trial site Ihinger Hof for the cultivation period
of yacon in 2017 (a) and 2018 (b). Plotted are the average temperatures in degree Celsius and the total
rainfall in mm in each month. Temperature and precipitation in May and November (2017) and May
and October (2018) include days within the cultivation period only.

2.2. Treatments

Within the field trial ten different genotypes were tested, but one showed no emergence in the first
year. The nine remaining genotypes were: brown-shelled (’BG’), red-shelled (‘RG’), ‘Morado’, ‘Rojo’,
‘New Zealand’, Cajamarca, ‘Peru’, ‘Late Red’, ‘Early White’, and ‘Purple’. Rhizomes for cultivation
of seedlings were received from different gardeners and a network of sustainers for biodiversity
(Helenion, Berlin, Germany and Arche Noah, Austria). After harvest in 2017, rhizomes were stored for
the next year’s cultivation period according to the method described by Kamp et al. [22]. Rhizome
pieces of each genotype were sliced into smaller pieces (20–40 g) with a sterile knife and then planted
in square planters (9 × 9 × 9.5 cm) filled with a standard soil (classic, expert substrate, Einheitserde
Werkverband e.V., Sinntal-Altengronau, Germany). Cultivation started six weeks before transplanting,
on 7 of April in 2017 and 5 of April in 2018. Temperature in the greenhouse ranged from 15 ◦C at
night to 21 ◦C during the day; humidity amounted in average to 65%. No artificial light was used for
cultivation of seedlings. To avoid white bow ties and fungus gnats, sticky traps were placed above
tables. Pots were irrigated every third day if required. Seedlings were transplanted into the field on
19 May 2017 and 17 May 2018. After transplanting, 6 kg ha−1 of slug pellet was applied manually
(Arinex, ADAMA Deutschland GmbH, Cologne, Germany).

2.3. Field Measurements and Sample Preparation

Final harvest took place on 7 of November 2017 and 17 of October in 2018 (172 and 153 days
after planting (DAP), respectively). Date of harvest was set immediately after the first frost to ensure
a maximum utilization of the given vegetation period. For determination of tuber yield formation,
six plants in the center of each plot were harvested. Plants were harvested manually by using a sickle
and a digging fork. Afterwards, tubers were washed to remove soil residues. Weight of each single
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tuber was determined to assess dry matter. A bulked sample from each plot was frozen with liquid
nitrogen (−196 ◦C) and finally freeze dried. By freezing samples with liquid nitrogen, any enzymatic
process was stopped and no changes in sugar composition were assumed. For further analysis, freeze
dried samples were milled with a GRINDOMIX GM 200 (Retsch GmbH, Haan, Germany) two times
at a speed of 10,000 turns min−1 for 10 s each. Sugar composition of tubers were analyzed by using
high performance liquid chromatography (HPLC) using the method described by Kamp et al. [23].
To determine the overall sugar yield the percentage of total sugar was multiplied by tuber yield (DM).

2.4. Statistical Analysis

A mixed model approach was used and the following model was fitted to all traits. For traits with
a single observation per plot (tuber yield per plot, tuber dry matter, and sugar components) the model
was as follows:

yi j = µ+ b j + ai + (ab)i j + ei j

yi jkl = µ + a j + r jk + b jkl + τi + (τa)i j + ei jkl (1)

where µ is the general effect, b j is the fixed effect of the jth year, air jk is the fixed effect of the kth replicate
in year j, b jkl is the random effect of the lth incomplete block in the jkth replicate, τi is the main effect of
the ith genotype, and (ab)i j and (τa)i j is the fixed interaction effect of the ith genotype and jth year.
ei j is the error of yi j with homogeneous or year-specific error variance. Studentized residuals were
graphically checked for normal distribution and homogeneous variance.

After finding significant differences via the global F-test, significant differences were evaluated
with a multiple t-test (Fisher´s least significant difference test) at a significance level of 5%. A letter
display was used to present the results of multiple comparisons (Piepho 2004). Additionally, simple
means were calculated for all traits for presentation purposes only.

For traits measured at each plant (number of tubers per plant and average single tuber weight),
the model extended by a plot effect. The model is then:

yi jklm = µ+ a j + r jk + b jkl + τi + (τa)i j + pi jkl + ei jklm (2)

where pi jkl is the random plot effect of the lth plot and ei jklm is the error of the mth plant. All other
variables are analogous to model (1). Statistical analysis were performed using the PROC MIXED
procedure of the SAS system, version 9.4 (SAS Institute Inc., Cary, NC, USA). Figures were generated
using SigmaPlot, version 13.0 (Systat Software GmbH, Erkrath, Germany), and Excel 2013 (Microsoft
Corporation, Redmond WA, USA).

3. Results

3.1. Tuber Yield Formation

The parameters tuber yield (t ha−1 FM, DM) and tuber DM% and number of tubers per plant
were significantly affected by genotype-by-year interactions (Table 1). Single tuber weight was not
affected by this interactions, but by genotype and year. In 2017, tuber yield (FM t ha−1) ranged from
19.2 (‘Late Red’) to 46.6 t ha−1 (‘RG’). Genotypes ‘BG’, ‘RG’, and ‘Morado’ reached significantly higher
tuber yields than the other six genotypes. In 2018, tuber yields ranged from 6.5 (‘Late Red’, ‘Rojo’) to
12.8 t ha−1 (‘BG’). Tuber yields of genotypes ‘Late Red’ and ‘Rojo’ were significantly lower than those
of the other seven cultivars. In general, in 2018 tuber yield of all genotypes was significantly lower
than in 2017. DM ranged from 11.0% (‘BG’) to 16.1% (‘RG’) and from 12.0% (‘Peru’) to 17.7% (‘New
Zealand’) in 2017 and 2018, respectively. Genotypes ‘Rojo’, ‘New Zealand’, ‘Peru’, and ‘Purple’ had
significantly higher tuber DM in 2018 than 2017. Genotypes ‘RG’ and ‘Morado’ had significantly higher
DM than other genotypes (except ‘Late Red’ and ‘Purple’) in 2017. In 2018, genotypes ‘Morado’, ‘New
Zealand’, and ‘Purple’ reached the significantly highest tuber DM. Regarding tuber yield (DM t ha−1),
all genotypes reached significantly higher tuber yields in 2017 than in 2018. In 2017, genotypes ‘RG’
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and ‘Morado’ significantly achieved the highest tuber yields. In 2018, genotype ‘New Zealand’ reached
the highest tuber yield and differed significantly from all other genotypes except ‘RG’ and ‘Morado’.

Number of tubers per plant ranged in 2017 from 8.3 (‘Early White’) to 14.8 (‘RG’). Genotypes ‘RG’,
‘Morado’, and ‘New Zealand’ reached significantly higher numbers of tubers per plant than all other
six genotypes, except ’BG’ which did not differ from ‘New Zealand’. In 2018, number of tubers per
plant ranged from 5.1 (‘Late Red’) to 7.9 (‘New Zealand’). Except for ‘Rojo’ all genotypes reached
significantly lower numbers of tubers per plant in 2018 than in 2017.

In contrast, average single tuber weights were significantly higher in 2017 than 2018 (Table A1).
Weights ranged from 174.9 g (‘Late Red’) to 314.0 g (‘BG’) in 2017 and from 91.4 g (‘Rojo’) to 220.7 g (‘BG’)
in 2018. Over both experimental years, genotypes ‘BG’, ‘Peru’, ‘RG’, and ‘Early White’ (descending
order) reached significantly higher tuber yields than the other genotypes.

Table 1. Tuber fresh matter yield (t ha−1 FM), tuber dry matter (DM in %), tuber dry matter yield
(t ha−1 DM), mean number of tubers (per plant), and average single tuber weight (g) for the two years
(2017 and 2018) of the nine genotypes (’BG’, ‘RG’, ‘Morado’, ‘Rojo’, ‘New Zealand’, ‘Peru’, ‘Late Red’,
‘Early White’, and ‘Purple’) at harvest as mean value ± standard error.

Genotype Tuber Yield
(t ha−1 FM)

DM (%) Tuber Yield
(t ha−1 DM)

Number of
Tubers (per Plant)

Tuber
Weight (g)

2017

BG 43.54aA
± 3.3 11.01efB

± 0.5 4.68bA
± 0.4 11.1bcA

± 1.0 314.00 ± 29.4
RG 46.60aA

± 3.3 16.14aA
± 0.5 7.59aA

± 0.4 14.8aA
± 1.0 265.32 ± 29.4

Morado 41.66aA
± 3.3 15.50abA

± 0.5 6.44aA
± 0.4 14.2aA

± 1.0 236.34 ± 29.3
Rojo 22.94bcA

± 3.3 11.35eB
± 0.5 2.67dA

± 0.4 7.8dA
± 1.0 252.75 ± 29.4

New Zealand 30.66bA
± 3.3 13.41cdB

± 0.5 4.08bcA
± 0.4 13.1abA

± 1.0 197.7 ± 29.4
Peru 27.16bcA

± 3.3 9.40fB
± 0.5 2.58dA

± 0.4 8.5cdA
± 1.0 288.17 ± 29.7

Late Red 19.21cA
± 3.3 14.23bcA

± 0.5 2.76dA
± 0.4 9.3cdA

± 1.0 174.9 ± 29.4
Early White 23.71bcA

± 3.3 12.43deA
± 0.5 2.97cdA

± 0.4 8.3dA
± 1.0 231.9 ± 29.4

Purple 21.91bcA
± 3.3 14.39bcB

± 0.5 3.10cdA
± 0.4 9.7cdA

± 1.0 202.99 ± 30.1

2018

BG 12.75aB
± 1.0 14.03cA

± 0.6 1.76bcB
± 0.2 5.2cB

± 0.6 220.72 ± 26.6
RG 11.75aB

± 1.0 16.03bA
± 0.6 1.89abB

± 0.2 5.6bcB
± 0.6 182.01 ± 26.0

Morado 10.85aB
± 1.0 17.03abA

± 0.6 1.84abB
± 0.2 5.8bcB

± 0.6 175.48 ± 26.0
Rojo 6.55bB

± 1.0 13.46cdA
± 0.6 0.88eB

± 0.2 6.8abA
± 0.6 91.43 ± 26.6

New Zealand 12.36aB
± 1.0 17.71aA

± 0.6 2.22aB
± 0.2 7.9aB

± 0.6 152.8 ± 27.4
Peru 11.36aB

± 1.0 12.02dA
± 0.6 1.35cdB

± 0.2 5.7bcB
± 0.6 175.38 ± 26.0

Late Red 6.46bB
± 1.0 15.84bA

± 0.6 1.01deB
± 0.2 5.1cB

± 0.6 114.73 ± 26.0
Early White 11.56aB

± 1.0 13.59cdA
± 0.6 1.57bcB

± 0.2 5.7bcB
± 0.6 215.45 ± 26.0

Purple 10.06aB
± 1.0 16.49abA

± 0.6 1.66bcB
± 0.2 5.7bcB

± 0.6 167.6 ± 26.0

Results of statistical analysis
Factor DF p-value for the corresponding F test

Year*Rep 4 0.4384 0.0187 0.4352 0.9208 0.9241
G 1 <0.0001 0.9366 <0.0001 <0.0001 0.0003

year 1 <0.0001 <0.0001 <0.0001 <0.0001 0.0032
Year*G 1 <0.0001 0.0020 <0.0001 <0.0001 0.2237

ANOVA table (replication = Rep; genotype = G, year = year, degree of freedom (DF), and p-value) carried out for
tuber yield (t ha−1 FM), tuber DM (%), tuber yield (kg ha−1 DM), mean number of tubers (per plant), and average
single tuber weight (g). Within years, same lower case letters in one column indicate non-significant differences
between genotypes at p < 0.05. Within each genotype, same capital letters in one column indicate non-significant
differences between years at p < 0.05.

3.2. Sugar Yield

Sugar yield (t ha−1) was significantly affected by genotype × year interactions. In 2017,
the genotypes ‘BG’, ‘RG’, and ‘Morado’ reached the significantly highest sugar yields and differed from
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all other genotypes. Genotype ‘RG’ reached the highest sugar yield with 2.2 t ha−1. ‘BG’ and ‘Morado’
had slightly lower amounts in the range of 2.0 and 1.9 t ha−1, respectively (Figure 2). ‘Rojo’ reached the
lowest sugar yield of 0.5 t ha−1 and differed significantly from all other genotypes. The other genotypes
‘New Zealand’, ‘Peru’, ‘Late Red’, ‘Early White’, and ‘Purple’ did not differ significantly from each other
and reached sugar yields in a similar range. In 2018, sugar yield ranged from 0.4 (‘Rojo’) to 1.3 t ha−1

(‘RG’). Genotypes ‘RG’, ‘BG’, and ‘Morado’ reached sugar yields in a similar range in decreasing order.
The lowest sugar yield of 0.4 t ha−1 was reached by ‘Rojo’ and showed significant differences to all
genotypes, except ‘Late Red’ which was also in a lower range with 0.5 t ha−1. Genotypes ‘Rojo’, ‘New
Zealand’, ‘Peru’, ‘Early White’, and ‘Purple’ did not differ significantly between the two experimental
years. The four genotypes ‘BG’, ‘RG’, ‘Morado’, and ‘Late Red’ reached significantly higher sugar
yields in 2017 than 2018. All genotypes reached lower sugar yields in 2018 than in 2017.
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Figure 2. Sugar yield (t ha−1) for the two years (2017 monochrome and 2018 pattern) of the nine genotypes
at harvest. Same lower case letters indicate no significant differences between the genotypes within one
year. Same capital letters indicate no significant differences between one genotype across the years.

3.3. Sugar Composition

The fructose and GF4 fractions were significantly affected by year × genotype interactions.
The glucose, sucrose, and GF3 fractions were significantly affected by year and genotype in each case.
GF2 was only affected by year (Table 2).

Amount of fructose ranged from 0.86% (‘RG’) to 5.91% (‘Peru’) and from 0.43% (‘Late Red’) to
2.89% (‘Rojo’) in 2017 and 2018, respectively. In 2017, ‘Peru’ and ‘Rojo’ (5.6%) reached the highest
amounts of fructose and differed significantly from all other genotypes. In 2018, ‘Rojo’ and ‘BG’ (2.4%)
reached the highest amounts of fructose und differed significantly from all other genotypes. All other
seven genotypes did not differ from each other, but had significantly lower amounts of fructose than
‘Rojo’ and ‘BG’. The exception was ‘Peru’, which did not differ significantly from any genotype. In 2017,
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the genotypes ‘BG’, ‘Rojo’, ‘New Zealand’, and ‘Peru’ reached significantly higher amounts of fructose
than in 2018. All other genotypes did not differ significantly between the years.

The amounts of glucose were significantly higher in 2017 than in 2018 and differed significantly
between the genotype averages across the years (Table A1). In 2017, amounts ranged from 1.4 (‘RG’) to
5.5% (‘Peru’) and in 2018 from 1.3% (‘New Zealand’) to 4.4% (‘Early White’). Across years, genotypes
‘Rojo’, ‘Peru’, ‘Early White’, and ‘BG’ significantly reached the highest amounts of glucose and significantly
differed partially from some of the other genotypes. The lowest amounts of glucose were reached by
‘Late Red’ with 1.5%.

Contrary to findings for the other monosaccharides, amounts of sucrose were significantly higher
in 2018 than 2017. Genotypes ‘BG’, ‘Peru’, and ‘Early White’ reached the highest amounts of sucrose
across both experimental years. ‘Late Red’ reached the lowest amount of sucrose (2.5%).

Considering the different fractions of FOS, amounts of GF2 were significantly higher in 2018 than
2017. In 2017, the amount of GF2 ranged from 1.3% (‘Rojo’) to 9.6% (‘BG’). Noticeably higher were the
ranges. In 2018, the range of GF2 was from 10.4% (‘New Zealand’) to 24.0% (‘Peru’). The amount of
GF3 was significantly higher in 2018 than in 2017. In 2017, amounts ranged from 1.7% (‘Rojo’) to 13.2%
(‘BG’) and in 2018 from 11.4% (‘Rojo’) to 25.9% (‘RG’). Averages of genotypes across both experimental
years showed significant differences. The genotype ‘Rojo’ reached significantly lower amounts of
GF3 than all other genotypes. Furthermore, genotype ‘New Zealand’ differed significantly from ‘RG’.
All other genotypes did not differ significantly from each other.

In 2017 GF4 ranged from 2.5% (‘Rojo’) to 9.0% (‘Morado’). ‘Rojo’ differed significantly from all
other genotypes. All other genotypes were in a similar range and did not differ significantly from
each other. In 2018, amounts ranged from 6.5% (‘Rojo’) to 15.3% (‘RG’). ‘RG’ reached the highest
amounts of GF4 and differed significantly from all other genotypes. Similar to findings in GF2 and GF3,
all genotypes reached significantly or noticeable higher amounts of GF4 in 2018 than 2017.

Total FOS were affected by year and by genotype. Similar to findings of single FOS, the amount of
total FOS was significantly higher in 2018 than in 2017. In 2017, the amount of total FOS ranged from
5% (‘Rojo’) to 31.2% (‘BG’). In 2018, the range was from 30.6% (‘Rojo’) up to 58.3% (‘BG’). The average
of genotypes across both experimental years showed that genotype ‘Rojo’ differed significantly from
all other genotypes and reached the lowest amounts of total FOS. All other genotypes did not differ
significantly from each other.

Total sugar amount was not affected by year nor by genotype. It ranged from 17.6% (‘Rojo’) to
44.5% (‘Peru’) and from 41.1% (‘Rojo’) to 66.0% (‘RG’) in 2017 and 2018, respectively. However there
were no significant differences between the years, and all genotypes reached noticeable higher total
sugar amounts in 2018 than in 2017.
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Table 2. Fructose, glucose, sucrose, kestose (GF2), nystose (GF3), and fructofuranosylnystose (GF4), total fructooligosaccharides (FOS) and total sugar content in % of
DM for the two years (2017 and 2018) of the nine genotypes at harvest as mean value ± standard error.

Genotype Fructose Glucose Sucrose GF2 GF3 GF4 Total FOS Total Sugars

2017

BG 3.84bA
± 0.6 4.04 ± 0.6 4.00 ± 0.2 9.61 ± 0.9 13.21 ± 1.3 7.96acA

± 0.9 31.23 ± 2.9 41.43 ± 2.3
RG 0.86cA

± 0.6 1.36 ± 0.6 1.97 ± 0.2 5.24 ± 0.9 11.21 ± 1.3 7.93acB
± 0.9 24.48 ± 3.0 28.67 ± 2.3

Morado 1.13cA
± 0.6 2.58 ± 0.6 2.14 ± 0.2 5.10 ± 0.9 11.12 ± 1.3 8.98aB

± 0.9 25.58 ± 2.9 39.85 ± 2.3
Rojo 5.61aA

± 0.6 3.97 ± 0.6 1.33 ± 0.2 1.30 ± 0.9 1.71 ± 1.3 2.47dB
± 0.9 5.05 ± 2.9 17.63 ± 2.3

New Zealand 2.52bcA
± 0.6 3.08 ± 0.6 2.36 ± 0.2 5.19 ± 0.9 8.81 ± 1.3 6.78acB

± 0.9 20.68 ± 3.0 28.62 ± 2.3
Peru 5.91aA

± 0.6 5.54 ± 0.6 4.34 ± 0.2 10.12 ± 0.9 12.23 ± 1.3 6.26cA
± 0.9 28.72 ± 3.0 44.52 ± 2.3

Late Red 1.84cA
± 0.6 1.62 ± 0.6 1.98 ± 0.2 4.90 ± 0.9 12.61 ± 1.3 8.68abA

± 0.9 26.31 ± 3.0 31.76 ± 2.3
Early White 2.39bcA

± 0.6 2.98 ± 0.6 2.96 ± 0.2 7.26 ± 0.9 12.57 ± 1.3 6.43bcA
± 0.9 25.81 ± 2.9 35.82 ± 2.3

Purple 1.75cA
± 0.6 2.98 ± 0.6 2.97 ± 0.2 5.96 ± 0.9 11.25 ± 1.3 6.61bcB

± 0.9 23.77 ± 2.9 31.36 ± 2.3

2018

BG 2.44aB
± 0.3 2.55 ± 0.5 6.23 ± 0.8 21.56 ± 4.5 19.37 ± 3.0 9.74deA

± 0.8 50.22 ± 8.0 62.01 ± 8.2
RG 1.08bA

± 0.3 2.07 ± 0.5 4.51 ± 0.8 16.99 ± 4.5 25.91 ± 3.0 15.34aA
± 0.8 58.26 ± 8.0 66.02 ± 8.2

Morado 0.86bA
± 0.3 2.18 ± 0.5 3.83 ± 0.8 14.51 ± 4.5 20.95 ± 3.0 13.05bA

± 0.8 48.49 ± 8.0 55.27 ± 8.2
Rojo 2.89aB

± 0.3 3.45 ± 0.5 4.75 ± 0.8 12.54 ± 4.5 11.39 ± 3.0 6.49fA
± 0.8 30.62 ± 8.0 41.12 ± 8.2

New Zealand 0.67bB
± 0.3 1.32 ± 0.5 2.80 ± 0.8 10.39 ± 4.5 17.78 ± 3.0 12.35bcA

± 0.8 40.54 ± 8.0 45.41 ± 8.2
Peru 1.80abB

± 0.3 3.57 ± 0.5 6.54 ± 0.8 24.00 ± 4.5 18.09 ± 3.0 7.80dfA
± 0.8 49.37 ± 14.3 62.39 ± 8.2

Late Red 0.43bB
± 0.3 1.37 ± 0.5 3.06 ± 0.8 13.66 ± 4.5 20.23 ± 3.0 10.75cdA

± 0.8 44.86 ± 8.0 49.62 ± 8.2
Early White 1.27bA

± 0.3 4.35 ± 0.5 5.24 ± 0.8 16.28 ± 4.5 18.39 ± 3.0 8.26efA
± 0.8 43.44 ± 10.0 53.80 ± 8.2

Purple 0.72bA
± 0.3 1.44 ± 0.5 3.48 ± 0.8 11.08 ± 4.5 17.36 ± 3.0 9.68deA

± 0.8 38.32 ± 8.0 43.40 ± 8.2

Results of statistical analysis
Factor DF p-Value for the F test of the corresponding factor

Year*Rep 4 0.9828 0.9752 0.2029 0.4030 0.9209 0.9179 0.8986 <0.0001
G 1 <0.0001 0.0002 0.0009 0.1813 0.0025 <0.0001 0.0236 0.3929

year 1 0.0006 0.0467 0.0014 0.0015 0.0009 0.0019 0.0011 0.0553
Year*G 1 0.0180 0.0784 0.1940 0.9366 0.6421 0.0095 0.8770 0.6907

ANOVA table (replication = REP; genotype = G; year = year; degree of freedom (DF) and p-value) carried out for the sugar fractions GF4, GF3, GF2, sucrose, fructose, glucose, total FOS,
and total sugar content in % of DM. Within years, same lower case letters in one column indicate no significant difference between genotypes at p < 0.05. Across years, same capital letters
in one column indicate no significant differences between one genotype between the years at p < 0.05.
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4. Discussion

4.1. Tuber Yields

In 2017, tuber yields (t ha−1 FM) of the genotypes ‘RG’, ‘BG’, and ‘Morado’ were higher than
the tuber yields reached under comparable climatic conditions in Czech Republic which ranged from
21.43 to 29.18 t FM ha−1 [24,25]. In general, tuber yields of yacon indicate a wide range depending
on location, climatic conditions, and genotype, ranging from 13.4 to 90.0 t FM ha−1 [7,26]. In this
regard, different planting densities used in various studies have to be taken into account. In the above
described studies, plant densities were between 20,408 and 28,500 plants ha−1, which is noticeably
higher than the plant density of 12,531 plants ha−1 in the present study [24,26]. Doo et al. reported that
tuber yield increased with increasing plant density up to a plant density of 70 × 50 cm [27]. Therefore,
tuber yields of the present study could be maximized by higher plant densities, even though yields
were already quite high. Significant differences between tuber yields of various yacon genotypes were
also reported by Fernández et al. and Kim and Koike et al. [24,28,29]. In the year 2018 of the present
study, tuber yields of all genotypes were significantly lower, probably due to climatic conditions.
During the cultivation period in 2018, temperatures were 2.6 ◦C higher and precipitation was 401 mm
lower when compared to 2017. Especially the long-lasting period without significant rainfall events led
to significantly lower tuber yields below expectations. Several other studies showed that an adequate
precipitation of minimum 550 mm of water during the growing period is a key factor for exploiting the
full yield potential of yacon [7,30]. This is similar to the findings of Fernández et al., who reported on
average the lowest tuber yields in the year with the lowest precipitation [24]. This is also true for other
tuberous root crops like Jerusalem artichoke and potato [31,32].

Determined tuber DM was within the normal range of 9.8 to 18.6% [14,33]. In accordance with
lower tuber yields in 2018, DM content was similar or significantly higher in 2018 than 2017, which can
also be attributed to the lower precipitation amount. The results are similar to the findings of Mastro
et al., who also reported higher DM content in Jerusalem artichocke and chicory in years with lower
precipitation [34]. Significant differences of DM content of yacon tubers between the genotypes were
also reported in several other studies and seem to be a characteristic of each genotype [14,29,33].

Dry matter tuber yields (t ha−1 DM) were in a normal and partially above average range of 1.2
to 6.36 t ha−1. DM yields differed significantly between the years because of lower precipitation,
as mentioned above. [7]. The genotype ‘RG’ especially attracted interest due to having the highest
tuber yields (both FM and DM) and highest DM content. The DM content, and therefore DM tuber
yield, is particularly important with regard to the intended processing. A high DM content is preferable
due to higher outputs of sugar and dried products when considering e.g., powder, chips, or flour.
For commercialization to the fresh market, the parameters number of tubers and average tuber weight
are more important. With regards to other crops like sweet cassava or eggplant, there are clear
restrictions for commercialization at the fresh market. Cassava must have a minimum weight of 300 g,
and eggplant has to be uniform in size [35,36].

Currently, regulations for commercialization of yacon at fresh markets are really low with respect
to size and weight [37]. With increasing demand and therefore increasing supply in fresh market, more
regulations might arise. Besides the aspect of commercialization, number of tubers are a decisive factor
for mechanization of harvesting. With increasing number of tubers per plant, the cut surface of each
tuber decreases. While this is advantageous for harvest, because of an easier separation of tubers and
rhizomes, it also meets commercialization regulations, as the cut surface is limited to a maximum size
of 1 to 2.5 cm [37]. In general, the number of tubers per plant in the present study was in the normal
range. Bredemann reached an average 14.4 tubers per plant in field trials in Germany [3]. Several other
studies reported 6 to 12.5 tubers per plant [27,29]. However Douglas et al. achieved up to 27 tubers
per plant, but with a higher plant density of 28,986 plants ha−1 [18]. Reasonable therefore are the
increasing numbers of tubers per plant with increasing plant density [27]. Besides the plant density and
precipitation, genotype is a relevant factor for the number of tubers per plant. All genotypes (except
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‘Rojo’) had significantly lower number of tubers per plant in 2018, the year with lower precipitation.
As the average single tuber weight did not show an effect of genotype × year interaction, it seems that
plants compensate for lower precipitation by decreasing the number of tubers. This coincides with the
findings of Douglas et al., who reported lower numbers of tubers per plant at lower precipitation [7].
Similar to that are the results of Onder et al. and Bélanger et al. who also reported a decreasing number
of tubers with decreasing amount of water and a lower amount of tuber weight, respectively [38,39].

Average single tuber weights achieved in the present study were mainly above common values,
ranging from 115 to 184 g, but similar to findings of Kamp et al., who reported single tuber weights
up to 308 g in Central Europe [18,22,29]. Polreich reported a positive correlation between average
single tuber weight and total tuber yield [40]. This goes along with the findings of the present study,
as average single tuber weights across all genotypes were significantly lower in 2018 than 2017 as well
as total tuber yields. Overall the study indicated significant differences between genotypes and the
two experimental years.

4.2. Sugar Yield

Compared to other FOS containing crops, obtained sugar yields of the different genotypes were
quite low. Jerusalem artichoke and chicory normally reach sugar yields ranging from 4.1 to 9.1 t ha−1

and 4 to 18 t ha−1, respectively [31,34]. This is primarily due to higher amounts of tuber yields. Similar
to findings regarding the tuber yield formation in 4.1, sugar yield differed significantly between the
genotypes as well. Genotypes ‘RG’, ‘BG’, and ‘Morado’ had the highest sugar yields in 2017 and
showed also a huge decrease of sugar yield from 2017 to 2018. All other genotypes, except ‘Late
Red’, showed no significant differences between the years. This might point to a sensitivity of these
genotypes to water limiting conditions or, in the reverse direction, that the genotypes with significant
differences between the years had a better water use efficiency. Precipitation is considered a key factor
for tuber yield formation [24,41] and may be the major reason for the significant differences in sugar
yield between the two experimental years. This is also true for Jerusalem artichoke und chicory [34,42].
Depending on the given climatic conditions some genotypes may be better adapted to drought and hot
conditions than other genotypes. The given climatic differences of the Andean region with altitudes
from sea level to 2000 m above sea level may result in different adaptations of the genotypes [43,44].

In general, sugar yield depends on the amount of tuber yield DM and sugar content. Therefore,
both parameters have to be considered. Sugar yield was lower in years with lower precipitation due to
lower tuber yields. However, the genotype ‘Rojo’ attracted attention due its significant lowest sugar
yields, which was basically a result of low tuber yield, low DM%, and low sugar content. All other
genotypes can be divided into two groups; ‘RG’, ‘BG’, and ‘Morado’ with high sugar yields and
significant differences between the years, and all other genotypes with a similar sugar yield without
significant differences between years (except ‘Late Red’).

4.3. Sugar Composition

The total sugar content of yacon tubers ranges commonly from 70% to 80% of DM, which is
higher than the findings in the present study, but similar to findings of Kamp et al., who also reported
total sugar contents ranging from 35% to 73% of DM, under comparable climatic conditions [6,11,23].
In general, more information on FOS content and monosaccharides than total carbohydrates are
available. Reported FOS contents in literature ranged from 6.4% to 70% of DM, depending on genotype
or cultivation site [6,10,33]. In general sugar fractions showed a wide range in the literature, because of
different genotypes, cultivation practices, and storage conditions [2,14]. Reported ranges in literature
are in range with the results of the present study. Also the FOS content of Jerusalem artichoke differed
significantly between the genotypes [17]. This is similar to findings of the present study, where
genotypes differed significantly across years. Higher FOS contents in 2018 can be explained by higher
DM contents (3.1). This is similar to findings of Sprague et al., who reported higher sugar contents
in Jerusalem artichoke in years with higher DM% due to lower precipitation and soil moisture [45].

4. Chapter II

23



Agronomy 2019, 9, 301 11 of 15

Single fractions of FOS (GF2, GF3, and GF4) changed according to changes in total FOS content. Several
findings in literature described a decreasing amount of total FOS with an increase of DP [2,15,46].
This is similar to findings of the present study, where in 2017, the year with lower FOS content,
all genotypes had a higher percentage of FOS in GF3 or even GF4 (‘Rojo’). Whereas in 2018, the year
with higher amounts of FOS, degree of polymerization approximately balanced between GF3 and
GF2. This also points to a positive correlation between amount of sucrose and amount of FOS [2,8,47].
In 2018, amount of sucrose was significantly higher than in 2017 as well as the amount of FOS.

The amount of fructose was also widely dispersed and ranged from 0.6 to 21.6% of DM, depending
on the chosen genotype [6,15,33]. In the present study, genotypes differed significantly in fructose
content which ranged from really low (0.72% ‘Purple’ 2018) to rather high amounts (5.61% ‘Rojo’ 2017).
All genotypes, except RG, had significantly higher amounts of fructose in 2017 than 2018. A similar
trend was observed for glucose. In general, amounts of fructose reached in the present study were in a
normal range from 0.9% to 9% of DM [6,15,33,46]. This is also true for sucrose, which normally ranged
from 2.2 to 14% of DM [15,46]. The quantities of monosaccharides reached in the present study were
similar to those reported by Khajehei et al., who also examined the genotypes ‘Early White’, ‘Late Red’,
‘Morado’, and ‘New Zealand’. The resulting order of genotypes regarding their amounts of fructose
and glucose were similar to findings of Khajehei et al. [48]. Results in the present study indicated that
mainly the genotypes with high amounts of fructose had the lowest amounts of total FOS. This is
similar to findings of Herman et al., who reported a negative correlation between fructose and amount
of fructans [33]. Overall, different sugar compositions may lead to different commercialization and food
product development strategies. Genotypes with higher amounts of monosaccharides and FOS with
average lower DP are preferable for the fresh market, because of the sweet taste and poor storability of
FOS. During storage the amount of FOS decreases and the amount of monosaccharides duplicates [10].
The FOS contained in yacon tubers are really sensitive to storage conditions like temperature and
humidity [49,50]. Therefore, genotypes like ‘Rojo’ and ‘Peru’ were preferable for the fresh market,
because of already high amounts of monosaccharides at harvest and their sweet taste. During storage
the amount of monosaccharides will further increase and health promoting benefits would potentially
fade away. Besides sugar compositions, these genotypes were preferable for the fresh market due to
the attractive color of the peel and products consisting thereof.

Beyond the appropriateness for the fresh market, the tested genotype ‘Peru’ offers both high
amounts of monosaccharides and FOS which are beneficial due to a sweet taste and health promoting
benefits. Therefore ‘Peru’ is considered to be a good choice for fresh market purposes regarding its
sugar composition. However tuber yield was disregarded for this recommendation.

On the other side, the genotypes ‘BG’, ‘RG’, and ‘Morado’ seem to be potential good options for
the processing industry, due to their high amounts of FOS. Certainly ‘Peru’ had high amounts of FOS,
but predominant with lower DP.

5. Conclusions

The parameters tuber yield, sugar composition, and sugar content determine decisively the
final sugar yield of yacon. The current study revealed that across all parameters (tuber yield, sugar
composition, and sugar yield) the three genotypes ‘RG’, ‘BG’, and ‘Morado’ were outstanding and
can be recommended for cultivation in Southwestern Germany due to highest amount of tuber yield,
sugar yield, and FOS. The combination of high tuber yields and sugar content led to the highest sugar
yields. Depending on the intended commercialization strategy, a certain genotype has to be chosen.
The three genotypes ‘RG’, ‘Peru’, and ‘Morado’ are preferable for the fresh market, powder, or flour
production because of lower single tuber weight and the color of peel. Red peel leads to optically
attractive flour which can be commercialized in several ways. ‘BG’ was favorable for the processing
industry. Also the fresh market could be possible, for example, for key accounts with larger demands,
like gastronomy, etc.
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With regard to sugar composition major differences in fructose and GF4 content were observed
between genotypes. Genotypes with high amounts of fructose had lower amounts of GF4 and vice
versa. Therefore different commercialization options are possible. In general, genotypes with higher
amounts of monosaccharides and FOS with lower average DP seem to be favorable for fresh market
purposes while genotypes with higher amounts of FOS and higher average DP can be recommended
for the processing industry as they potentially withstand longer storage periods without total loss
of quality.
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Figure A1. α-Design of the field trials exemplary for the experimental year 2017 with three replicates
and two blocks. For 2018 same design with new randomization were used. Replicates were complete,
blocks were incomplete due to missing germination of one genotype. Each number represents one
genotype. Genotype number 6 did not germinate and was therefore deleted from the analysis.

Table A1. Results of a multiple t-test at a significance level of 5% after finding significant differences via
global F-test for the factor genotype across both experimental years. Same lower case letters indicate
non-significant differences between genotypes.

Genotype Single Tuber Weight (g) Glucose (%) Sucrose (%) GF3 (%) Total FOS (%)

’BG’ 267.4a 3.29ab 5.12a 16.29ab 40.72a

‘RG‘ 223.7ac 1.71c 3.24bc 18.56a 41.37a

‘Morado’ 205.9bc 2.38bc 2.98bc 16.04ab 37.04a

‘Rojo’ 172.1cd 3.71a 3.04bc 6.55c 17.83b

‘New Zealand’ 175.3cd 2.19c 2.58c 13.30b 30.61a

‘Peru’ 231.8ab 4.56a 5.44a 15.16ab 39.04a

‘Late Red’ 144.8d 1.50c 2.52c 16.42ab 35.60a

‘Early White’ 223.7ac 3.67a 4.10ab 15.48ab 34.63a

‘Purple’ 185.3bcd 2.21bc 3.22bc 14.30ab 31.05a
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Table A2. ANOVA table (replication = REP; genotype = G; year = year; degree of freedom (DF) and
p-value) carried out for sugar yield (t ha−1) according to Figure 2.

Factor DF p-Value for the F-test of the Corresponding Factor

Year × Rep 4 0.1666
G 8 <0.0001

Year 1 0.0002
Year × G 8 0.0001
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Abstract: The tuberous root crop, yacon, is native to the Andean region and contains high amounts
of fructooligosaccharides (FOS) with up to 70% of dry matter. Due to FOS, consumption of
tubers may have health-promoting effects. However, regarding the overall cultivation system,
no recommendations exist for farmers on nitrogen fertilization and nitrogen (N) uptake of yacon.
Therefore, three different N fertilization levels (0, 40, and 80 kg N ha−1) and two genotypes
(brown-shelled (BG) and red-shelled (RG)) were examined in a two-year field experiment regarding
their tuber yield, sugar composition, and nitrogen uptake. Tuber yields increased with increasing
fertilization level and were highest for B80 and R80 (50 and 67 t FM ha−1), while significant differences
between the genotypes existed. Sugar and the amount of FOS slightly decreased with increasing N
fertilization level, and ranged between 36% and 73% and 30% and 58% of dry matter, respectively.
An overall decreasing amount of FOS led to a slight increase in the amount of FOS with a higher degree
of polymerization. Regarding the N-use efficiency of tubers and the total plant, an N fertilization
level of 40 kg N ha−1 seems to favor tuber yield.

Keywords: fructooligosaccharide; yacon; nitrogen content

1. Introduction

The tuberous root plant, yacon (Smallanthus sonchifolius) ((Poepp. and Endl.) H. Robinson) is
native to the Andean region and related to the family of Asteraceae. Apart from the Andean region,
yacon has also been cultivated in Japan, Brazil, New Zealand, Czech Republic, Italy, and Germany [1,2].
Yacon is a perennial, herbaceous plant, which is not frost-tolerant. The plant grows to be 2–2.5 m, and
the generally arrow-shaped leaves are dark green [3,4]. The average tuber yield of each plant amounts
to 2–3 kg, or up to 5 kg [5–7]. Each tuber weighs between 200 and 500 g on average, but can reach a
weight of up to 2000 g. The dry-matter content commonly ranges between 10–14% [3,8]. The color of
the peel and flesh of the tubers can vary from white, creamy, yellow, and orange red, to purple [9].

In its tuberous roots, yacon mainly stores carbohydrates in the form of fructans, and particularly
fructooligosaccharides (FOS) and inulin. FOS and inulin account for up to 70% of dry matter. The main
components of FOS are kestose, nystose, and fructofuranosylnystose [5]. These polysaccharides may
not be digested by the human intestinal tract, wherefore no increase in blood glucose level occurs after
the consumption of fresh yacon [10,11]. Other carbohydrates stored in the tubers are sucrose, and the
monosaccharides fructose and glucose. The composition of stored carbohydrates depends on various
factors, such as the origin, growing conditions, and farming system [5].
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As the interest in yacon has increased over the last 2–3 years, due to its potential as a natural
sugar replacement, a proper crop management and cultivation system needs to be developed in order
to cover the increasing demand. Up until now, only very limited information on the nitrogen (N)
fertilization requirement of yacon and the influence of N on the sugar composition of yacon tubers
has been available. Furthermore, the influence of N fertilization on tuber yield formation has not yet
been reported.

Nitrogen is one of the most important nutrients in plant growth due to its direct effect on vegetative
growth and related impacts on leaf area and light interception [12]. The expected N requirement of
yacon reported in the literature ranges from 24 to 98 kg N ha−1 [6,13–15]. These values are below
the N requirement of sweet potatoes and potatoes, which require up to 200 kg N ha−1 [12,16], while
simultaneously having lower yield potentials per ha. In order to determine yacons’ need for N
fertilization, it is critically important to measure the N uptake of different plant parts, and thus to
determine complete N removal.

Additionally, the impact of the N-level of tuber yield formation and sugar content has not
been clearly defined. However, the impact of N-level on the root yield of sugar beet has been
well-investigated. Increasing amounts of N fertilizer could lead to higher tuber yields, but decreasing
sugar content [17–19]. Furthermore, N concentration in vegetative parts increases with increasing
amounts of N application [20].

Besides the impact of N on plant growth and development, an adjusted fertilization strategy is
also needed due to economic, as well as environmental reasons [21,22]. In the case where the applied
amount of N exceeds the N uptake of the plant, the risk of N losses in ground water rises [23]. Due to
a lack of knowledge about N fertilizer requirements of yacon, it is assumed that the amounts which
are currently being applied do not meet the actual demand of the plant.

The aims of the present study are therefore to investigate the effect of different N fertilization
levels on tuber yield formation and sugar composition, and also to evaluate the N uptake of different
plant parts (above and below ground) of two different yacon genotypes. Based on the obtained results,
the N fertilization requirement of yacon can be identified, and a specific fertilization strategy can be
developed. The results of the current study can be used to considerably improve the environmental
performance of yacon cultivation.

2. Materials and Methods

2.1. Field Site and Experimental Design

In 2016 and 2017, field experiments were carried out at the experimental station, Ihinger Hof of
the University of Hohenheim (48◦ 44´ N, 8◦ 55´ E, and 475 a.s.l.) in Southwest Germany from May to
October. The mean annual rainfall was 646.5 mm in 2016 and 653.9 mm in 2017. The average annual
temperature was 9.1 ◦C in 2016 and 9.2 ◦C in 2017, respectively. During the cultivation period of yacon,
the average temperature was 14.8 ◦C in 2016 and 13.5 ◦C in 2017. The rainfall amounted to 394.3 mm
in 2016 and 464.7 mm in 2017 (Figure 1A,B).

The soil of both experimental years was a Vertic Cambisol [24]. In 2016, sugar beet was the
preceding crop, while in 2017, winter wheat served as the preceding crop. The trials were set up
as a randomized complete block design with three replicates. Each plot was 5 × 4 m. Yacon was
planted in ridges (60 × 45 cm; 44 cm between the ridges; 114 cm between the center of ridges),
which were formed using a common asparagus ridge-planting machine (Leofant, HMF-Hermeler
Maschinenbau GmbH, Füchtorf, Germany). Each plot contained two ridges, which were directed from
east to west, and 14 plants (0.7 × 1.14 m). Ridges were formed four weeks before planting. Nmin in
the soil was determined shortly before planting [25] and amounted to 28.8 kg NO3 ha−1 in 2016 and
119 kg NO3 ha−1 in 2017. To ensure that no water stress occurred, plots were irrigated by hand, twice
in 2016 (27 May and 7 June) and four times in 2017 (26 and 30 May, 20 and 22 June) with 1.4 L per plant.

5. Chapter III

31



Agronomy 2019, 9, 151 3 of 22

Weed control was done by hand once a week until the plant population was established and no weeds
occurred anymore.
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two genotypes were chosen because of the known yield differences from other studies. Further, they 
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development and total duration of cultivation period, it was assumed that this will point out 
important differences in yield and the final N uptake. First, seedlings were received from a plant 
nursery (Helenion, Berlin, Germany), and then the rhizomes were stored after each harvest for the 
next year’s cultivation period. 

The different N fertilization levels were 0 (control), 40, and 80 kg N ha−1. This resulted in six 
treatments (Table 1). In both years, all treatments were fertilized with ENTEC 26 (EuroChem Agro 
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nitrification inhibitors 3.4-dimethyl-1H-Pyrazolphosphat (DMPP), with an effect duration of four to 
ten weeks, depending on the climate, weather, and soil. In 2016, divided seedlings after budding 
(DSAB) were generated from mother plants and pre-cultivated for six to eight weeks in the 
greenhouse (Doo et al., 2002). In 2017, the propagation method was adjusted and seedlings were 
obtained from rhizome pieces which were pre-cultivated for six to eight weeks in the greenhouse. 
Cultivation of mother plants began ten days later on 15 April 2016, and seedlings were produced 
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establish seedlings from the mother plant, the whole rhizomes were dug out every second day and 
rooted shoots were separated. Seedlings were transplanted into square planters (9 × 9 × 9.5 cm) filled 
with a standard soil (classic, expert substrate, Einheitserde Werkverband e.V., Sinntal-Altengronau, 
Germany) for further cultivation. 

In 2017, cultivation of rhizome pieces started on 27 March. Whole rhizomes were sliced with a 
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and filled with a standard soil (classic, expert substrate, Einheitserde Werkverband e.V., Sinntal-
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Figure 1. Temperature (•) and precipitation (bars) at the trial site, Ihinger Hof for the cultivation period
of yacon in (a) 2016 and (b) 2017. Plotted are the average temperatures in degree Celsius, and the total
rainfall in mm in each month. Temperature and precipitation in May and October (2016) and May and
November (2017) only include the days, which were within the cultivation period.

2.2. Treatments

Two different genotypes with three different N fertilization levels were investigated over both
experimental years. The two genotypes were a brown-shelled (B) and red-shelled (R) genotype. These
two genotypes were chosen because of the known yield differences from other studies. Further,
they are the most commonly distributed and available genotypes. As the genotypes differ also in
their development and total duration of cultivation period, it was assumed that this will point out
important differences in yield and the final N uptake. First, seedlings were received from a plant
nursery (Helenion, Berlin, Germany), and then the rhizomes were stored after each harvest for the
next year’s cultivation period.

The different N fertilization levels were 0 (control), 40, and 80 kg N ha−1. This resulted in six
treatments (Table 1). In both years, all treatments were fertilized with ENTEC 26 (EuroChem Agro
GmbH, Mannheim, Germany) prior to planting. ENTEC 26 is a stabilized fertilizer, and consists of
26% total N (18% ammonium nitrogen, 7.5% nitrate nitrogen) and 13% hydro-soluble sulphur with
nitrification inhibitors 3.4-dimethyl-1H-Pyrazolphosphat (DMPP), with an effect duration of four to
ten weeks, depending on the climate, weather, and soil. In 2016, divided seedlings after budding
(DSAB) were generated from mother plants and pre-cultivated for six to eight weeks in the greenhouse
(Doo et al., 2002). In 2017, the propagation method was adjusted and seedlings were obtained from
rhizome pieces which were pre-cultivated for six to eight weeks in the greenhouse. Cultivation of
mother plants began ten days later on 15 April 2016, and seedlings were produced over a period of
seven days. Mother plants were cultivated in round pots (37 cm height, Ø 32 cm on ground, Ø 44 cm
top, 0.035 m3) filled with 14 kg of standard soil (classic, expert substrate, Einheitserde Werkverband e.V.,
Sinntal-Altengronau, Germany) without further fertilization. To establish seedlings from the mother
plant, the whole rhizomes were dug out every second day and rooted shoots were separated. Seedlings
were transplanted into square planters (9 × 9 × 9.5 cm) filled with a standard soil (classic, expert
substrate, Einheitserde Werkverband e.V., Sinntal-Altengronau, Germany) for further cultivation.

In 2017, cultivation of rhizome pieces started on 27 March. Whole rhizomes were sliced with a sterile
knife into smaller segments (20–40 g), which were planted in square planters (9 × 9 × 9.5 cm) and filled
with a standard soil (classic, expert substrate, Einheitserde Werkverband e.V., Sinntal-Altengronau,
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Germany). In both years, seedlings were cultivated in the greenhouse for six to eight weeks at 21 ◦C
during the day and 15 ◦C during the night, where the humidity was about 65%. No artificial light was
used. Pots were irrigated every third day.

Seedlings were transplanted manually on 18 May 2016 and 11 May 2017. Plants were placed
with a distance of 1.14 m between rows and 0.7 m between plants in rows. Consequentially, the plant
density was 12.531 plants ha−1. Immediately after planting 6 kg ha−1, slug pellets (Arinex, ADAMA
Deutschland GmbH, Cologne, Germany) were applied manually.

Table 1. List of two used genotypes (B = brown-shelled, R = red-shelled) and three different N
fertilization levels (0, 40, and 80 kg N ha−1). Given abbreviations for each treatment will be used
throughout the text.

Abbreviation Treatment Genotype Fertilization (kg N ha−1)

B0 brown-shelled 0
B40 brown-shelled 40
B80 brown-shelled 80
R0 red-shelled 0
R40 red-shelled 40
R80 red-shelled 80

2.3. Field Measurements and Sample Preparation

The traits of plant height (from soil surface to youngest leaf, end of stem), number of leaves on
the main stem, and number of ramifications on the main stem were determined non-destructively on
six plants in the central part of each plot, every second week from transplanting until harvest. Four
destructive measurements were conducted every four weeks from the beginning of tuberous root
formation until harvest (Table 2). For each destructive measurement, one single plant per plot (in 2016)
or two plants per plot (in 2017) were harvested manually with a sickle and a digging fork. Plants
were washed to remove soil residues. Afterwards, plants were separated into four parts: leaf, stem,
tuber, and rhizome. Fresh weight and dry weight was determined for every part and every plant.
Additionally, the weight of every single tuber was determined. For determination of the dry weight
of the leaf and stem, bulked samples of each plot were dried at 60 ◦C until they reached a constant
weight. For determination of the dry weight of tubers and rhizomes, mixed samples of each plot
were frozen with liquid N (−196 ◦C) in order to prevent any further enzymatic reactions, and were
finally freeze-dried.

The final harvest took place on 28 October 2016 and 2 November 2017 (163 and 175 days
after planting (DAP), respectively). The date of harvest was scheduled depending on the outside
temperature, and took place immediately after the first frost. The six central plants in each plot, which
were measured non-destructively during the cultivation period, were harvested to obtain final yield
data as before plants were subdivided into parts and washed. Again, the fresh weight of each part
and plant was recorded. Additionally, the single tuber weight was recorded. Subsequently, a bulked
sample of each part and plot was frozen with liquid N and freeze-dried.

For further plant analysis, all samples were milled. Freeze-dried samples (tubers and rhizomes)
were milled with GRINDOMIX GM 200 (Retsch GmbH, Haan, Germany). Leaf and stem samples were
milled with Ultra-Zentrifugalmühle ZM 200 (Retsch GmbH, Haan, Germany).

The nitrogen concentration in each freeze-dried sample was analyzed with near-infrared
spectroscopy analysis (NIRS) by using a Model 5000 NIRS spectrometer (Agilent Technologies, Inc.,
Santa Clara, CA, USA). 3 mg of dried or freeze-dried milled samples of each plant part were placed
in a cuvette. Double determination of each sample was also performed. For validation, 25% of the
whole sample set was chosen randomly by the NIRS software, and the rest was assigned to the
calibration set. Samples for validation were analyzed with a macro-elemental analyzer, Vario MAX
CNS (Elementar, Hanau, Germany), according to the Dumas combustion method. The software WIN
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ISI™ (Intrasoft Intl. S.A., Luxembourg) was used to perform validation and calibration. Throughout
these procedures, aboveground (leaves and stems) and belowground (tubers and rhizomes) plant parts
were handled separately.

The sugar composition of tubers was analyzed by using high-performance liquid chromatography
(HPLC). Therefore, 0.5 g freeze-dried and milled samples were placed in Corning™ Falcon™ 50 mL
(Fisher Scientific GmbH, Schwerte, Germany) and filled with a 25 mL mixture of HPLC-grade 70:30
Ethanol: Water (Chemsolute, Hamburg, Germany). Subsequently, mixtures were sonicated at 60 ◦C for
30 min, and then cooled at room temperature. Afterwards, the extract was filtered with an attached
syringe filter holder (0.2 µm).

HPLC was performed using the Agilent 1290 Infinity (Agilent Technologies, Inc., Santa Clara,
CA, USA). A Column A Phenomenex Rezex RSO (Phenomenex, Aschaffenburg, Germany) was used
at a temperature of 85 ◦C. The eluent was 100% HPLC-grade water, and as the detector, a refractive
index detector with a temperature of 40 ◦C was applied. The injection volume was 1 mL, and the
flow rate was 0.4 mL min−1. The content of fructofuranosylnystose (GF4), nystose (GF3), kestose
(GF2), fructose, glucose, and sucrose was determined using a standard curve drawn by an injection of
standards (Merck KGaA, Darmstadt, Germany) of analyzed sugar.

In 2017, after each destructive measurement, soil samples in each plot were collected to determine
Nmin [25]. Therefore, the soil samples were immediately taken in each plot (besides the destructively
measured plant) using an auger at a depth of 0–30 and 30–60 cm. Additionally, in both experimental
years, soil samples after harvest were collected to determine Nmin [25]. Therefore, two soil samples
were taken from each plot at a depth of 0–30, 3–60, and 60–90 cm.

Table 2. Dates of transplanting, and the number of measurements and harvests in both experimental
years, 2016 and 2017. Description includes the date and date of measurement (DAP) corresponding to
all six tested treatments.

Year Transplanting
Date

Date of Measurement
(DAP) Harvest

1. 2. 3. 4.

2016 18.05 27.07.
(70)

30.08.
(104)

27.09.
(132)

26.10.
(161)

28.10.
(163)

2017 11.05 27.07.
(77)

24.08.
(105)

21.09.
(133)

23.10.
(165)

02.11.
(175)

2.4. Data Collection

For the calculation of N uptake, the dry matter of different plant fractions were multiplied with
analyzed N concentration according to the following equation:

N uptake (kg N ha−1) = dry matter yield (kg ha−1) ∗ (% N/100).

For the determination of tuber N utilization efficiency (TNUtED), tuber yields (kg ha−1 DM)
were divided by tuber N uptake (kg ha−1). For the tuber N utilization efficiency of sugar (TNUtES,),
the sugar yield (kg ha−1) (data not shown) were divided by tuber N uptake (kg ha−1). Total plant N
utilization efficiency for sugar (PNUtES) was determined by dividing the sugar yield (kg ha−1) by the
N uptake of the total plant (kg ha−1).

Total monosaccharides are given as a sum of glucose and fructose. Total FOS are given as a sum
of GF2, GF3, and GF4 [26]. Total sugar content is the sum of all analyzed sugar fractions (fructose,
glucose, sucrose, and FOS).
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2.5. Statistical Analysis

A mixed-model approach was used, and the following model was fitted to all traits:

yijkl = µ + bj + rjk + ai + βl + (aβ)il + (ba)ij + (bβ)jl + (baβ)ijl + eijkl ,

where µ is the general effect, bj is the fixed effect of the jth year, rjk is the fixed effect of the kth replicate in
the jth year, ai is the main effect of ith genotype, βl is main effect of lth fertilizer, (aβ)il is the interaction
effect of the ith genotype and lth fertilizer, and eijkl is the error of yijkl with homogeneous or year-specific
variances. (ba)ij, (bβ)jl , and (baβ)ijl are random interaction effects between genotype and fertilizer, or
their interactions and year, respectively. The Akaike information criterion (AIC) was used to select
the error variance structure, and thus was used to select a model with homogeneous or year-specific
error variance [27]. As the fertilizer is numeric (0, 40, and 80 kg N ha−1), a linear regression for each
genotype was fitted too, but was consequently not used as the lack of fit was significant (results
not shown). Thus, the fertilizer trend is not linear. Residuals were checked graphically for normal
distribution and homogeneous variance. After finding significant differences via the global F-test,
significant differences were evaluated with a multiple t-test (Fisher´s least significant differnence test)
at significance level of 5%. A letter display was used to present results of multiple comparisons [28].
Additionally, simple means were calculated for all traits for presentation purposes only.

Statistical analyses were performed using SAS Software, version 9.4 (SAS Institute Inc., Cary, NC,
USA). Figures were generated using SigmaPlot, version 13.0 (Systat Software Inc., CA, USA) and Excel
2013 (Microsoft Corporation, WA, USA).

3. Results

3.1. Tuber Yield

Fresh-matter (FM) tuber yield (t ha−1) and dry-matter (DM) tuber yield (t ha−1) were significantly
affected by year-by-genotype and year-by-fertilizer interaction effects. Therefore, the two experimental
years are presented separately (Table 3). For fresh-matter tuber yield, genotype means were
significantly different from each other in 2017 only (Table A2). In 2016, 0 kg N ha−1 yielded significantly
higher tuber yield values (22.05 t ha−1) compared to 80 kg N ha−1 (16.44 t ha−1) (Table A4). Both
genotypes achieved lowest tuber yields in the highest fertilization level. In 2017, the average yield
level increased with fertilization. Tuber yields reached from 42.81 t ha−1 (B40) up to 67.32 t ha−1 (R80).
Both genotypes achieved highest tuber yields in the highest fertilization level of 80 kg N ha−1.

Tuber dry matter showed significant fertilization-by-genotype interaction effects, but no
interactions with year was found (Table 3, Table A5). Tuber DM ranged from 10.4 (B40) to 17.7%
(R40) in 2016. Across both years, RG had significantly higher DM in all fertilization levels. Within the
genotypes, R40 had significantly higher DM than R0 and R80. Within BG, no significant differences
between the fertilization levels were determined.

Dry-matter (DM) tuber yield (t ha−1) was significantly affected by year-by-genotype and
year-by-fertilizer (Tables 3, A2 and A4). In 2016, DM tuber yield ranged from 1.95 (B80) to
3.90 (R40) t ha−1. Significantly higher DM tuber yield were reached for both genotypes in 2017,
and ranged from 4.51 (B40) to 11.40 (R80) t ha−1. Furthermore, in both experimental years, RG reached
significantly higher DM tuber yield than BG. With regard to the fertilization level, in 2016, 0 and
40 kg N ha−1 reached significant higher tuber yields than 80 kg N ha−1. In 2017, a reverse picture was
shown, where the highest fertilization level reached significantly higher DM tuber yield than the other
two fertilization levels.
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Table 3. Tuber yield (t ha−1 FM), tuber dry matter (DM in %), and tuber yield (t ha−1 DM) for the
two years (2016 and 2017) of the six treatments (B0, B40, B80, R0, R40, and R80) at harvest as mean
value ± standard error.

Treatment Tuber Yield

Fresh Matter
[t ha−1 FM]

DM
[%]

Dry Matter
[t ha−1 DM]

2016

B0 24.06 ± 2.45 11.83 ± 0.67 2.81 ± 0.3
B40 19.57 ± 2.45 10.36 ± 0.67 2.04 ± 0.3
B80 17.62 ± 2.45 11.28 ± 0.67 1.95 ± 0.3
R0 20.04 ± 2.45 15.03 ± 0.67 3.01 ± 0.3

R40 21.97 ± 2.45 17.68 ± 0.67 3.90 ± 0.3
R80 15.26 ± 2.45 16.25 ± 0.67 2.47 ± 0.3

2017

B0 45.38 ± 3.55 10.58 ± 0.47 4.72 ± 0.5
B40 42.81 ± 3.67 10.45 ± 0.47 4.51 ± 0.5
B80 50.25 ± 3.55 11.31 ± 0.47 5.67 ± 0.5
R0 60.44 ± 3.66 17.04 ± 0.47 10.35 ± 0.5

R40 61.93 ± 3.55 17.00 ± 0.47 10.50 ± 0.5
R80 67.32 ± 3.55 17.00 ± 0.47 11.40 ± 0.5

Results of statistical analysis

Factor DF p-Value

Year × Rep 4 <0.0001 0.1060 0.0048
Year 1 <0.0001 0.6375 <0.0001

G 1 <0.0001 <0.0001 <0.0001
Year × G 1 <0.0001 0.1272 <0.0001

F 2 0.8731 0.6895 0.8622
Year × F 2 0.0137 0.6356 0.0057

G × F 2 0.4782 0.0486 0.2412
Year × G × F 2 0.9438 0.0698 0.5333

ANOVA table (factor (replication = REP; genotype = G; fertilizer = F), degree of freedom (DF) and p-value) carried
out for tuber yield (t ha−1 FM), tuber DM (%) and tuber yield (kg ha−1 DM).

3.2. Sugar Composition

The fractions GF4, GF3, GF2, sucrose, total FOS (GF4, GF3, and GF2), and total sugar content
(sum of all sugar fractions) were significantly affected by year-by-genotype-by-fertilizer interactions
(Table 4). Fructose was significantly affected by year-by-genotype interactions. Only glucose was
significantly affected by year and genotype, and therefore showed no interactions with the year. For
this reason, the two experimental years, 2016 and 2017, were presented separately.

In 2016, all sugar components except GF4 B40 showed the highest concentration. In 2017, B80
was best for all sugar components, except for monosaccharides (B0) and sucrose (B40). In general,
concentrations in 2017 tended to be lower compared to 2016.

In 2016, GF4 ranged from 10.5 to 18.6%. B0 (12.2%) and R0 (18.6%), as well as B80 (13.5%) and
R80 (11.6%) were significantly different from each other. The other fertilization levels did not differ
significantly between the genotypes. B80 reached the highest amounts of GF4 (13.5%) and differed
significantly from B0 and B40. Contrary results were shown for RG. The highest amounts of GF4 were
reached by R0 (18.6%), which were significantly different to R40 and R80. In 2017, GF4 ranged from 9.9
to 14%. All fertilization levels differed significantly between the genotypes. Within the genotypes in
each case with increasing fertilization, the amount of GF4 increased. B80 (11.4%) differed significantly
to B40 and B0. In addition, R40 and R0 differed significantly to R80 (14%).

The amount of GF3 in 2016 ranged from 12 to 20.9%. Except for B0 (19.0%) and R0 (20.8%), all
fertilization levels differed significantly between the genotypes. Estimates for fertilizer levels of BG
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did not differ significantly between each other. Within RG, R0 (20.8%) reached significantly higher
amounts of GF3 than R40 and R80. In 2017, the amount of GF3 ranged between 12.2 and 15.5%. Again,
for all fertilizer levels, genotypes were significantly different from each other except B0 (13.5%) and R0
(12.2%). Within the genotypes, there were significant differences between fertilization levels similar
to GF4. In each case, the amount of GF3 increased with increasing fertilization levels. An exception
was R0 (20.8%) in 2016, which was significantly higher than R40 (12.0%) and R80 (12.4%). In 2017, B80
(15.5%) and R80 (13.7%) had significantly higher amounts of GF3 than the other fertilization levels.

In 2016, the amount of GF2 ranged between 7.4 and 25.1%. GF2 values of the two genotypes
differed for all fertilization levels, with BG showing higher values. Within BG, there were
non-significant differences between the fertilization levels. Within RG, R0 achieved a significantly
increased amount of GF2 (14.6%) compared to R40 and R80. In 2017, the amount of GF2 ranged from
6.0 (R0) to 15.1% (B80). In 2017, GF2 values of genotypes differed for all fertilization levels, with BG
again showing higher values. Within a genotype, no differences between fertilizer levels were found.
However, an increase in fertilization was found to lead to an increase in the amount of GF2.

In 2016, sucrose ranged from 1.8 (R40) to 7.1% (B40). In all fertilization levels, RG reached
significantly lower amounts of sucrose than BG. R0 reached 4.2%, and therefore significantly higher
amounts than R40 and R80. Within BG, there were no significant differences between the fertilization
levels. In 2017, the sucrose amount ranged from 2.3 (R0) to 5.0% (B40). Again, for all fertilization
levels, the estimates differed significantly between the genotypes. Within the genotypes, there were no
significant differences between the fertilization levels, nor in the BG and in the RG.

The amount of fructose ranged from not detectable (coded as zero) (R0, R40, and R80) to 4.0%
(B0). In both years, BG reached significantly higher amounts of fructose than RG. Furthermore, both
genotypes reached significantly higher amounts of fructose in 2017 than in 2016.

The amount of glucose ranged from 1.7 (R40 in 2016) to 10.7% (B0 in 2017). For glucose, BG
generally indicated significantly higher amounts than RG.

The total FOS amount in 2016 ranged from 30.8 (R40) to 58.2% (B80). Except B0 and R0, the
other fertilization levels differed significantly between the genotypes. Within BG, there were no
significant differences between the fertilization levels. R0 (54.0%) reached the highest amount and was
significantly different to R40 and R80. In 2017, the content of total FOS ranged from 30.5 (R0) to 42.0%
(B80). All fertilization levels were significantly different between the genotypes. Within the genotypes,
there was a similar trend. B0 (36.2%) and R0 (30.5%) reached the lowest amounts of FOS and differed
significantly to B80 (42.0%) and R80 (34.8%). B40 and R80 were not significantly different to the other
two fertilization levels in the corresponding genotype.

The total sugar content was significantly affected by year. In 2016, the sugar content ranged from
34.3 (R40) to 73.7% (B40). Fertilization levels 40 and 80 kg N ha−1 of BG reached significantly higher
sugar contents than the same fertilizer levels in RG. Also within the genotypes, there were significant
differences between the fertilization levels. BG had the highest sugar content in B40 (73.7%) and lowest
in B0 (66.6%). B80 did not differ significantly to B0 or B40. Within the RG, R0 reached the highest
sugar content of 60.7% and differed significantly to R40 (34.3%) and R80 (35.3%). B0, B40, B80, and R0
reached significantly higher sugar contents in 2016 than in 2017. Only R40 and R80 reached similar
(R40) or higher sugar contents in 2017.

In 2017, the sugar content ranged from 36.2 (R0) to 58.8% DM (B40). In all fertilization levels, BG
reached significantly higher sugar contents than RG. Within the genotypes, there were no significant
differences between the fertilization levels for the sugar content of BG. Within RG, R80 had significantly
higher sugar contents of 41.8% than R0 with 36.2% DM. R40 did not differ significantly to R0 or R80.
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Table 4. Fructose, glucose, sucrose, GF2, GF3, GF4, total fructooligosaccharides (FOS), and total sugar content in % of dry matter (DM) for the two years (2016 and
2017) of the six treatments (B0, B40, B80, R0, R40, and R80) at harvest, notated as the mean value ± standard error.

Treatment Fructose Glucose Sucrose GF2 GF3 GF4 Total FOS Total Sugar

2016

B0 1.38 ± 0.6 4.67 ± 1.2 6.15aA ± 0.4 23.16aA ± 1.0 19.04aA ± 0.6 12.22bAB ± 0.5 54.42aA ± 1.8 66.62aB ± 2.16
B40 2.63 ± 0.6 7.87 ± 1.2 7.09aA ± 0.4 25.07aA ± 1.0 19.30aA ± 0.6 11.77aB ± 0.5 56.15aA ± 1.8 73.74aA ± 2.16
B80 1.60 ± 0.6 5.44 ± 1.2 6.58aA ± 0.4 23.85aA ± 1.0 20.85aA ± 0.6 13.52aA ± 0.5 58.22aA ± 1.8 71.84aAB ± 2.16
R0 n.d. 2.48 ± 1.2 4.22bA ± 0.4 14.59bA ± 1.0 20.75aA ± 0.6 18.64aA ± 0.5 53.99aA ± 1.8 60.69aA ± 2.16

R40 n.d. 1.68 ± 1.2 1.84bB ± 0.4 8.20bB ± 1.0 12.05bB ± 0.6 10.50aB ± 0.5 30.75bB ± 1.8 34.27bB ± 2.16
R80 n.d. 2.01 ± 1.2 1.94bB ± 0.4 7.38bB ± 1.0 12.43bB ± 0.6 11.55bB ± 0.5 31.36bB ± 1.8 35.31bB ± 2.16

2017

B0 4.01 ± 0.4 10.66 ± 0.9 4.78aA ± 0.2 12.89aA ± 1.0 13.45aB ± 0.6 9.86bB ± 0.4 36.21aB ± 1.2 55.65aA ± 1.70
B40 3.92 ± 0.4 10.50 ± 0.9 5.02aA ± 0.2 14.22aA ± 1.0 14.49aAB ± 0.6 10.64bAB ± 0.4 39.35aAB ± 1.2 58.80aA ± 1.70
B80 3.18 ± 0.4 8.00 ± 0.9 4.37aA ± 0.2 15.09aA ± 1.0 15.54aA ± 0.6 11.39bA ± 0.4 42.02aA ± 1.2 57.56aA ± 1.70
R0 0.08 ± 0.4 3.28 ± 0.9 2.32bA ± 0.2 6.05bA ± 1.0 12.23aB ± 0.6 12.22aB ± 0.4 30.50bB ± 1.2 36.18bB ± 1.70

R40 0.17 ± 0.4 3.85 ± 0.9 2.68bA ± 0.2 6.87bA ± 1.0 13.12bAB ± 0.6 13.24aAB ± 0.4 33.23bAB ± 1.2 39.92bAB ± 1.70
R80 0.15 ± 0.4 4.16 ± 0.9 2.63bA ± 0.2 7.10bA ± 1.0 13.72bA ± 0.6 13.99aA ± 0.4 34.81bA ± 1.2 41.75bA ± 1.70

Results of statistical analysis

Factor DF p-Value

Year × Rep 4 0.2147 0.3612 0.0594 0.1646 0.1028 0.0843 0.1656 0.2596
Year 1 0.0064 0.0003 <0.0001 <0.0001 <0.0001 0.0003 <0.0001 <0.0001

G 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Year × G 1 0.0156 0.1196 0.0003 <0.0001 <0.0001 0.0104 <0.0001 0.0006

F 2 0.5143 0.3753 0.1348 0.3982 0.0010 0.0001 0.0085 0.0523
Year × F 2 0.7009 0.7453 0.0834 0.0025 <0.0001 <0.0001 <0.0001 <0.0001

G × F 2 0.5364 0.2099 0.0100 0.0019 <0.0001 <0.0001 <0.0001 <0.0001
Year × G × F 2 0.6348 0.2230 0.0021 0.0095 <0.0001 <0.0001 <0.0001 <0.0001

ANOVA table (factor (replication = REP; genotype = G; fertilizer = F), degree of freedom (DF) and p-value) carried out for the sugar fractions GF4, GF3, GF2, sucrose, fructose, glucose, total
FOS and total sugar content in % of DM. Within the years, the same lowercase letter in one column indicates no significant differences between genotypes with the same fertilization level
at p < 0.05. Within the years, the same capital letters in one column indicates no significant differences between fertilization levels of one genotype at p < 0.05.
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3.2.1. Nitrogen Concentration and Nitrogen Uptake

Nitrogen concentration (% of DM) was significantly affected by year and genotype in the two
plant parts, rhizome and tuber (Table 5). For rhizome, differences between fertilizer levels were found.
In the case of aboveground biomass, there were significant effects by all two-way interactions of year,
genotype, and fertilizer.

Table 5. Nitrogen concentration (%) in the aboveground biomass of rhizome and tuber at the last
destructive measurement (161 and 165 DAP) immediately before harvest for two years (2016 and 2017)
of the six treatments (B0, B40, B80, R0, R40, and R80), notated as the mean value ± standard error.

Treatment
% N in Different Plant Parts

Aboveground Biomass Rhizome Tuber

2016

B0 3.35 ± 0.11 1.46 ± 0.15 0.95 ± 0.07
B40 3.06 ± 0.11 1.43 ± 0.15 0.96 ± 0.07
B80 4.01 ± 0.11 1.75 ± 0.15 1.07 ±0.07
R0 3.19 ± 0.11 1.25 ± 0.15 0.82 ± 0.07
R40 3.31 ± 0.11 1.64 ± 0.15 0.73 ± 0.07
R80 3.52 ± 0.11 1.47 ± 0.15 0.91 ± 0.07

2017

B0 3.21 ± 0.12 1.45 ± 0.05 0.91 ± 0.03
B40 3.18 ± 0.12 1.52 ± 0.05 0.75 ± 0.03
B80 3.19 ± 0.12 1.50 ± 0.05 0.78 ± 0.03
R0 2.14 ± 0.12 0.98 ± 0.05 0.61 ± 0.03
R40 2.31 ± 0.12 1.27 ± 0.05 0.77 ± 0.03
R80 2.10 ± 0.12 1.34 ± 0.05 0.71 ± 0.03

Results of statistical analysis

Factor DF p-Value

Year × Rep 4 0.0275 0.3944 0.2193
Year 1 <0.0001 0.0297 0.0002

G 1 <0.0001 0.0088 0.0018
Year × G 1 <0.0001 0.1362 0.2133

F 2 0.0097 0.0262 0.1710
Year × F 2 0.0010 0.9263 0.1677

G × F 2 0.0233 0.1500 0.7892
Year × G × F 2 0.2954 0.2032 0.1834

ANOVA table (factor (replication = REP; genotype = G; fertilizer = F), degree of freedom (DF) and p-value) for
nitrogen concentration in different plant parts: aboveground biomass, rhizome and tuber.

In 2016, N concentration in aboveground biomass ranged from 3.1 (B40) to 4.0% (B80). Fertilization
level 80 kg N ha−1 differed significantly to the fertilization levels 0 and 40 kg N ha−1 (Table A4).
The two genotypes did differ significantly (Table A2). In 2017, the N concentration in the aboveground
biomass ranged from 2.1 (R80) to 3.2% (B0) and did not differ significantly between the genotypes.
There were also no significant differences between the fertilization levels.

The N concentration of the rhizomes ranged from 1.0 (R0) to 1.8% (B80). Across both experimental
years, BG reached significantly higher N concentrations than RG. With regard to fertilization level,
40 and 80 kg N ha−1 reached significantly higher N concentrations than 0 kg N ha−1 (Table A3).

The N concentration of tubers ranged from 0.6 (R0 in 2017) to 1.0% (B80 in 2016) and, across both
years, were significantly higher in BG than in RG (A1).

The N uptake (kg N ha−1) of the aboveground and total plant were significantly affected by
genotype and fertilizer (Table 6). The N uptake of the tuber was significantly different between
genotypes-by-years combinations (Table 6, Table A1). For the N uptake of rhizomes, no significant
effects were found. The RG had a significantly higher N uptake in aboveground biomass and total
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plant compared to BG. The N uptake of aboveground biomass differed significantly between 0 and
40 kg N ha−1, whereas 80 kg N ha−1 did not differ significantly to both other fertilizer levels. Within
the total plant, the N uptake of fertilization level 0 kg N ha−1 was significantly lower than fertilization
levels 40 and 80 kg N ha−1.

The N uptake of aboveground biomass ranged from 88.6 (B0 in 2016) up to 226.0 kg ha−1

(R80 in 2017). Across both years, RG reached significantly higher N uptakes than BG. Furthermore,
the fertilization level of 40 kg N ha−1 reached significantly higher N uptake than 0 kg N ha−1.
The fertilization level 80 kg N ha−1 did not differ significantly to the other two fertilization levels.

The N uptake of rhizomes ranged from 9.3 (R0) to 29.3 kg ha−1 (B80). No significant differences
could be detected.

The N uptake in tubers ranged from 19.1 (B0) to 31.4 kg N ha−1 (R0) and from 29.5 (B40) to
84.2 kg N ha−1 (R80) in 2016 and 2017, respectively. In general, the N uptake of tubers increased with
increasing fertilization.

The N uptake of the total plant ranged from 121.0 (B0 in 2016) 330.3 kg ha−1 (R80 in 2017) and
was significantly highest for RG and for fertilization levels 40 and 80 kg N ha−1.

Table 6. Nitrogen uptake (kg N ha−1) of different plant parts, and sum of total plant N uptake at
the last destructive measurement (161 and 165 DAP, respectively) immediately before harvest for
two years (2016 and 2017) of the six treatments (B0, B40, B80, R0, R40, and R80) notated as the mean
value ± standard error.

Treatment
N Uptake (kg ha−1) of Different Plant Parts

Aboveground Biomass Rhizome Tuber Total Plant

2016

B0 88.60 ± 28.6 13.31 ± 4.8 19.06 ± 6.7 120.98 ± 32.3
B40 169.42 ± 28.6 22.35 ± 4.8 18.77 ± 6.7 210.56 ± 32.3
B80 110.19 ± 28.6 12.20 ± 4.8 29.80 ± 6.7 152.18 ± 32.3
R0 118.81 ± 28.6 10.84 ± 4.8 31.41 ± 6.7 161.07 ± 32.3
R40 200.64 ± 28.6 20.46 ± 4.8 15.33 ± 6.7 236.42 ± 32.3
R80 152.62 ± 28.6 17.03 ± 4.8 30.08 ± 6.7 199.73 ± 32.3

2017

B0 131.00 ± 18.3 12.74 ± 6.6 33.36 ± 8.7 177.10 ± 26.3
B40 130.30 ± 18.3 22.66 ± 6.6 29.52 ± 8.7 182.48 ± 26.3
B80 128.81 ± 18.3 29.32 ± 6.6 38.53 ± 8.7 196.66 ± 26.3
R0 151.14 ± 18.3 9.30 ± 6.6 50.88 ± 8.7 211.31 ± 26.3
R40 193.38 ± 18.3 15.07 ± 6.6 72.25 ± 8.7 280.71 ± 26.3
R80 226.03 ± 18.3 20.03 ± 6.6 84.19 ± 8.7 330.25 ± 26.3

Results of statistical analysis

Factor DF p-Value

Year × Rep 4 0.4321 0.4120 0.0149 0.1587
Year 1 0.1666 0.5236 <0.0001 0.0087

G 1 0.0033 0.3313 0.0004 0.0014
Year × G 1 0.3708 0.3095 0.0019 0.1509

F 2 0.0252 0.0856 0.0683 0.0191
Year × F 2 0.1153 0.2629 0.2708 0.1873

G × F 2 0.4400 0.9508 0.7648 0.4534
Year × G × F 2 0.6343 0.7186 0.1287 0.5043

ANOVA table (factor (replication = REP; genotype = G; fertilizer = F), degree of freedom (DF) and p-value) carried
out for nitrogen uptake in different plant parts and total plant.
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3.2.2. Indicators for Plant Efficiency

The three different indicators show the efficiency of different treatments related to N use and
sugar production. All indicators were calculated as mentioned in 2.4. Therefore, in the following text,
no units for indicators are given.

For TNUtED, no significant differences could be detected (Table 7). TNUtED ranged from 35.3
(B80) to 185.0 (R40).

PNUtES ranged from 6.1 (R80) to 13.4 (B0) and from 13.7 (B40) to 17.3 (R0) in 2016 and
2017, respectively. Across both experimental years and genotypes, efficiency of fertilization levels
0 kg N ha−1 was significantly higher than of the other two fertilization levels (Table A3).

For TNUtES, no significant differences could be detected. TNUtES ranged from 37.8 (R80) to 96.3
(B0). The general trend was decreasing efficiency with an increasing amount of N fertilization.

Table 7. Indicator for tuber N utilization efficiency for tuber dry-matter yield (TNUtED), total plant N
utilization efficiency for sugar (PNUtES), and tuber N utilization efficiency for sugar (TNUtES) at the
last destructive measurement (161 and 165 DAP) immediately before harvest for the two years (2016 and
2017) of the six treatments (B0, B40, B80, R0, R40, and R80), notated as the mean value ± standard error.

Treatment TNUtED PNUtES TNUtES

2016

B0 80.33 ± 40.3 13.38 ± 1.7 96.32 ± 20.9
B40 114.69 ± 40.3 5.68 ± 1.7 75.14 ± 20.9
B80 35.29 ± 40.3 6.74 ± 1.7 73.74 ± 20.9
R0 105.48 ± 40.3 9.56 ± 1.7 50.96 ± 20.9

R40 184.95 ± 40.3 7.25 ± 1.7 95.19 ± 20.9
R80 103.48 ± 40.3 6.11 ± 1.7 37.77 ± 20.9

2017

B0 83.96 ± 7.0 14.88 ± 1.8 78.54 ± 3.6
B40 134.16 ± 7.0 13.70 ± 1.8 84.41 ± 3.6
B80 129.35 ± 7.0 15.71 ± 1.8 80.68 ± 3.6
R0 164.51 ± 7.0 17.26 ± 1.8 72.29 ± 3.6

R40 131.23 ± 7.0 14.41 ± 1.8 56.32 ± 3.6
R80 85.43 ± 7.0 15.17 ± 1.8 60.59 ± 3.6

Results of statistical analysis

Factor DF p-Value

Year × Rep 4 0.2726 0.9535 0.0789
Year 1 0.3445 <0.0001 0.9472

G 1 0.0912 0.9606 0.0605
Year × G 1 0.2456 0.3926 0.9026

F 2 0.1022 0.0281 0.4142
Year × F 2 0.4356 0.2328 0.4548

G × F 2 0.6241 0.7200 0.5396
Year × G × F 2 0.1571 0.3422 0.1979

ANOVA table (factor (replication = REP; genotype = G; fertilizer = F), degree of freedom (DF) and p-value) carried
out for the indicators TNUtED, PNUtES and TNUtES.

4. Discussion

4.1. Tuber Yield

Tuber yields were affected by year, and were significantly higher in 2017 than in 2016. The tuber
yields were comparable to other studies. Under similar climatic conditions in the Czech Republic,
tuber yield ranged from 21 to 29 t ha−1 [29,30]. In 2016, tuber yields of this study (except B80)
were in a similar range, and in 2017 were noticeably higher. However, plant density in the present
study (12,531 plants ha−1) was noticeably lower than the commonly used plant densities ranging
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between 23,000 to 30,000 plants ha−1 [31]. Therefore, the tuber yields reached were remarkably higher,
considering the plant density. Yacon plants were conceivably able to compensate for the lower plant
densities through a higher single-plant tuber yield [31]. Douglas et al. showed noticeable differences
in tuber yields, which ranged from 11 to 81 t ha−1, depending on location and, associated therewith,
precipitation [31]. Also, Fernández et al. reported a very high impact of precipitation on tuber yield
formation [29]. This is also true for the present study, where significantly higher tuber yields were
reached in 2017, the year with higher precipitation (70 mm more than 2016) and a lower average
temperature (1.5 ◦C lower than 2016). In particular, precipitation in 2017 was higher in July and
August, the months where tuberous root formation started. Similarly, water stress is also one of the
most important factors for tuber yield formation of chicory and Jerusalem artichoke [32,33]. In general,
for yacon, 550 mm was sufficient for tuberous root production, even if higher precipitation could lead
to higher yields [29].

With regard to the fertilization level, the two experimental years showed contrary results. In 2016,
tuber yield decreased with increasing fertilization level, and the genotypes were not significantly
different; whereas in 2017, a reverse picture was shown. In Jerusalem artichoke, the effect of N
fertilization was more pronounced under non-water-limited conditions [34]. That could also explain
the more pronounced effects of N fertilization in 2017 on yield, as the overall precipitation was
higher. This would mean that the water requirement is perhaps different for optimum tuber yield
formation and N utilization. The effects of fertilization level on tuber yield in 2017 were not significant.
The tuber yield increased with increasing N fertilization, but no maximum could be achieved in
both genotypes. Fernandes et al. reported that under high N rates, tuber yield by sweet potato
were similar in all treatments. Losavio et al. also reported no significant effect of N fertilization on
tuber yield by Jerusalem artichoke [16,35]. This is also in accordance with Maltas et al., who reported
increasing tuber yields of potatoes with increasing N fertilization, but no significant differences in
the higher N rates of about 120 kg N ha−1 under comparable climatic conditions [21]. In general, the
expected mineralization in the soil of the present study was quite high. Due to the formation of ridges,
mineralization was stimulated because of oxygen supply and fast heating [36]. Furthermore, the long
growing period leads to higher N mineralization [37]. As mineralization decreases with increasing N
supply (Nmin + additional fertilization) [37], no significant effects of higher N fertilization levels on
tuber yield were obtained.

Significant differences between the genotypes may indicate that the RG had a higher yield
potential in general, or better N-use efficiency, which is confirmed by the data shown in Table 7 where
TNUtED showed higher values for RG. Also, several other studies reported significant differences
between different yacon genotypes with regard to tuber yield [29,38]. As significant differences
between the genotypes were only observed in 2017, it can be assumed that tuber yield formation did
not reach its maximum in 2016. Tuber DM of BG was similar to DM reported in other studies and
ranged from 10.3 to 14% [39–41]. The significantly higher DM of RG was similar to the findings of
Campos et al., who reported DM up to 18.6% [42]. In accordance with the present study, Hermann et al.
showed that tuber DM differed significantly between the genotypes [40,43].

4.2. Sugar Composition

Contrary to the obtained tuber yields, the sugar content, on average, was higher in 2016 than in
2017. That could be justified by the higher precipitation in 2017 than 2016. In the case of Jerusalem
artichoke, sugar content increased in dry years, and vice versa [44]. With regard to the monosaccharides,
fructose achieved rather low amounts, and could not be detected in RG in 2016. This is in contrast
to the results of other studies where fructose represented the highest proportion of monosaccharides
and carbohydrates in yacon tubers [7,40,45–47]. However, some of these investigations were carried
out on stored tubers. Due to the reduction of FOS and sucrose, the amount of fructose was highest
in tubers [45–47]. Contrary to that are the findings of Valentova et al., who also reported highest
amounts of fructose, but without the storage of tubers [7]. Herman et al. showed both, depending
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on the investigated genotype [40]. Similarly, Fukai et al. and Khajehei et al. detected the lowest
amounts of fructose [48,49]. Therefore, the amount of fructose depends on genotype, but also on the
post-harvest conditions of tubers. With increasing storage time, the amount of fructose increases [45].
In general, amounts of FOS decreased during storage, and sucrose, fructose, and glucose increased
due to hydrolyzation of FOS [15,50]. Fructose amounts in Jerusalem artichoke decreased with later
harvest dates, and therefore prolonged plant growth [51]. As RG started flowering, in contrast to BG,
it might have been closer to physiological maturity than BG, leading to changes in sugar profiles.

In general, it is striking that the monosaccharides fructose and glucose were only affected
by the year-by-genotype or genotype interactions, respectively. This indicates that the amount of
monosaccharides were not influenced by N fertilization. Also, the fructose content in Jerusalem
artichoke was not influenced by N fertilization, but by genotype [51,52]. In general, a reaction
similar to that of Jerusalem artichoke or potato would have been expected, where higher amounts
of N fertilizer delayed maturity [51,53]. This would lead to a decrease in DM content, as well as a
decrease in carbohydrates [16,21]. Furthermore, a difference in sugar composition would be expected.
In sugar-containing crops like sugar beet, or starch-containing crops like potatoes, sugar or starch
content decreases with increasing fertilization, and the composition changes [54]. As no changes in
yacon were observed, this might be related to either the date of application [51] or the N fertilizer
used. In contrast to the studies on potatoes, all N was applied at planting. In addition, a slow-release
fertilizer was used, which might have affected the N availability during the season not negatively
affecting carbohydrate formation.

The amount of sucrose was significantly higher in BG in all fertilization levels and both years. It is
reported in the literature that higher amounts of sucrose can lead to higher amounts of FOS [7,46,55].
This was confirmed in the present study, where the BG in all treatments reached significantly higher
amounts of FOS than RG, except for R0 in 2016. This exception is due to significantly higher amounts
of sucrose in R0 than in other treatments of RG, which led to significantly higher amounts of FOS.
In addition, R0 (2016) was the only treatment which differed significantly to other fertilization levels
within the genotype. All other treatments showed no significant influence of N fertilization.

The amount of total FOS ranged over both experimental years from 30.5% to 58.2% in DM. This is
in the range of findings in other studies, which showed a wide range from 6.4 to 70% [8,40,48]. This
wide range is due to a strong influence of year (climatic conditions) and genotype [5,45]. Furthermore,
this wide range is due to different post-harvest conditions like those mentioned above. The FOS in
yacon tubers are extremely sensitive to temperature and storage conditions [15,50]. Compared to
the FOS content of Jerusalem artichoke, which ranged from 24.7 to 67%, it was quite similar [56–58].
Similar to yacon, tubers of Jerusalem artichoke were sensitive to different post-harvest conditions,
which indicates that storage duration and storage temperature can have a high impact on FOS content.

If compared to other FOS-containing vegetables, such as artichoke and chicory (up to 2%), the
amount in yacon tubers is really high [26]. In general, RG achieved lower amounts of FOS, which
corresponded to the findings of Graefe et al. who also showed higher FOS amounts in a light-colored
genotype, due to significant differences between genotypes [8]. Furthermore, it was reported that the
total amount of FOS and degree of polymerization (DP) correlated. Tubers containing highest amounts
of total FOS had higher amounts of FOS with lower DP. Tubers containing lower amounts of total
FOS had higher amounts of FOS with higher DP [46–48]. This corresponds to findings in the present
study, where BG had higher amounts of FOS and mainly the highest amount of GF2. All treatments in
2017 had, on average, a higher DP than in 2016, which led to lower amounts of total FOS in nearly all
treatments. Different climatic conditions, like those mentioned above and higher total N supply in
both years could have led to delayed maturity [51]. Jerusalem artichoke and chicory, as the two other
mayor crops containing FOS, generally had higher chain length of DP >10 [26]. A lower DP <10, as in
yacon, is preferable because of higher bifidogenic effects [39,57].

Due to there being few or no significant differences between fertilization levels regarding FOS
amounts in general, a higher influence of average DP on the total FOS amount when compared to the
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N fertilization level is assumed. This hypothesis is supported by no significant differences between
treatments across the years in spite of higher N availability in 2017.

The total sugar content of all treatments in the present study were below or equal to the normal
range of 70–80% of DM [13,45]. Compared to the sugar content of Jerusalem artichoke (71% of DM),
chicory (74% of DM), and artichoke (78–80% of DM), the sugar content in the present study were
comparatively lower [33,35,59]. It has been reported that an increase of N leads to a decrease of sugar
content for sugar beet and artichoke [19,35,60]. Besides the amount of applied N is, decisively, the
date of application for sugar content by Jerusalem artichoke. Divided rates could lead to higher sugar
yields, because of slow development of seedlings [19,51,61]. Furthermore, high N supply could have
been the reason why the total sugar content was lower in 2017 [51]. Higher amounts of N supply lead
to a delay in maturity [61], which would lead to a higher percentage of sugar in tubers without delayed
maturity [51]. In general, sugar content was highly variable and differed significantly due to the impact
of several parameters, such as origin, nutrient content, and cultivation conditions, wherefore it might
be difficult to compare total sugar content in general. [5,6,41]. Overall, determination of the optimal N
fertilization level for sugar production is not merely. It is necessary to maximize both tuber yields and
sugar content. Certainly, the effect of climatic conditions and genotype were greater than the impact of
N fertilization level.

4.3. Nitrogen Concentration and Uptake

N concentration of aboveground biomass was significantly influenced by the
genotype-by-fertilizer interaction. This is similar to the findings of Sah et al., who reported a
significant influence of N level on N concentration in the vegetative parts of Jerusalem artichoke and
chicory, amongst others. N concentration ranged from 0.3 to 1.0 and 1.5 to 2.0%, respectively [20].
N concentrations in the present study were noticeably higher and comparable to those of fodder beet,
which ranged from 1.7 to 3.3% [20]. Similar to these are findings of N concentration in leaves of sweet
potatoes, which ranged from 2.9 to 4.2%, also influenced by fertilizer [16]. RG had significantly lower
N concentrations in aboveground biomass, while overall N uptake was significantly higher. This was
due to bigger plants of RG, and therefore more biomass in general (data not shown). Furthermore,
Hermann et al. reported that yacon leaves had noticeably higher N concentrations than the stems [40].
Comparing the two tested genotypes, BG had a lower plant height and bigger leaves, whereas that
of RG was higher and had smaller leaves. Both genotypes were comparable in their N uptake of
aboveground biomass to sugar beet (up to 238 kg N ha−1) [19].

The nitrogen concentration of tubers was significantly higher for BG than for RG, and higher
than the N concentration reported by Lebeda et al., which ranged between 0.6 and 0.7% [55].
Compared to the N concentration of potato tubers, which ranged approximately between 0.9
to 1.2%, the N concentration of RG was slightly lower, and the N concentrations of BG were
similar [62,63]. Bélanger et al. also showed significant differences in N concentration between two
potato genotypes [63]. Similarly, in tubers of Jerusalem artichoke, N concentration differed significantly
between genotypes and ranged from 1.2 to 2.1% of DM [64]. In general, the N concentration of storage
parts of chicory ranged between 0.7 and 1.1%, which is similar to that in yacon [20]. Regarding the
fertilization level, there were no significant effects on tuber N concentration. In the case of potatoes,
there were similar findings. It is reported that the fertilization level had no effect, but that it did for the
time of application and possible splitting. An increase in N concentration with increasing fertilization
could also be detected [65]. The decrease in N concentration in 2017 was probably due to a dilution
effect. The N uptake of tubers in 2017 was significantly higher in RG when compared to BG, resulting
in significantly higher tuber yields, although the amount of N on a percentage basis was significantly
higher in BG across the years. Hermann et al. reported that the N uptake of tubers ranged between
0.4 and 0.8 kg N per t FM [40]. Nitrogen uptake in the present study was slightly higher and ranged
between 0.8 and 1.2 kg N per t FM. Zotarelli et al. reported an N uptake in potato tubers between 90 to
148 kg ha−1 at different fertilization levels without any significant differences [59]. These results are
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similar to findings in the present study, where the N uptake was lower, but no differences between the
fertilization levels could be detected.

The N concentration of the rhizomes was significantly influenced by N fertilizer level. With
increasing fertilization, N concentration in rhizomes increased, too. Therefore, N storage in rhizomes
did not increase in all cases with increasing fertilization level. The highest amount of N was obtained
in each case (except BG in 2016) in the treatment with the highest N uptake of the total plant. This
shows an increase of translocation of N into the rhizomes with an increasing N uptake of the plant.
Similar to findings of Kleijn et al. regarding V. album, the amount of N in the whole plant was lowest
in rhizomes. The amount of N was in decreasing order, being the highest in aboveground biomass,
tubers, and lastly in rhizomes [66].

Total plant N uptake is composed of the N content of the three fractions—aboveground biomass,
rhizome, and tuber. Similar to the N uptake of aboveground biomass, the genotype and fertilizer
had a significant influence. Compared to the N uptake of sugar beet, which ranged from 58 to
285 kg N ha−1, findings in the present study are in a comparable range [67,68]. The N uptake of fodder
beet (150–370 kg N ha−1) and Jerusalem artichoke (80–300 kg N ha−1) confirmed that findings in the
present study are in a normal range [20].

The significantly higher N uptake of RG can be explained by a significantly higher N uptake of
aboveground biomass and tubers.

Overall, N uptakes exceeded N supply, which is due to a high mineralization rate that is common
in soils high in organic matter [18]. Laufer et al. reported N uptakes of sugar beet roughly 130–180 kg
above the given soil Nmin content without any further fertilization, and attributed this to the preceding
crops—winter wheat, or winter barley [67,69]. In addition, the effect of the previous crop in 2016
is decisive. The leaves of sugar beet have a N content of 20 to 30 mg N g−1, and can be easily
decomposed. The N content in soil is slightly higher with crop residues of sugar beet. The long-term
effect is particularly remarkable [70].

4.4. Indicators for Plant Efficiency

The chosen indicators described relationships between tuber yield DM, N uptake, and sugar
content for the different treatments. They are useful indicators for comparing the treatments and
genotypes with each other, and with other appropriate crops as well.

The indicators TNUtED and TNUtES performed quite similarly. With increasing fertilization level,
the efficiency of tubers for accumulating DM or sugar decreased in general. This is similar to the
findings of Fernandes et al. who reported a decreasing N uptake efficiency under high N levels above
120 kg N ha−1 for sweet potatoes [16]. Also, Maltas et al. reported decreasing N utilization and uptake
efficiency with increasing N fertilizer (above 120 kg N ha−1) in potatoes [21]. This is explainable by a
stronger sink effect of aboveground biomass [20]. Higher N fertilization mostly affects the vegetative
growth of the plant [19,22]. TNUtED showed differences between the genotypes. Both in 2016 and
2017, the highest BG efficiency was obtained at 40kg N ha−1. In 2016, RG efficiency was higher when
the level of fertilization was 40kg N ha−1, and in 2017 when there was no fertilization. TNUtES was
higher under low N fertilization conditions (B0 and R40) only in 2016. This is similar to the findings in
4.2, which showed lower sugar content under a higher N supply.

PNUtES decreased with increasing fertilization level (except B80 in 2017) and is an indicator
for significant differences between the fertilization levels. PNUtES was highest for the unfertilized
treatment, 0 kg N ha−1. This is similar to several studies, which showed a decreasing amount of
carbohydrates in potatoes, sugar beet, and Jerusalem artichoke [21,51,54]. Hence, the aboveground
biomass seems to be particularly decisive for plant efficiency, because TNUtED and TNUtES did not
show any significant differences.

Compared to the PNUtES of sugar beet and fodder beet under comparable climatic conditions in
Germany and the Netherlands which ranged from 48 to 110, the determined efficiency of yacon can be
seen to be quite low [69]. Possible reasons for this can be the high amounts of aboveground biomass
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up to 54 t ha−1, and thus the high N uptakes of yacon [3]. With increasing amounts of aboveground
biomass, the overall efficiency of a plant decreases. This is similar to findings of Sah et al., who
reported higher efficiency of chicory than for Jerusalem artichoke, due to noticeably higher amounts of
aboveground biomass by Jerusalem artichoke [20].

Considering all three indicators, higher amounts of N did not inescapably lead to higher efficiency.
Even though tuber yields were significantly higher in 2017 and lower fertilization amounts in 2017 were
favorable for almost all indicators, the requirement of N is apparently covered by high Nmin values,
and no additional fertilization is needed. The difference between the genotypes is also noticeable—for
RG, lower amounts of N fertilization were suitable for higher efficiency than for BG, due to different
growth and development patterns, especially of aboveground biomass. Ojala et al. reported potatoes’
optimum maturity when the DM content was highest and carbohydrate content was lowest [53].
Present findings would suggest that RG is closer to physiological maturity while BG still shows
vegetative growth. Considering the desired aim of the farmer, to produce sugar contents as high as
possible, BG might be a better option. However, overall tuber yields have to be considered.

5. Conclusions

This study tested the influence of N fertilization on the tuber yield, sugar composition, and N
uptake of yacon in a two-year field study. In general, differences of determined traits between years and
the two tested genotypes were considerably higher than differences between the N fertilization levels.

In general, tuber yield increased with increasing N fertilization in 2017, while the reverse effect
was obtained in 2016. With increasing yields, sugar and FOS content slightly decreased. A decreasing
amount of FOS led to a slight increase in the amount of FOS, with a higher degree of polymerization.

Overall, for an optimum efficient tuber yield production, an N fertilization level of 40 kg N ha−1

is recommended, depending on the Nmin value. This optimum N amount might be different if the
precipitation is significantly higher. As mentioned above, the amount of precipitation is one of the
key factors for tuber yield formation of yacon, even though it proved to be sufficient in the present
study. Nevertheless, it is conceivable that under inexhaustible water supplies, the N uptake can change.
At this point, it is necessary to conduct further investigations about the N uptake of yacon under
various water conditions. For the climatic conditions in Central Europe, the amount of precipitation in
the present study reflected the average quantity. In general, the two tested genotypes differed in their
N uptake due to differences in aboveground biomass and tuber yield.

In summary, yacon can cope with lower N fertilizer rates than other tuberous crops, such as
potatoes and sugar beet, leading to high tuber and sugar yields overall on a hectare basis.
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Appendix A

Table A1. Results of a multiple t-test at significance level of 5% after finding significant differences via
global F-test for the factor genotype (brown and RG). Same lowercase letters indicate no significant
differences between the genotypes.

Genotype Glucose
[% DM]

Total
Monosaccharides

[% DM]

Total Sugar
Content
[% DM]

N Uptake
Aboveground

Biomass

N Uptake Total
Plant [kg ha−1] % N Rhizome % N Tuber

B 7.86a ± 0.4 16.31a ± 0.7 64.03a ± 0.8 126.39b ± 9.8 173.33b ± 12.0 1.52a ± 0.04 0.89a ± 0.02
R 2.91b ± 0.4 5.38b ± 0.7 41.35b ± 0.8 173.77a ± 9.8 236.58a ± 12.0 1.32b ± 0.04 0.76b ± 0.02

Table A2. Results of a multiple t-test at significance level of 5% after finding significant differences via
global F-test for the factor year × genotype. Same lowercase letters indicate no significant differences
between the years and same genotype. Same capital letters indicate no significant differences between
genotypes within one year.

Year ×
Genotype

Tuber Yield
[t ha−1 FM]

Tuber Yield
[t ha−1 DM)

Fructose
[% DM]

N Uptake Tuber
[kg ha−1]

% N Aboveground
Biomass

2016 × B 20.42bA ± 1.4 2.26bB ± 0.2 1.87bA ± 0.4 22.55aA ± 3.9 3.47aA ± 0.06
2016 × R 19.08bA ± 1.4 3.19bA ± 0.2 n.d. 33.80bA ± 5.0 3.19aB ± 0.07
2017 × B 46.15aB ± 2.0 4.93aB ± 0.3 3.70aA ± 0.3 25.61aB ± 3.9 3.34aA ± 0.06
2017 × R 63.23aA ± 2.0 10.75aA ± 0.3 0.13aB ± 0.3 69.11aA ± 5.0 2.19aA ± 0.07

Table A3. Results of a multiple t-test at significance level of 5% after finding significant differences
via global F-test for the factor fertilizer (0, 40 and 80 kg N ha−1). Same lowercase letters indicate no
significant differences between the fertilization levels.

Fertilizer N Uptake Aboveground
Biomass [kg ha−1]

N Uptake Total
Plant [kg ha−1] % N Rhizome PNUtES

0 122.39b ± 12.0 167.62b ± 14.7 1.29b ± 0.05 13.77a ± 0.9
40 173.44a ± 12.0 227.54a ± 14.7 1.47a ± 0.05 10.26b ± 0.9
80 154.41ab ± 12.0 219.71a ± 14.7 1.52a ± 0.05 10.93b ± 0.9

Table A4. Results of a multiple t-test at significance level of 5% after finding significant differences via
global F-test for the factor year × fertilizer. Same lowercase letters indicate no significant differences
between the years and same fertilization level. Same capital letters indicate no significant differences
between the fertilization levels within one year.

Year × Fertilizer Tuber Yield
[t ha−1 FM]

Tuber Yield
[t ha−1 DM]

Total Sugar
Content [% DM]

% N Aboveground
Biomass

2016*0 22.05bA ± 1.7 2.89bA ± 0.2 63.65aA ± 1.5 3.27aB ± 0.07
2016*40 20.77bAB ± 1.8 3.08bA ± 0.2 54.00aB ± 1.5 3.19aB ± 0.07
2016*80 16.44bB ± 1.7 2.21bB ± 0.2 53.57aB ± 1.5 3.77aA ± 0.07
2017*0 52.91aA ± 2.6 7.48aB ± 0.3 45.91bA ± 1.2 2.68bA ± 0.08
2017*40 52.37aA ± 2.6 7.50aB ± 0.3 49.36bA ± 1.2 2.74bA ± 0.08
2017*80 58.80aA ± 2.5 8.54aA ± 0.3 49.66aA ± 1.2 2.65bA ± 0.08

Table A5. Results of a multiple t-test at significance level of 5% after finding significant differences
via global F-test for the factor genotype × fertilizer. Same lowercase letters indicate no significant
differences between the genotypes and same fertilization level. Same capital letters indicate no
significant differences between the fertilization levels within one genotype.

Genotype × Fertilizer Tuber DM % N Aboveground Biomass

B0 11.21bA ± 0.41 3.28aB ± 0.08
B40 10.41bA ± 0.41 3.12aB ± 0.08
B80 11.30bA ± 0.41 3.59aA ± 0.08
R0 16.04aB ± 0.41 2.67bA ± 0.08
R40 17.34aA ± 0.41 2.81bA ± 0.08
R80 16.63aAB ± 0.41 2.81bA ± 0.08
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Abstract: As the prevalence of diabetes is predicted to rise globally in the coming decades, the demand
for sugar substitutes is expected to increase significantly. In this context, natural sweeteners have
been receiving particular attention, as artificial sweeteners have been associated with obesity and
cardiovascular disease. One natural sweetener is yacon (Smallanthus sonchifolius) ((Poepp. and Endl.)
H. Robinson), which could play a prominent role due to its high fructooligosaccharides yield. Yacon
is currently only a minor crop in Europe and there is little information available on the environmental
and economic impacts of its various cultivation systems. These are especially affected by nitrogen
fertilization levels and genotype selection. Thus, before the crop is introduced on a larger scale,
it is expedient to identify the most sustainable cultivation system. The life-cycle assessment (LCA)
and life-cycle costing (LCC) analysis of yacon cultivation systems conducted in this study revealed
significant differences between yacon genotypes and found that a nitrogen fertilization level of
80 kg N ha−1 significantly decreased production costs and simultaneously led to a comparatively
good environmental performance. The results indicated that, for the holistic evaluation of agricultural
systems, it is crucial to assess both the economic and environmental performance of new crops.

Keywords: yacon; fructooligosaccharides; environmental performance; LCA; production cost; LCC

1. Introduction

Yacon (Smallanthus sonchifolius) ((Poepp. And Endl.) H. Robinson) is a tuberous root plant
belonging to the family Asteraceae. It is a herbaceous perennial plant with a height of up to 2.5 m that
originates from the Andean region [1], where it is cultivated as a staple food for local consumption
and as a cash crop [2,3]. In addition to its region of origin, yacon is also cultivated in Brazil, Czech
Republic, Italy, Japan, and New Zealand [4,5]. It can achieve tuber yields of up to 67 t fresh matter
(FM) ha−1 [6]. The tuberous roots, which have a dry matter content of between 10% and 18%,
act as storage organs for the plant [6–9]. Similar to Jerusalem artichoke and chicory, yacon stores
carbohydrates primarily as fructan, in particular as fructooligosaccharides (FOS), with FOS accounting
for up to 70% of the dry matter content [10]. The FOSs in yacon consist mainly of kestose, nystose,
and fructofuranosylnystose [7]. The high fructooligosaccharide content makes yacon an interesting
resource for the food processing industry. FOSs cannot be digested by the human intestinal tract and
therefore do not lead to an increase in blood glucose level. For this reason, yacon can be used as a
natural sweetener for diabetics [11]. Due to its high tuber yield and interesting properties, yacon could
offer European farmers a promising opportunity to increase crop diversity.

In recent years, several publications have assessed the influence of genotype selection and
cultivation practice on yacon tuber yields and composition [6,8,12–15]. Kamp et al., for example,
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showed that nitrogen fertilization had an influence not only on the tuber yield but also on the
fructooligosaccharide content of the tubers [6]. An increase in nitrogen fertilization levels led to an
increase in both tuber yields and the FOS content of the tubers, and therefore also to an increase in
total FOS yield per hectare. However, an increase in nitrogen fertilization was also accompanied by an
increase in environmental impact, for example through nitrate leaching, and additional costs for the
farmer. Furthermore, it has been shown that different propagation techniques lead to considerable
differences in both propagations costs and tuber yields [14].

Thus, before this novel food crop is introduced on a larger scale, it is necessary to consider which
yacon cultivation system is the most beneficial from both an environmental and economic point of
view. Despite the growing importance of FOS-producing crops, there are currently no studies on the
environmental performance of yacon cultivation. With regard to its economic performance, only the
economic feasibility of the different propagation methods has been analysed to date [14]. For this
reason, the current paper assesses the economic and environmental performance of entire yacon
cultivation systems. In line with the sustainable intensification approach, the aim is to find cultivation
systems which increase the yacon tuber yield and quality, while minimizing negative environmental
impacts and production costs [16]. In addition, it identifies possible trade-offs between environmental
and economic factors and discusses possible mitigation options.

The environmental performance of yacon-based FOS production was assessed by conducting a
life-cycle assessment (LCA), according to the ISO standards 14040 and 14040 [17,18], and applying the
life-cycle impact assessment methodology ReCiPe [19]. The selection of the relevant environmental
impact categories was based on Wagner et al. [20], who analysed the relevance of various impact
categories in the assessment of the environmental performance of agricultural production systems. Their
study recommended including the impact categories climate change (CC)—which corresponds to global
warming potential—agricultural land occupation (ALO), marine (ME) and freshwater eutrophication
(FE), human toxicity (HT), as well as marine (MET) and freshwater ecotoxicity (FET) [20]. The economic
performance was analysed in a complementary life-cycle cost (LCC) assessment, in accordance with
Swarr et al. [21]. The data for the yacon cultivation were based on a field trial at Ihinger Hof, a research
station of the University of Hohenheim, as described in Kamp et al. [6]. The FOS content of the
yacon tubers was analysed by high performance liquid chromatography (HPLC). Background data
on emissions and costs associated with input substrates (e.g., fertilizer), machine use, and transport
processes were taken from the ecoinvent database 3.5 [22] and from the KTBL database [23].

2. Materials and Methods

2.1. Scope and Boundaries

The functional unit chosen was 1 kg of fructooligosaccharide contained in the yacon tubers at the
farm gate. The further FOS extraction process was not included here.

The system assessed in this study is displayed in Figure 1. The system boundaries included the
production and transport of the input substrates used, such as mineral fertilizers and herbicides,
the production of the propagation material, and the agricultural management (soil cultivation, ridging,
planting, fertilization, herbicide spraying, harvesting), including diesel consumption of the respective
process steps. After soil cultivation and fertilizer application, ridges were formed, into which the
yacon plantlets were then transplanted. Chemical weed control was performed twice, once before
planting and once during the growth period. After the harvest, which was performed using a modified
potato harvester, the tubers and rhizomes were separated by hand. The rhizomes were stored until the
next year to be used for propagation of new plantlets in the greenhouse.
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2.2. Life-Cycle Inventory

The study was based on the results of a field trial where yacon was cultivated under three nitrogen
fertilizer regimes at the Ihinger Hof, a research station of the University of Hohenheim (48◦44′ N,
8◦55′ E and 475 a.s.l.) in southwest Germany [6]. Before planting, soil preparation was performed
once with a plough and twice with a tine cultivator. At the beginning of May, the yacon plantlets
were transplanted by hand into the ridges (height × width: 60 × 45 cm; 44 cm between ridges) with a
plant density of 12,531 plants ha−1. Plantlets were obtained from rhizome pieces pre-cultivated for
six to eight weeks in the greenhouse before being planted. The field trial evaluated the tuber yield
formation of two yacon genotypes: a brown-shelled (BG) and a red-shelled genotype (RG). The yacon
genotypes are described more in detail in Kamp et al. [6]. In addition, three nitrogen fertilization
levels were investigated: 0, 40, and 80 kg N ha−1. In the field trial of Kamp et al. [6], ENTEC 26 was
applied as nitrogen fertilizer. ENTEC 26 (EuroChem Agro GmbH, Mannheim, Germany) is a stabilized
fertilizer consisting of 26% total nitrogen (18% ammonium nitrogen, 7.5% nitrate nitrogen) and 13%
hydro soluble sulphur, with nitrification inhibiter 3,4-dimethyl-1H-pyrazole phosphate (DMPP). The
Nmin in the soil prior to planting was 119 kg NO3 ha−1 [6]. The life-cycle inventory also included
the application of 100 kg potassium in form of potassium sulphate, according to the fertilization
recommendation of Singh [24]. It has been shown that potassium fertilization has positive effects on
the yield and quality of tuberous root plants [25]. The potassium fertilization was the same for all
nitrogen fertilisation levels analysed in this assessment. In yacon, weed control has to be applied [26].
The current study made the assumption that chemical weed control was applied using 1.25 l ha−1 Dual
Gold (Syngenta, active ingredient 960 g l−1 S Metolachlor) as a pre-emergence herbicide before planting
and 3.5 l ha−1 Stomp Aqua (BASF, active ingredient 455 g l−1 Pendimethalin) as a post-emergence
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herbicide. Furthermore, it was assumed that all input substrates were transported 150 km from their
production sites to the farm by truck and 2 km to the field by tractor. In practice, yacon is harvested in
October with a modified potato or carrot harvester. The results of the field trial showed significant
differences in yield between the two genotypes and the three nitrogen levels [6]. The dry matter yield,
FOS content, and FOS yield for the different fertilization levels are displayed in Table 1. The data used
in the current study resulted from the year 2017. In Kamp et al. [6], the results for the field trials are
displayed for 2016 and 2017. However, in 2016 a different propagation system was used, therefore the
current assessment includes only the yield data and yacon tuber characteristics from the year 2017.

Table 1. Dry matter yield, fructooligosaccharide (FOS) content, and FOS yield of the yacon genotypes,
with three different nitrogen fertilization levels. Establishment was carried out using standard procedure,
i.e., planting of pre-cultivated plantlets. Data from Kamp et al. [6].

Input/Output Red-Shelled Genotype Brown-Shelled Genotype

Fertilization level in kg N ha−1 0 40 80 0 40 80
Tuber yield in kg DM ha−1 10,350 10,496 11,405 4716 4515 5672

FOS content in % 30.50 33.23 34.81 36.21 39.35 42.02
FOS yield in kg FOS ha−1 3157 3488 3970 1708 1777 2383

In the harvesting process, both the yacon tubers and rhizomes are harvested. As a consequence,
there is no risk of yacon re-sprouting in the follow-on crop. In addition, the cold winter temperatures
in southwest Germany would destroy any plant material left, as yacon is a non-frost tolerant crop [1].
After the harvest, the tubers have to be manually separated from the rhizomes. The rhizomes are
wrapped in perforated bags and stored in lightproof boxes, filled with a mixture of sand and sawdust
to absorb humidity. The following year, the rhizomes are sliced into smaller pieces, which are then
propagated in the greenhouse, as described in Kamp et al. [14]. This procedure is referred to as
“standard procedure” in the following text. It results in a yield of 15 pieces per rhizome. Therefore
approximately 836 rhizomes are required to obtain the necessary planting density of 12,531 plants ha−1.
In the current study, it was assumed that the farmer buys new rhizomes every 10 years to acquire novel
yacon genotypes and keep up with breeding progress. The costs of purchasing 836 rhizomes were
allocated to the 10 years in which the genotype was used.

Fertilizer-induced emissions during the cultivation process were estimated as described below.
Direct N2O and NO emissions from nitrogen fertilizer were calculated according to Bouwman et al. [27].
Indirect N2O emissions from nitrogen fertilizer and N2O emissions from harvest residues were
calculated based on emission factors taken from Intergovernmental Panel on Climate Change (IPCC) [28].
Nitrogen-fertilizer-induced ammonia emissions were estimated according to EMEP/CORINAIR
emission inventory guidebook [29]. Phosphate and phosphorus emissions to surface and ground water
were estimated based on Nemecek and Kägi [30]. Nitrate leaching to ground water was calculated
according to the emission factors taken from IPCC [28]. All pesticides applied were modelled completely
as emissions to agricultural soil, in accordance with Nemecek and Schnetzer [31]. The ecotoxicity
values for the herbicides applied were taken from the ecoinvent database [22]. In the field trials,
a fertilizer with nitrification inhibitors was used (ENTEC 26). The resulting emission reductions were
calculated for direct N2O and NO emissions according to Akiyama et al. [32] and for nitrate leaching
according to Díez López and Hernaiz [33].

The costs of machinery and diesel used in the agricultural operations were based on the KTBL
database [23]. The related labour costs were calculated using the working time requirements for
each agricultural operation specified by KTBL [23]. Hourly wages of €17 were assumed based on
calculations by the North Rhine-Westphalia chamber of agriculture and the German agricultural labour
agreement [34]. These labour costs included incidental wage costs. An annual land rent of €328 per
hectare was applied. This was based on the average cost of leasing agricultural land in Germany in the
year 2016 [35]. Background data associated with the transport of the input substrates, transport costs
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for the yacon tubers, and herbicide costs were taken from the ecoinvent database 3.5 [22]. Potassium
and ENTEC 26 fertilizer costs were based on market prices [36,37]. The cost assumptions used are
described more in detail in the supplementary material. The costs of the agricultural operations are
given in Table S1 and those of the input substrates in Table S2. The costs of biomass transport are
shown in Table S3 and details of costs associated with the propagation process are given in Table S4.

2.3. Scenario Analysis

In the standard procedure, plantlets are obtained from rhizome pieces pre-cultivated for six
to eight weeks in the greenhouse before being planted. This pre-cultivation step is quite labour-
and energy-intensive. It has been demonstrated that the direct planting of rhizomes can potentially
decrease propagation process costs substantially, but that the tuber yield is also considerably lower [14].
According to Kamp et al. [14], a yield reduction of up to 30% can occur. For this reason, the influence
of direct rhizome planting on the economic and environmental performance of yacon cultivation was
assessed in a scenario analysis. In this scenario (direct planting), the rhizomes were planted directly
into the soil with a modified potato planter and the FOS yield was reduced by 30% compared to the
standard procedure (as displayed in Table 1).

3. Results

The results of the life-cycle cost analysis are presented first, followed by the life-cycle assessment.

3.1. Life-Cycle Cost Analysis

The life-cycle costs of the red-shelled (RG) and brown-shelled genotypes (BG) are given in Euro
per kg FOS (Figure 2). In addition, in Table S5 in the supplementary, they are given per tonne FM. There
are considerable differences between the two genotypes. The production costs of the brown-shelled
genotype are almost twice as high as for the red-shelled genotype. This is caused by the significantly
lower FOS yield of the brown-shelled genotype. A comparison of the different treatments showed that
the increase in FOS yield caused by additional nitrogen fertilizer led to a significant decrease in costs.
In addition, despite the lower yield, direct planting was associated with lower production costs. This is
true for both genotypes (see Figure 2). However, the differences between the standard procedure and
direct planting were quite small.
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genotype (BG).

Figure 3 shows the distribution of the costs for the standard procedure and direct planting.
For both treatments, the results are displayed for the red-shelled genotype and the fertilization level
40 kg N ha−1. Here, “production input material” includes the production of all fertilizers and pesticides.
“Agricultural operations” incorporates all steps from soil cultivation through to harvest, including the
separation of tubers and rhizomes. “Propagation” includes the storage of the rhizomes and propagation
in the greenhouse. “Transport biomass” incorporates the transport of the yacon tubers and rhizomes
from the field to the farm.
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1 
 

 

Figure 3. Distribution of yacon production costs in Euro per kg FOS (here shown only for the red-shelled
genotype and the 40 kg N ha−1 fertilization level).

The yacon production costs are dominated mainly by the costs of agricultural operations and
propagation (Figure 3). The agricultural operations costs are incurred to a large extent from the
yacon planting and harvest. There are considerable differences between the two treatments. The most
pronounced difference can be seen in the step “propagation”. Propagation costs are dominated by
labour costs (e.g., due to the slicing of the rhizomes) as well as by costs for greenhouse infrastructure
and operation, which are not incurred in direct planting.

3.2. Life-Cycle Assessment

For the seven impact categories assessed, the environmental impacts are expressed per functional
unit (FU) of 1 kg FOS (Figures 4–6). In addition, in Table S5 in the supplementary materials they are
given per tonne FM. In the category marine eutrophication, the environmental impact increased with
an increase in nitrogen fertilization. The standard procedure showed lower results than for direct
planting and thus had a more favourable environmental performance (Figure 4).
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By contrast, in the impact categories agricultural land occupation, freshwater ecotoxicity,
and freshwater eutrophication, an increase in nitrogen fertilization level led to a decrease in the
respective environmental impacts per FU. This was true for both propagation methods, the standard
procedure and direct planting (Figure 5).

The life-cycle impact assessment results for the impact categories climate change, human toxicity,
and marine ecotoxicity are shown in Figure 6. For the brown-shelled genotype, the 40 kg N ha−1

fertilization level resulted in the highest environmental impacts per kg FOS in all three categories.
The differences in the environmental performance between the 0 and 80 kg N ha−1 fertilization
levels were comparatively small (Figure 6). For the red-shelled genotype, the assessment showed a
slight increase in the impact categories climate change and human toxicity with increasing nitrogen
fertilization. In the category marine ecotoxicity, the 40 kg N ha−1 fertilization level showed the highest
impacts for the red-shelled genotype. The 0 and 80 kg N ha−1 levels are comparable.
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3.3. Hotspot Aanalysis

A hotspot analysis of the economic and environmental performance of yacon cultivation for FOS
production is displayed in Figure 7. Results are shown for the 40 kg N ha−1 fertilization level for the
red-shelled genotype planted in the standard procedure. Here, “production input material” includes
the production of all fertilizers and pesticides. “Agricultural operations” incorporates all steps from
soil cultivation through to harvest, including the separation of tubers and rhizomes. The “agricultural
system” includes the land use of the yacon cultivation as well as all fertilizer-induced emissions.
“Propagation” refers to the storage of the rhizomes and the propagation in the greenhouse. “Other”
includes land rent and all costs and environmental impacts associated with the transport of the biomass
from the field to the farm.

There are considerable differences between the major contributors to the costs and environmental
impacts. Whereas the life-cycle costs of FOS production are dominated by costs for propagation
and agricultural operations, the environmental impacts are strongly influenced by the agricultural
system (Figure 7). ALO is almost exclusively dominated by the agricultural system, i.e., the land
used for cultivation. By contrast, the impact of the agricultural system in the category climate
change is mainly caused by nitrogen fertilizer production (contained in production input material)
and nitrogen-fertilizer-induced emissions, such as N2O. Fertilizer-induced emissions are also main
contributors to the impact categories ME (nitrate emissions to ground water), FE (phosphate and
phosphorus emissions to surface and ground water), and FET (phosphorus emissions to surface water).
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Figure 7. Hotspot analysis of the economic and environmental performance of yacon cultivation for
FOS production (results are shown for the 40 kg N ha−1 fertilization level of the red-shelled genotype
planted in the standard procedure). ALO = Agricultural land occupation; CC = Climate Change;
ME = Marine eutrophication; FE = Freshwater eutrophication; HT = Human toxicity; MET = Marine
ecotoxicity; FET = Freshwater ecotoxicity.

4. Discussion

The first part of the discussion provides a critical analysis of the environmental and economic
performance of yacon-based FOS production. Here, possible trade-offs are identified between life-cycle
costs and environmental impact categories, as well as between the environmental impacts themselves,
the main hotspots are highlighted, and potential improvements suggested. The second section focuses
on the question of which yacon cultivation system makes the most sense from an environmental and
economic point of view and can be recommended for introduction into agricultural practice in Europe.

4.1. Environmental and Economic Performance of Yacon-Based FOS Production

The results of the environmental and economic assessment of the different yacon production
procedures revealed that a high FOS yield is the key to low negative environmental impacts with
simultaneous low costs.

It is this higher FOS yield that led to both lower environmental impacts and life-cycle costs per
kg FOS in the red-shelled rather than the brown-shelled genotype, independent of treatment and
propagation method. Although the brown-shelled genotype had a higher percentage FOS content,
the lower tuber yields resulted in considerably lower FOS yields per hectare compared to the red-shelled
genotype. As the vast majority of costs and environmental impacts remained the same per hectare
regardless of the FOS yield, the red-shelled genotype had a superior economic and environmental
performance per kg FOS.

The study showed that there were only relatively small differences in production costs per kg
FOS between the two propagation methods “standard procedure” and “direct planting”. In “standard
procedure”, significantly higher propagation costs for the greenhouse cultivation of plantlets were
incurred. These were avoided to a large extent in “direct planting”, leading to slightly lower production
costs per kg FOS, despite the 30% yield gap. However, with regard to the environmental performance,
direct planting led to considerably higher impacts in all categories assessed. This is because, although
the propagation method had a huge influence on production costs (as explained above), it had only
minor impacts on the environmental performance in most impact categories. It was shown that the
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cost-intensive manual labour involved in the propagation method standard procedure did not lead
to environmental impacts. Therefore, the two propagation methods had comparable environmental
impacts per hectare, but these impacts had to be allocated to considerably different yield levels. As a
result, the standard procedure had a better environmental performance per kg FOS produced. This study
assumed a 30% yield reduction for direct planting, in accordance with Kamp et al. [14]. However
in other field trials, the recorded yield reduction was considerably smaller. In a study conducted by
Doo et al. [38], the yield for the direct planting of yacon rhizomes was only 5% lower than for the
greenhouse pre-cultivation treatment. A decrease in yield reduction of this magnitude through adapted
genotypes and agricultural management would offer the opportunity of significantly improving the
environmental and economic performance of the direct planting of yacon. The production costs per kg
FOS, for example, would decrease by 26%.

In addition to the differences in environmental performance between the two propagation methods,
there were also considerable differences in both environmental and economic performance between the
different nitrogen fertilization levels. Marine eutrophication is mainly caused by nitrate leaching as a
result of nitrogen fertilizer application. Thus, the impact in this category was found to increase with an
increase in fertilization level, despite higher yields. This has also been shown in other studies assessing
the influence of nitrogen fertilization levels on agricultural production systems [39]. As the use of
nitrogen fertilizer had no significant influence on the impact categories agricultural land occupation,
freshwater eutrophication, and freshwater ecotoxicity, the increase in FOS yield led to a decrease in the
environmental impact in these categories from the 0 to 80 kg N ha−1 level. For the impact categories
climate change, human toxicity, and marine ecotoxicity, the picture was more complex. In these
categories, the environmental impact per kg FOS of the brown-shelled genotype was comparable in
the two fertilization levels 0 and 80 kg N ha−1. The environmental impact of the fertilization level
40 N ha−1 was significantly higher. This was caused by the only small increase in FOS yield from 0 to
40 N ha−1 (in the case of the brown-shelled genotype), which led to a less favourable environmental
performance of the 40 N ha−1 treatment per kg FOS produced. The advantage of the 80 N ha−1 level
was related to the fact that not only the tuber yield but also the FOS content increased, resulting in the
highest FOS yields. For the red-shelled genotype, there was a slight increase in the categories climate
change and human toxicity from the 0 to the 80 kg N ha−1 fertilization level. In the case of human
toxicity, the impact was due to nitrogen fertilizer production, and in particular to heavy metals, such as
Cd, Zn, Co, Se, Hg, contained in the fertilizer [40]. In addition to fertilizer production, the impact in
the category climate change was caused to a large extent by fertilizer-induced N2O emissions and N2O
emissions resulting from the decomposition of the yacon leaves. In intensive systems with high inputs
(e.g., fertilizer), it is quite common that, in the category climate change, the impact per kg output
increases despite significant increases in yield [41].

The hotspots of the impacts varied significantly between the environmental impact categories and
the life-cycle costs. As demonstrated above, the environmental performance was mainly influenced by
fertilizer production and fertilizer-induced emissions. By contrast, the life-cycle costs were dominated
by the costs of propagation and of agricultural management. This means there is no easy way to improve
the environmental and economic performance simultaneously. As already mentioned, yield increase
is one important variable in improving the economic and environmental sustainability. An increase
in yield at constant inputs decreased both the environmental impacts [42] and the costs [43] per kg
output produced (e.g., kg FOS). Here, the focus should be on the propagation method direct planting,
as there is a considerable yield gap between this and the standard procedure.

Another important factor in the environmental performance of the yacon-based FOS production,
in addition to fertilizer-induced emissions, was the release of emissions by the decomposition of
harvest residues. In the 80 kg N ha−1 treatment, the yacon leaves of the red-shelled genotype contained
up to 226 kg N per ha [6] and, according to the IPCC calculation guidelines [28], their decomposition
may lead to considerable N2O emissions. One way of avoiding these emissions would be to harvest
the leaves as a by-product. Yacon leaves could be ensiled to be used as biogas substrate, as has
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already been demonstrated for sugar beet leaves [44]. In addition, yacon leaves contain valuable
phytochemicals, such as phenolic and flavonoid compounds [45], which can have anti-microbial and
anti-inflammatory properties [46]. Khajehei et al. [47] demonstrated that old leaves of the red-shelled
yacon genotypes exhibited a high antioxidant activity level as well as high amounts of certain valuable
phytochemicals. It is assumed that the harvest of the leaves should take place as late as possible in
order to avoid an adverse effect on tuber formation and thus also tuber yield. Field trials with other
root and tuber crops that also store carbohydrates as FOS, such as Jerusalem artichoke, showed that a
late harvest is advantageous, as it enables the plant to recirculate macro- and micronutrients from the
aboveground back to the underground biomass [48,49]. Using the leaves for the production of valuable
by-products would also offer an opportunity to significantly improve the economic performance of
yacon production.

4.2. Guidelines for an Economically and Environmentally Sustainable Yacon-Based FOS Production

Based on the results of this study, it might be concluded that from both an economic and
environmental perspective the red-shelled genotype fertilized with the highest rate of 80 kg N ha−1

and propagated in the standard procedure is the most sustainable cultivation system of those analysed.
This cultivation system achieved the highest FOS yields per hectare, lowest FOS production costs,
and lowest environmental impacts in five of the seven categories assessed. However, future research
should focus on the propagation method direct planting, in particular on closing the yield gap to the
standard procedure. One method of achieving higher yields in direct planting could be the use of
larger rhizomes pieces. Another possibility would be the cultivation of genotypes more suitable for
direct planting, for example, those which yield stronger rhizomes or have a faster crop development.
Genotype selection also has a significant influence on the environmental and economic sustainability
of yacon cultivation, as there are significant differences between genotypes in tuber yield [6,50], sugar
content [15,51], as well as phenolic content and antioxidant activity [52]. Therefore, the future success
of yacon cultivation is dependent on breeding and cultivating genotypes that are adapted to direct
planting and that exhibit both high tuber yield and high FOS content. In addition, for these genotypes
more long-term field trials are necessary. The environmental and economic performance assessed in
the current study was based on yield data from one year. The data used, however, are comparable to
field trials with similar tuber crops such as Jerusalem artichoke, which demonstrated that an increase in
nitrogen fertilization leads to an increase in tuber yields [53,54], even though there is more information
needed as annual climatic effects, such as changes in precipitation, can have a significant impact on
yacon tuber yield formation [6].

Experience with other root and tuber crops, such as Jerusalem artichoke, has shown that, to be
economically viable, various parts of the plant need to be used [55]. As discussed above, not only
the tubers, but also the leaves should be utilized for the production of high-value products [45,46].
The impact of the harvest of leaves as a by-product was not included in this study. However,
the cultivation of yacon as a double-use crop with the utilization of these valuable by-products offers an
opportunity to significantly improve the economic and environmental performance of yacon cultivation.

With the worldwide prevalence of diabetes likely to rise considerably in coming decades [56],
the demand for natural sweeteners that do not lead to an increase in blood glucose level will increase.
Yacon, currently a minor crop in Europe, could play a prominent role here, due to its high FOS yield.
The results of this study demonstrated that it is possible to select agricultural production systems with
comparatively low production costs and impacts on the environment. In addition, they emphasized
the importance of an ex ante assessment before a new crop is introduced on a wider scale, and the
necessity of including both economic and environmental performance in such assessments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/17/4581/s1,
Table S1: Costs of agricultural operations, Table S2: Costs of input substrates, Table S3: Biomass transport costs,
Table S4: Propagation costs, Table S5: Environmental impacts and production costs per t FM yacon tubers.
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7. General discussion 
 

The main target of the present study was to develop a cropping system for yacon, which can be 

adapted for Europe. Therefore, it was of particular importance to establish a system, which is 

suitable for this region, as it may be different in some major agronomic aspects from the cropping 

systems established in the countries of yacon’s origin. Furthermore, at the moment predominant 

knowledge about the small holder cultivation is available whereby large-scale cultivation is not 

conceivable through missing agronomical standards for cultivation. 

Each publication focused on one major topic. Publication I covered the topic of propagation 

methods and compared three different propagation methods according to tuber yield formation and 

incurring costs to identify the most profitable and best practice method for the farmer. To identify 

the most suitable genotypes for cultivation in Europe in publication II, nine different genotypes 

were examined regarding tuber yield formation and sugar content as well as their composition. 

Publication III investigated the influence of nitrogen fertilization on the nitrogen uptake as well 

as tuber yield formation and sugar composition. Publication IV examined the production costs 

and environmental impact of different yacon cultivation systems to determine the most suitable 

cultivation system for a practice oriented implementation. These different aspects were identified 

and discussed in each publication separately and will not be repeated in this chapter. The general 

discussion will merge the explored information of all publications with the objective to outline the 

opportunities, chances and risks of yacon cultivation in Europe. Besides the cultivation, also the 

market chances and processing opportunities will be covered. Overall the discussion will come up 

with a final rating of emerging opportunities for agriculture in Europe out of the cultivation of 

yacon.  

 

7.1 Propagation 
 

A crop that is new to existing structures requires a strong focus due to various challenges 

associated with its cultivation. One major problem are the high propagation costs. To reduce costs 

for propagation, the direct planting of rhizome pieces is preferable and an option with a high 

potential for a future mechanization. However direct planting induces yield losses of about 30% 

compared to other propagation methods, which includes pre cultivation in the greenhouse (Kamp 
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et al. 2019c). Due to lower tuber yields direct planting has considerably higher environmental 

impacts in nearly all categories than yacon cultivation with pre cultivation in greenhouse (Wagner 

et al. 2019). Increasing the tuber yield is therefore a decisive factor in the further development of 

direct planting. One possible improvement could be achieved by increasing the size and also the 

number of buds of the direct planted rhizome pieces. Unpublished results of a field trial carried 

out in the framework of the present thesis showed, that with increasing weight of planted rhizome 

pieces the tuber yield also increased (Figure 1). However, no significant difference between 

rhizome weights could be detected due to inhomogeneous development of the plant stock and 

therewith a wide range of tuber yield. Nevertheless, the trend of an increasing yield was noticeable. 

Additionally to accelerate the sprouting process a fleece was used that covered the whole trial. No 

positive effect of the fleece regarding the sprouting time was determined. However, the study 

indicated that with an increasing rhizome weight also the tuber yield increased, but further 

examinations are needed for homogenous development and faster emergence. 
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Figure 1: Tuber yield of three different direct planted rhizome weights across the experimental years 2017 and 2018. 

ANOVA carried out for the three different weights in FM t ha-1. No significant differences between the three different 

weights could be detected for p<0.05 (year: 0.1518; year*rep: 0.5389; rhizome weight: 0.5336) 

Besides the relevance of rhizome size and number of buds per rhizome piece, further 

improvements could be achieved, if similar to potatoes, pre-sprouting methodologies would be 

developed. Besides a better and faster field emergence, homogenous plant stands and also 

increased tuber yields might be expected. Pre-sprouting of potatoes is controlled by temperature, 

light and water. Four to six weeks before planting, potatoes are placed in a box or a mesh bag. 

Temperatures up to 15 to 20 °C are normally used to induce the growth of a light shoot of 
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1 to 1.5 cm (Haase et al. 2007). This pre-sprouting caused in general an earlier field emergence 

between eight to 14 days compared to non-pre-sprouted potatoes (Karalus and Rauber 1997; Moll 

1985). This is advantageous due to faster competitiveness against weed pressure and longer growth 

periods, which could lead to higher tuber yields (Möller and Reents 2007). This is also shown by 

Doo et al., who reported 1.8% higher tuber yields with pre-sprouted rhizomes of yacon (Doo et al. 

2002). Moreover it would be possible to grade the rhizomes after pre-sprouting to enhance the 

homogenous development of the plant stock. The combination of higher rhizome weights and pre-

sprouting could increase the tuber yield significantly and makes direct planting a promising 

method. The similarity to potatoes in case of planting and harvesting makes it possible to use 

common potato planters with some modifications in regard to height of ridges and planting depth 

(Douglas et al. 2005a). The process step of separating the tubers and the rhizomes at harvest must 

be done manually, independently of propagation method. This is also common in other vegetables 

crops. The harvest of leek and cauliflower need due to manual process steps 11.43 and 71.21 h ha-

1, respectively (KTBL-Kuratorium für Technik und Bauwesen in der Landwirtschaft 2019). Also 

the fact, that pre-sprouting does not need a high input of technical equipment and the knowledge 

is already existing, turns it into a realistic opportunity for enhancing yacon tuber yields. Another 

side-effect of increasing tuber yields would be the related decrease of environmental impact and 

production costs of this cultivation method. 

Another possible option to propagate yacon could be the development of in-vitro cultivation. 

Advantages of the propagation by in-vitro cultivation are homogenous plant material, low space 

requirement for propagation and, depending on the method, storage of the rhizomes would be no 

longer necessary. One option is to cultivate stem cuttings on nutrient medium (Estrella and Lazarte 

1994). A disadvantage of cultivating stem cuttings is the need of plants for inducing in-vitro 

cultivation. To induce propagation in the winter month, plant material from the greenhouse is 

needed. Hence, a more preferable option is the propagation by somatic embryogenesis. For this 

purpose leaves are cultivated in-vitro to induce callus tissue and afterwards to gain somatic 

embryos from this callus (Corrêa et al. 2009). For the first initiation plants or plant are material 

needed, but if callus tissue is generated once, it could be used for further callus generation and in-

vitro propagation (Verma et al. 2016). In this case, storage of rhizomes is no longer needed, 

because plant material for further propagation could be stored in-vitro. This long term conversation 

of plant material is even possible under slow-growing conditions (Skalova et al. 2012). Several 

studies that investigated this topic so far showed that adaption of plants in-vitro culture is possible, 

but associated with high efforts (Trevisan et al. 2014; Corrêa et al. 2009). Therefore, there is a 
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need for further studies to examine the field stability of in-vitro cultivated yacon plants. Due to the 

associated high costs, in-vitro cultivation is not used extensively (Xue et al. 2015).  

 

7.2 Management practices – Implementation in existing cultivation systems 

 

7.2.1 Crop rotation 
 

One further sensitive point is the integration of yacon in existing crop rotations. Decisive for the 

successful implementation are for instance the aspects of length of vegetation period and besides 

that the characteristics of a crop like nutrient demand or nutrient content in crop residues. 

Similar to sugar beet is the nitrogen content in the aboveground biomass of yacon, left after harvest 

quite high and reached up to 226 kg N ha-1 (Kamp et al. 2019a; Carter and Traveller 1981). The 

aboveground biomass of both crops exhibits a low C/N-ratio which ranged in average from eight 

to eleven for sugar beets and from eight to 15 for yacon. Therefore, a quick release of nitrogen 

through mineralization is anticipated (Rahn et al. 2003; Whitmore and Groot 1994) which 

increases the risk of nitrate leaching (Goulding 2000). To avoid the risk of nitrate leaching a 

subsequent crop with high nitrogen uptake potential is needed. One further opportunity to avoid 

risks of nitrate leaching during the winter month is the use of the aboveground biomass as well. 

Similar to the tubers also the aboveground biomass of yacon, which is rich in health promoting 

compounds like phenols and flavonoids, can be used for extract preparation (Khajehei et al. 2017). 

Besides the utilization for human diets, also the use for animal feed purpose or for energetic use 

as a silage could be imaginable (Koike et al. 2009). With such a full utilization of the whole plant, 

no plant residues will be left, and the environmental impact would be minimized. Besides the 

potential additional value of by-product usage, more flexibility in the crop rotation would result as 

the potential high nitrogen leftovers in the soil would no longer oppose a problem.  

Since sugar beet and potato are comparable to yacon due to similar vegetation periods from April 

to October, solutions for embedding yacon in the crop rotation could follow the given guidelines 

of these two crops (Estrella et al. 2007; Freyer 2003). Due to the late harvest date of yacon, the 

possibilities for subsequent crops are limited at least in Germany. As yacon is cultivated on ridges, 

conventional soil cultivation or at least the use of a chisel plow is needed after harvest for the 

subsequent crop. One option for the subsequent crop could be the late establishment of winter 

wheat, as winter wheat is one of the latest sown crops in Germany and can be established also in 
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frozen ground late in the year. All other cereals like winter rye, winter barley or triticale are not 

possible, because of the late harvest date of yacon in October or preferably November (Estrella et 

al. 2007). Another option could be the cultivation of catch crops. But also in this case the late 

harvest date is critical and only permits green rye (Komainda et al. 2016). Another possibility 

could be to use the system of conversation tillage. Leaving plant residues with a cover of >30% at 

the soil surface reduces the risk of wind and water erosion during the winter months (Prasuhn 

2012; Kassam et al. 2011). Plant residues could be inserted after winter and nitrogen for the 

subsequent crop. This could also be a good option for organic farming, to increase the soil fertility 

and protect the soil against erosion at the same time.  

Taking into account the climatic conditions in other European countries,higher average 

temperatures would allow earlier planting dates for yacon, which would lead to differences in 

harvest dates and the available vegetation period (Figure 2). Besides temperature, precipitation is 

also a decisive factor. Like shown in previous studies, precipitation is one of the major influencing 

factors for tuber yield (Kamp et al. 2019b; Douglas et al. 2007; Cabrera et al. 2005). As a result 

nearly the whole part of Italy, the south-west of France, major parts in Spain, Portugal, Slovenia 

and Croatia could offer suitable conditions for direct planting due to higher average temperatures 

and sufficient precipitation. Especially the north-west part of Spain and Portugal seems to be a 

promising area due to high average temperatures and high precipitation during planting and 

germination period. Even though Hungary also showed higher average temperatures than 

Germany, it is not suitable for yacon cultivation due to lower precipitation, except farmers would 

apply irrigation in the cropping system. All other countries are comparable to Germany with regard 

to temperature or lower like Scandinavian countries. As a result, there would be lower tuber yields 

in Scandinavia due to the later possible planting date, which makes yacon unsuitable for 

cultivation.  

The cultivation of yacon in other parts of Europe and therewith the possible earlier planting date 

results in several options for its implementation in a suitable crop rotation as well as a longer 

vegetation period. In addition to the possible integration in crop rotation, a longer vegetation period 

can lead to higher tuber yields. By improving the propagation process through pre-sprouting, as 

discussed in chapter 7.1, new opportunities are also conceivable for Germany.  

Besides the advantage of higher temperatures in March and therewith the possibility for an earlier 

planting date also the precipitation over the whole vegetation period must be considered. As 

mentioned in literature at least 550 mm precipitation are required for the production of yacon 
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tubers (Cabrera et al. 2005). As shown in publication II, the impact of hot and dry climatic 

conditions is not equal for all genotypes and can be a determining factor in future. Therefore, 

further investigations are needed, in order to figure out which genotypes are suitable to different 

regions in Europe. On this occasion a few factors can be an issue such as specifications of 

genotypes and of the regions as well. Potentially some genotypes are better adapted to hot and dry 

conditions due to less aboveground biomass or other phenotypical characteristics. Also the given 

agronomic pre-conditions of a region are decisive. In some areas without sufficient precipitation 

there are perhaps well-developed irrigation structures, which make cultivation of yacon possible. 

Additionally so far, no investigations have been carried out with regard to temperature effects on 

tuber yield and sugar composition of yacon.  

Figure 2: Map of Europe; on the left: long term average temperature in March in °C; on the right long term average 

precipitation in March in mm. Reference: Deutscher Wetter Dienst, 2019 (Deutscher Wetterdienst 2019). 

Apart from the possibilities for subsequent crops, the requirements for the previous crop and the 

soil conditions for yacon cultivation are a critical point. Contrary to the high nitrogen contents in 

aboveground biomass, publication III showed, that the nitrogen demand of yacon is not very high 

and sufficiently covered with 40 kg N ha-1 (Kamp et al. 2019a). Nitrogen uptake is nevertheless 
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high, due to mineralization. Mineralization is increased according to faster heating and better soil 

aeration through cultivation in ridges (Stahr et al. 2012). Also, the long vegetation period provides 

the high uptake rates. Consequently, the claim to the previous crop is not quite high. That offers 

the opportunity to cultivate yacon in organic farming systems, as there is no need for additional 

fertilizer if appropriate Nmin values exist. In general, the importance of crop rotation in organic 

farming systems is higher than in conventional farming systems, as no mineral fertilizer can be 

used. Therefore, it is highly relevant to implement a meaningful crop rotation. On this occasion 

yacon offers a good alternative being a crop with low nitrogen demand.  

 

7.2.2 Plant protection  
 

The field trials,conducted in the frame of the present thesis, were not showing any pests or diseases, 

which was contrary to  other studies whereas Rhizoctonia, Scelortinia and Botrytis occurred (Kwon 

et al. 2014; Fenille et al. 2005; Tomioka et al. 2002). It should be considered that yacon, like other 

tuber crops, is susceptible to certain diseases. According to this, further examinations with regard 

to the occurrence of diseases, their influence of growth, development and tuber yield as well as the 

possibilities for plant protection are necessary. It is important to figure out, if common plant 

protection treatments also work for yacon without causing significant yield losses.  

According to the enormous weed pressure at the first development stages of yacon, either an 

herbicide treatment or a mechanical weed control is necessary, as yacon development is quite slow 

in the beginning. When reaching row cover after 50 to 60 days, no further weed control on the 

ridges is needed, but only between the ridges (Fernández et al. 2007). The use of pre-emergence 

herbicides is possible and does not cause a decrease in tuber yield (Douglas et al. 2007; Scheffer 

et al. 2002). If for direct planting a mulch fleece for ridge cover is used, pre-emergence herbicides 

are not mandatory. Contrary to the unproblematic pre-emergence herbicides, the application of 

some post-emergence herbicides can cause leaf necrosis and a decrease of tuber yield and only 

selected products are possible for application (Scheffer et al. 2002). If cultivation of yacon should 

be organic or farmers want to avoid the use of herbicides, mechanical weed control is 

indispensable. One option could be the use of common weed choppers used in potatoes in-between 

the ridges and, when no mulch fleece is used, for the flanks of the ridges. Also manual weed control 

is common in cultivation of vegetables and ranges from 7.16 to 52.08 h ha-1, depending on 

procedures and vegetable (KTBL-Kuratorium für Technik und Bauwesen in der Landwirtschaft 
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2019). Another option could be sowing of winter wheat in-between the ridges to avoid weed 

pressure. Winter wheat can be easily mulched if required. This system was already partially 

established in the present study. In case of even stricter discussions on the use of herbicides, the 

option of mechanical weed control is important. 

As elaborated in the previous paragraph, the implementation of yacon in existing cultivation 

systems is possible from an agronomic point of view. The implementation can offer advantages 

for the farmer in several points. With cultivation of yacon as a new plant, the crop diversity will 

increase and offers diversity for the landscape and also for the farmer, which means redistribution 

of work peaks as well as new possibilities for profit. Besides the advantages in case of workload 

and biodiversity, the farmer can also have a benefit of the new market for processing and selling 

yacon.  

 

7.3 Market situation for yacon as a sugar substitutes  
 

The high demand for sugar substitutes in the form of natural sweeteners increased steadily over 

the last years due to the intension of replacing sugar in food products (Max Rubner-Institut; 

Bundesforschungsinstitut für Ernährung und Lebensmittel 2018b). This recommendation from the 

Federal Research Institute for Nutrition and Food is already implemented by the food retail 

industry, but only partially done with natural sweeteners due to higher costs and caloric values 

(REWE Group Buying GmbH 2018; Neacsu and Madar 2014). Yacon, as a sugar substitute and 

as natural sweetener, offers several benefits compared to other natural sweeteners. Most of the 

other natural sweeteners contain high amounts of monosaccharides and provide a high caloric 

value, wherefore they are unsuitable for replacement of sugar (Neacsu and Madar 2014). The 

expectancy attitude of consumers is to decrease at the same time the amount of sugar and caloric 

value without losing the sweet taste (REWE Group Buying GmbH 2018; Chattopadhyay et al. 

2014). Therefore, yacon, with high amounts of FOS up to 70% of DM is one of the most preferable 

natural sweeteners (Kamp et al. 2019b). Besides the combination of sweet taste and low caloric 

value, yacon also offers further health promoting benefits like bifidogenic effects (Caetano et al. 

2016b; Del Castillo et al. 2012). In comparison with Jerusalem artichoke and chicory, yacon is 

preferable due to shorter DP. Products with a DP <10 provide a higher bifidogenic effect than 

Products with a DP >10 (Slimestad et al. 2010; Douglas et al. 2002; Campbell et al. 1997).  
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The use of yacon can be various, for example in dried form as chips, flakes or dried and milled as 

powder. After juicing it can also be used as a syrup or juice. If consumers buy it fresh, they can 

eat it raw like fruits or in cook the tubers as well (Leidi et al. 2018; de Almeida Paula et al. 2015). 

These multiple fields of application make yacon a favorable natural sugar substitute. Especially 

for the most relevant food products like dietary products and breakfast cereals, yacon offers further 

advantages due to its bifidogenic effect (Caetano et al. 2016a). For yoghurt it can be added as a 

powder, for breakfast cereals in form of dried flakes or as syrup to cover the cereals and also as a 

powder in instant soups (de Almeida Paula et al. 2015). For the production of a sugar substitute 

other regulations apply than for fresh market of tubers. Size and shape of tubers is not relevant for 

the processing industry, but the sugar yield and especially the sugar composition. Besides that 

color is a decisive factor for a sugar substitute as well as it influences the possibilities for 

replacement of sugar in food products (Khuenpet et al. 2017). As already mentioned, not only the 

taste, but also the appearance and feel of the products play a role in replacing sugar in food. There 

might be differences between the texture of yacon powder or syrup depending on the individual 

sugar composition of the genotypes. However, this has not been investigated, yet. 

Apart from all requirements for direct marketing of tubers and processing performance the storage 

and post-harvest treatment of tubers has a major influence on quality of tubers, especially the sugar 

composition, and therewith the final product. As mentioned in chapter 1.3 the amount of FOS after 

harvest decreases rapidly and will be accelerated by warm temperatures. Investigations in the 

frame of this thesis showed, that the sugar composition of yacon tubers changed terrifically during 

storage (Figure 3A + B). Immediately after harvest 66% of total sugar were composted as FOS, 

this value declined to 19% after a storage period of four month at cold temperatures of 3 °C. FOS 

were degraded mainly to glucose, which can be seen in the noticeable increase of glucose from 22 

to 64%. This change in sugar composition has the consequence that the health-promoting benefits 

of yacon and yacon products are no longer existing.  
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Figure 3A + B: Average sugar composition of 9 yacon genotypes (A) immediately after harvest and (B) after 4 month 

storage in soil-sandy mixture at 3 °C and 65% air humidity.  

 

To keep the health-promoting benefits processing after harvest as soon as possible is mandatory. 

One possibility to keep the health-promoting benefits could be to freeze the tubers after harvest. 

The freezing of tubers will stop the degradation process of polysaccharides and offers a longer 

timeframe for processing. However, it has not been determined yet, if freezing of tubers has an 

influence on processing and final product quality. Therefore, further investigations are required.  

 

7.4 Future potential  
 

The present thesis fundamentally discussed relevant parts of a possible yacon cropping system in 

Europe. Even if some major parts for the implementation of yacon are already clarified to a 

satisfactory level, some major aspects still remain open and offer potential for further research. 

Besides some technical aspects like propagation (7.1.) and some open questions related to the 
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management like implementation in crop rotation and use of aboveground biomass (7.2), the 

utilization as a sugar substitute and therewith the necessary post-harvest treatments (7.3) are 

important. As shown in 7.3 the demand for natural sweeteners as a sugar substitute is increasing. 

Extremely important are ongoing investigations according to the best storage conditions without 

losing the health-promoting benefits which could change the options for farmers and the 

processing industry.  

Like shown in 7.1 direct planting offers a huge potential for further investigation like pre-

sprouting. Besides that, also the possibility of in-vitro technique can be considered if more research 

efforts are directed towards this topic. As figured out in 7.2 the implementation of yacon in a crop 

rotation is a sensitive aspect and can be optimized related to the given possibilities of direct 

planting. If an earlier planting date can be realized e.g. in other regions in Europe this would 

increase the options for choosing a subsequent crop. In general, this thesis showed that cultivation 

of yacon is conceivable in Europe and also that other areas are also suitable for the aspect of direct 

planting. Additional influencing factors during vegetation like precipitation and temperature must 

be further examined for genotypes and areas individually.  

Overall, the greatest necessity for further research can be seen in the field of human health studies 

and product development as well as the possibilities for replacement of sugar. Most studies which 

covered the health promoting benefit of consuming yacon products are implemented with animals 

(Baroni et al. 2016; Caetano et al. 2016a; Campos et al. 2012). Therefore, resilient studies with 

human volunteers are needed to confirm the effect of consuming yacon or yacon products. This 

goes along with further investigations regarding food technology and the replacement of sugar 

with yacon. As yacon is mainly used as syrup or in form of powder, examinations for the 

replacement of sugar have to be done. That includes the development of products as well as the 

replacement of sugar and artificial sweeteners with yacon products.  
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8. Summary 
 

The demand of healthy food is constantly increasing in Germany, as well as in developed countries 

in general. Here "healthy" is not clearly defined but it is often associated with foods indicating a 

low caloric value and further health-promoting benefits such as a high proportions of dietary fiber, 

phenols or antioxidants. In contrast, the proportion of obese people and the number of chronic 

diseases such as diabetes type II and obesity are increasing. As a result, the European Commission 

recommended to reduce the sugar content and the caloric value of food products, especially in 

sweetened beverages, breakfast cereals and dairy products by 10%. In general, a distinction can 

be made between artificial and natural sweeteners. Natural sweeteners such as honey, agave nectar 

or rapadura occur naturally and do not have to be artificially produced or synthesized. 

Disadvantages here are the high production costs as well as the high calorie value which is similar 

to conventionally used sugar. Artificial sweeteners, on the other hand, which are also known as 

"high-intensity sweeteners", have been artificially produced or synthesized. Examples are 

aspartame, saccharin or sucralose. They often have a lower calorie value (except for sugar alcohols 

such as xylitol or sorbitol) and are more economical to produce, which makes them particularly 

attractive for food producers. However, artificial sweeteners are suspected of being harmful to 

health or even carcinogenic. As a result, the consumer acceptance of artificial sweeteners is 

decreasing and the demand for natural sweeteners as alternatives is increasing.  

A possible alternative as a natural sweetener is yacon (Smallanthus sonchifolius). Yacon is a 

tuberous root crop native to the Andean region. The roots store carbohydrates mainly as 

fructooligosaccharides (FOS). These FOS cannot be digested by the human intestinal tract, and 

therefore do not cause a noticeable increase of blood glucose level. In addition, high amounts of 

fiber, phenols and antioxidants lead to further health promoting benefits. So far, yacon has been 

cultivated mainly in the Andean region in smallholder structures. Therefore, there are several open 

questions regarding the cultivation of yacon in Europe, especially in the area of propagation, 

choice of genotypes and adapted nitrogen fertilization. Especially the propagation is an important 

factor, as it is normally done by seedlings of mother plants or single rhizome pieces, both with 

pre-cultivation in the greenhouse. This is expensive and leads to a price of 3.60 € for young plants. 

In addition, the influence of genotype and amount of nitrogen fertilization on tuber yield and sugar 

composition has not been investigated yet. These open questions regarding the cultivation of yacon 

in Europe outline the following objectives: 
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• to evaluate differences between direct planting and pre cultivation of rhizomes in two ways 

with regard to yacon growth, development, tuber yield formation and cost distribution; 

• to investigate the yield potential of different yacon genotypes with regard to tuber yield, 

sugar yield and tuber composition under the given climatic conditions of Europe; 

• to determine the influence of different nitrogen levels on nitrogen uptake, tuber yield 

formation and amount of monosaccharides and polysaccharides as well as total sugar; 

• to investigate the environmental impact and the production costs of different yacon 

cultivation systems to determine the most sustainable cultivation method. 

To achieve the objectives, field trials were carried out a from 2016 to 2018. As a result, four 

scientific publications were developed, which formed the body of this thesis. Publication I 

focused on the differences between a propagation with pre-cultivation in the greenhouse (DSAB), 

rhizome pieces with pre-cultivation in the greenhouse (RP1) and a direct planting of rhizome 

pieces (RP2) in agronomic and economic terms. RP1 achieved the highest yield with 

29.8 t ha -1 FM and differed significantly from the other treatments with 21.3 and 17.8 t ha-1 FM 

(DSAB and RP2, respectively). With regard to the cost per kg of produced yacon, RP1 was also 

convincing, which can be explained by a high tuber yield and comparatively low propagation costs. 

DSAB was the most expensive treatment and is therefore not recommended. Contrary to that RP2 

has a high potential for mechanization and yield increases.  

Publication II investigated the differences between nine different genotypes with respect to tuber 

yield and sugar composition. The three genotypes red-shelled, brown-shelled and Morado 

achieved the significantly highest tuber yields with 46.6, 43.5 and 41.6 t FM ha-1. Also the sugar 

contents were outstanding with up to 66% of the DM in the red-shelled genotype. As a result, the 

sugar yields of these three genotypes were highest with 2.2, 2.0 and 1.9 t ha-1 in the same order as 

the tuber yields.  

In Publication III the influence of different amounts of nitrogen fertilizer (0, 40 and 80 kg ha-1) 

on tuber yield, sugar composition and nitrogen uptake of the brown- and red-shelled genotype was 

investigated. Both genotypes reached highest tuber yields of 50 and 67 t FM ha-1 at the highest 

nitrogen fertilizer amount (brown- and red-shelled, respectively). Contrary to this responded the 

total amounts of sugar and FOS. Both decreased with increasing amounts of nitrogen. With 

decreasing amounts of FOS, the proportion of FOS with higher degree of polymerization (DP) 

increased. With regard to the nitrogen utilization efficiency of both, tubers and the entire plant, a 

nitrogen amount of 40 kg N ha-1 seems to be sufficient and recommendable.  
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Publication IV examined the ecological and economic sustainability of the cultivation of two 

genotypes (brown- and red-shelled), each with pre-cultivation in the greenhouse and as direct 

planting, with three different nitrogen fertilizer levels. The aim was to investigate the 

environmental impact and production costs of different yacon cultivation systems. Considering the 

costs, the highest fertilizer amount (80 kg N ha-1) led to the lowest production costs and also to 

comparatively low environmental impacts per functional unit (1 kg FOS). The red-shelled 

genotype performed better, both in terms of cost and environmental impact. This was mainly due 

to higher tuber yields. 

Overall, the preceding publications showed that the cultivation of yacon in Europe is possible and 

offers new possibilities for farmers. Embedding yacon successfully into existing cropping systems 

and crop rotations seems to be possible. The farmer has the opportunity to establish a promising 

new crop with great value potential on his farm in order to cover the increasing demand for raw 

materials for natural sweeteners. 
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9. Zusammenfassung 
 

Die Nachfrage nach gesunden Lebensmitteln nimmt in Deutschland, sowie generell in 

Industriestaaten, stetig zu. Hierbei ist „gesund“ nicht eindeutig definiert, wird aber oft mit 

Lebensmitteln mit einem geringem Kalorienwert sowie weiteren gesundheitsfördernden 

Inhaltsstoffen wie zum Beispiel ein hoher Anteil an Ballaststoffen, Phenolen oder Antioxidantien 

assoziiert. Konträr dazu steigt der Anteil der übergewichtigen Personen und die Anzahl 

chronischer Erkrankungen wie Diabetes-Typ II und Adipositas stetig. Infolgedessen strebt die 

Europäische Kommission an, den Zuckergehalt in gesüßten Getränken, Frühstückscerealien und 

Molkereiprodukten um 10% zu reduzieren. Generell unterscheidet man zwischen künstlichen und 

natürlichen Süßungsmitteln. Natürlich vorkommende Süßungsmittel wie Honig, Agavennektar 

oder Rapadura müssen nicht künstlich hergestellt oder synthetisiert werden. Nachteile hierbei sind, 

die hohen Kosten für die Produktion, sowie der oftmals ähnlich hohe Kalorienwert wie bei 

herkömmlich verwendetem Zucker. Die künstlichen Süßungsmittel hingegen, welche auch als 

„hoch-intensive Süßungsmittel“ bezeichnet werden, sind künstlich hergestellt bzw. synthetisiert 

und günstiger in der Produktion. Beispiele hierfür sind Aspartame, Saccharin oder Sucralose. 

Jedoch stehen künstliche Süßungsmittel in Verdacht gesundheitsschädigend bis hin zu 

krebserregend zu sein. Infolgedessen sinkt die Akzeptanz der Verbraucher und die Nachfrage nach 

natürlichen Alternativen steigt.  

Eine mögliche Alternative als natürliches Süßungsmittel ist Yacon (Smallanthus sonchifolius). 

Yacon stammt aus der Andenregion und bildet essbare Speicherorgane aus. Die Kohlenhydrate 

werden nicht in Form von Stärke, sondern überwiegend als Fructooligosaccharide (FOS) 

eingelagert. Diese FOS können vom menschlichen Darm nicht verdaut werden, wodurch der 

Blutzuckerspiegel nicht merkbar ansteigt. Zudem enthalten Yaconknollen weitere 

gesundheitsfördernde Inhaltsstoffe wie Phenole und Antioxidantien und zeichnen sich durch einen 

hohen Gehalt an Ballaststoffen aus. Bislang wird Yacon überwiegend in der Andenregion in 

kleinbäuerlichen Strukturen angebaut. Daher gibt es noch verschiedene offene Fragen bei der 

Kultivierung von Yacon in Europa, insbesondere im Bereich der Vermehrung der Jungpflanzen, 

der Sortenwahl, sowie der angepassten Stickstoffdüngung. Insbesondere die Vermehrung ist ein 

wichtiger Faktor, da die bisher übliche Vermehrung über Stecklinge zeit- und kostenintensiv ist 

und somit zu Jungpflanzenpreisen von 3,60 € führt. Zusätzlich ist der Einfluss von Genotyp und 

Höhe der Stickstoffdüngung auf Knollenertrag und Zuckerzusammensetzung noch nicht 
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untersucht. Diese offenen Fragen in Bezug auf die Kultivierung von Yacon in Mitteleuropa wurden 

in der vorliegenden Dissertation bearbeitet und skizzierten folgende Zielsetzungen: 

• Prüfung der Unterschiede zwischen Direktpflanzung und Vorkultivierung von Rhizomen 

in Bezug auf Wachstum, Entwicklung, Knollenertragsbildung und Kostenverteilung; 

• Untersuchung des Ertragspotenzials verschiedener Genotypen in Bezug auf Zuckerertrag 

und -zusammensetzung unter den klimatischen Bedingungen Mitteleuropas; 

• Bestimmung des Einflusses verschiedener Stickstoffdüngermengen auf die 

Stickstoffaufnahme, den Knollenertrag, sowie die Menge an Monosacchariden, 

Polysacchariden und den Gesamtzucker;  

• Untersuchung der Umweltwirkung sowie der Produktionskosten verschiedener 

Yaconanbausysteme zur Ermittlung der nachhaltigsten Anbauvariante. 

Für diese Zielsetzung wurden in den Jahren 2016 – 2018 Feldversuche durchgeführt. Resultierend 

aus den Feldversuchen entstanden vier wissenschaftliche Publikationen, die den Hauptteil dieser 

Dissertation darstellen. Publikation I arbeitete die Unterschiede zwischen einer 

Stecklingsvermehrung mit Vorkultivierung im Gewächshaus (DSAB), Rhizomstücke mit 

Vorkultivierung im Gewächshaus (RP1) sowie einer Direktpflanzung von Rhizomstücken (RP2) 

unter agronomischen und ökonomischen Aspekten heraus. RP1 erzielte mit 29,8 t ha-1 FM den 

höchsten Ertrag und unterschied sich deutlich von den anderen Varianten mit 21,3 und 

17,8 t ha-1 FM (DSAB und RP2, entsprechend). In Bezug auf die Kosten pro produziertem kg 

Yacon konnte ebenfalls RP1 überzeugen, was durch einen hohen Knollenertrag und 

vergleichsweise geringe Vermehrungskosten zu erklären ist. DSAB war mit Abstand die 

kostenintensivste Variante und ist aufgrund dessen nicht zu empfehlen. Im Gegensatz dazu hat 

RP2 ein hohes Steigerungspotential durch mögliche Mechanisierung und weitere 

Ertragssteigerungen.  

Publikation II untersuchte die Unterschiede zwischen neun verschiedenen Genotypen 

hinsichtlich Knollenertrag und Zuckerzusammensetzung. Die drei Genotypen rot-schalig, braun-

schalig und Morado erzielten mit 46,6, 43,5 und 41,6 t FM ha-1 die signifikant höchsten 

Knollenerträge. Auch der Zuckergehalt war mit bis zu 66% der TM im rot-schaligen Genotype 

herausragend. Resultierend daraus waren auch die Zuckererträge dieser drei Genotypen in gleicher 

Reihenfolge wie die Knollenerträge mit 2,2, 2,0 und 1,9 t ha-1 am höchsten.  

Im Rahmen von Publikation III wurde der Einfluss von unterschiedlichen 

Stickstoffdüngermengen (0, 40 und 80 kg ha-1) auf Knollenertrag, Zuckerzusammensetzung und 
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Stickstoffaufnahme des braun- und rotschaligen Genotyp untersucht. Den höchsten Knollenertrag 

von 50 und 67 t FM ha-1 erzielten beide Genotypen bei der höchsten Stickstoffdüngermenge 

(braun- und rotschalig, entsprechend). Konträr dazu verhielten sich die Gesamtzuckermenge und 

der Anteil an FOS. Beides nahm mit zunehmender Stickstoffmenge ab. Mit abnehmender Menge 

FOS stieg der Anteil an FOS mit höheren Polymerisierungsgrad (DP) an. Unter Berücksichtigung 

der Stickstoffnutzungseffizienz, sowohl der Knollen und als auch der gesamten Pflanze, scheint 

eine Düngung von 40 kg N ha-1 ausreichend.  

Publikation IV untersuchte die ökologische und ökonomische Nachhaltigkeit des Anbaus zweier 

Genotypen (braun- und rotschalig), jeweils mit Vorkultivierung im Gewächshaus und als 

Direktpflanzung, mit drei verschiedenen Stickstoffdüngerstufen. Ziel war es, die Umweltwirkung 

und Produktionskosten verschiedener praxisnaher Yaconanbausysteme zu untersuchen. Unter 

Betrachtung der Kosten führte die höchste Düngevariante (80 kg N ha-1) zu den niedrigsten 

Produktionskosten und auch zu vergleichsweise geringen Umweltwirkungen pro funktioneller 

Einheit (1 kg FOS). Der rotschalige Genotyp schnitt sowohl bei den Kosten als auch der 

Umweltwirkung besser ab. Dies war vor allem durch die höheren Knollenerträge bedingt. 

Insgesamt konnte die vorliegende Dissertation darstellen, dass ein Anbau von Yacon in Europa in 

der Praxis sowie eine Einbettung in bestehende Anbausysteme möglich ist. Basierend auf den 

Erkenntnissen dieser Arbeit bietet sich für den Landwirt die Möglichkeit eine vielversprechende 

neue Kultur mit großem Wertschöpfungspotential auf seinem Betrieb zu etablieren, um damit den 

steigenden Bedarf nach Rohstoffen für natürliche Süßungsmittel zu decken.  
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