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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™! FM, respectively. These three genotypes also had the highest sugar yields
in the same order (2.2, 2.0, and 1.9 t ha™!). 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.
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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 (GF;), 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.1.) 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 x 4 m. The trial was laid
out in ridges (60 X 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, Fiichtorf, 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 x 1.14 m) resulting in a final
plant density of 12,531 plants ha™!. Ny, content in the soil was determined shortly before planting
(VDLUFA, 2004) and amounted to 119 and 53 kg NO3 ha~! in 2017 and 2018, respectively. Due to high
amounts of Np,in in 2017, no additional nitrogen fertilizer was added. In 2018, 66 kg N ha~! were
applied as ENTEC 26 (EuroChem Agro GmbH, Mannheim, Germany) shortly before planting to reach
a similar nitrogen amount as in the year before.
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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 (2040 g) with a sterile knife and then planted
in square planters (9 X 9 x 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™! 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~! 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:
Yij =u + b] + a; + (ﬂb)Z] + 61']'

Vi = H +aj T+ bjkl + 7+ (T{l)ij + eij 1)

where 1 is the general effect, b; is the fixed effect of the jth year, a;7j is the fixed effect of the kth replicate
in year j, bjy is the random effect of the /th incomplete block in the jkth replicate, 7; is the main effect of
the ith genotype, and (ab);; and (a);; is the fixed interaction effect of the ith genotype and jth year.
ejj is the error of y;; 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:

Yijjm = B+ j+rje +bja + Ti+ (1a);; + pijg + ijam (2)

where p;jy; is the random plot effect of the Ith plot and e;j, 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~! 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™!) ranged from
19.2 (‘Late Red’) to 46.6 t ha™! (‘'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 tha~! (‘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™!),
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~' FM), tuber dry matter (DM in %), tuber dry matter yield
(tha~! 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 DM (%) Tuber Yield Number of Tuber
(tha"1 FM) (tha1DM) Tubers (per Plant)  Weight (g)
2017
BG 4354°A £33 11.01°B £ 05  4.68°2 + 04 11.1°¢A £ 1.0 314.00 +29.4
RG 46.60°A + 3.3 16.142A £ 05 75924 104 14.8%A £ 1.0 265.32 +29.4
Morado 416624 £33 1550%PA £ 05 64424 £ 04 14.23A £ 1.0 236.34 +29.3
Rojo 2294bA £33 11358+ 05 26794 +04 7.894 + 1.0 252.75 + 29.4
New Zealand 30.66°A £33 13.41°9B 105  4.08bA £ 0.4 13.13PA £ 10 197.7 + 294
Peru 27.16b<A £33 9.40 + 0.5 25844 + 04 8.5%A £ 10 288.17 +29.7
Late Red 19.21¢A £33 1423bA £ 05  2.769A 104 93%dA £ 10 174.9 £ 29.4
Early White 23.71°A £33 12439eA 105 297A + 04 8.39A + 10 231.9 +29.4
Purple 21.91°A £33  1439B 105 3104 £ 04 9.7¢dA 1+ 1.0 202.99 + 30.1
2018
BG 12.758B £ 1.0 14.03A £ 0.6 1.76"B +0.2 52 + 0.6 220.72 + 26.6
RG 11.75°B £ 1.0 16.03°A £ 0.6  1.893B £ 0.2 5.6PB + 0.6 182.01 + 26.0
Morado 10.85°B £ 1.0  17.03%PA £ 06  1.84%PB + 0.2 5.8°B 1+ 0.6 175.48 + 26.0
Rojo 6.55°B +1.0 134694 £ 06  0.88B +0.2 6.82PA + 0.6 91.43 + 26.6
New Zealand 12.36°B £ 1.0 177124 £ 0.6 2.222B £ 02 7.9 1 0.6 152.8 +27.4
Peru 11.36%B + 1.0 12.029A £ 0.6 1.35¢4B 1 (.2 5.70B 1 0.6 175.38 + 26.0
Late Red 6.46°8 + 1.0 15.84PA £ 0.6 1.019¢B £ 02 51 1 0.6 114.73 + 26.0
Early White 11.56°B + 1.0  13.59%94 + 06 1.57°B + 0.2 5.7°B + 0.6 215.45 + 26.0
Purple 10.06°B + 1.0 16492 +0.6  1.66°PB +0.2 5.7 + 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=! FM), tuber DM (%), tuber yield (kg ha~! 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™!) was significantly affected by genotype X 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~!. ‘BG’ and “Morado’
had slightly lower amounts in the range of 2.0 and 1.9 t ha™!, respectively (Figure 2). “Rojo’ reached the
lowest sugar yield of 0.5 t ha~! 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™!
('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~! 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~!'. 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 GFy fractions were significantly affected by year X genotype interactions.
The glucose, sucrose, and GFj3 fractions were significantly affected by year and genotype in each case.
GF; 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 Al). 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 GF, were significantly higher in 2018 than
2017. In 2017, the amount of GF, ranged from 1.3% (‘Rojo’) to 9.6% ('BG’). Noticeably higher were the
ranges. In 2018, the range of GF, 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
GFj3 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 GF, and differed significantly from all other genotypes. Similar to findings in GF, and GFj3,
all genotypes reached significantly or noticeable higher amounts of GF, 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 (GF;), nystose (GF3), and fructofuranosylnystose (GFy), 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 GF, GF3 GF, Total FOS Total Sugars
2017
BG 3.84P4 £ 0.6 404 +0.6 400+ 0.2 9.61 0.9 1321+ 1.3 7.96%A £ 0.9 3123 +29 4143 +2.3
RG 0.86°A + 0.6 1.36 £ 0.6 1.97 £ 0.2 524 +0.9 11.21 + 1.3 7.932B 1 0.9 24.48 + 3.0 28.67 £2.3
Morado 1.13¢A £ 0.6 258 + 0.6 214 +0.2 510 +0.9 1112+ 1.3 8.982B + 0.9 25.58 + 2.9 39.85 + 2.3
Rojo 5.6134 £ 0.6 397 +0.6 133 +0.2 1.30 + 0.9 171+ 1.3 24798 4+ 09 5.05+2.9 17.63 £2.3
New Zealand 2.52b¢A 4 0.6 3.08 +0.6 236 +0.2 519 +0.9 8.81+1.3 6.782B + 0.9 20.68 + 3.0 28.62 +2.3
Peru 5.9124 £ 0.6 554 + 0.6 434 +0.2 10.12 £ 0.9 12.23 + 1.3 6.26A £ 0.9 28.72 + 3.0 4452 +2.3
Late Red 1.84A + 0.6 1.62 + 0.6 1.98 £ 0.2 490 +0.9 12.61 £ 1.3 8.683A + 0.9 26.31 + 3.0 31.76 £ 2.3
Early White 2.39bA 1 0.6 298 + 0.6 2.96 +0.2 7.26 +0.9 12.57 + 1.3 6.43b¢A £ 09 25.81 £29 35.82 +2.3
Purple 1.75A + 0.6 298 + 0.6 297 +0.2 596 + 0.9 11.25 + 1.3 6.61PB + 0.9 23.77 £2.9 31.36 £ 2.3
2018
BG 2.443B + 03 255+ 05 6.23+0.8 21.56 + 4.5 19.37 + 3.0 9.749eA 1 08 5022 +8.0 62.01 + 8.2
RG 1.08°A £ 0.3 2.07+0.5 451+0.8 16.99 + 4.5 2591 + 3.0 15.34%A + 0.8 58.26 + 8.0 66.02 + 8.2
Morado 0.86PA £ 0.3 218 +05 3.83+0.8 14.51 + 4.5 20.95 + 3.0 13.05PA £ 0.8 4849 +8.0 55.27 + 8.2
Rojo 2.893B + 0.3 345+ 05 475+ 0.8 12.54 + 4.5 11.39 + 3.0 6.49fA £ 0.8 30.62 + 8.0 4112 + 82
New Zealand 0.67°B + 0.3 132 £ 0.5 2.80 + 0.8 10.39 + 4.5 17.78 + 3.0 12.35PA £ 0.8 40.54 + 8.0 4541 + 8.2
Peru 1.807PB + 0.3 357 +0.5 6.54 + 0.8 24.00 + 4.5 18.09 £ 3.0 7.80%A £ 08 4937 +14.3 62.39 + 8.2
Late Red 0.43PB + 0.3 1.37 £ 0.5 3.06 + 0.8 13.66 + 4.5 20.23 + 3.0 10.75%4A + 0.8 44.86 + 8.0 49.62 + 8.2
Early White 1.27°A 1+ 0.3 435+ 05 524 +0.8 16.28 + 4.5 18.39 + 3.0 8.26%fA £ 08  43.44 +10.0 53.80 + 8.2
Purple 0.72P4 £ 0.3 1.44 +0.5 3.48 +0.8 11.08 + 4.5 17.36 + 3.0 9.689eA £+ 08  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, GF,, 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=! 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 t0 29.18 t FM ha~! [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~! [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~! 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 x 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 Fernandez 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 Fernandez 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~! DM) were in a normal and partially above average range of 1.2
to 6.36 t ha™!. 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~! [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 X 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™!
and 4 to 18 t ha™!, 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].
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Single fractions of FOS (GF,, 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 GF; or even GF, ('Rojo’). Whereas in 2018, the year
with higher amounts of FOS, degree of polymerization approximately balanced between GF; and
GF,. 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.



Agronomy 2019, 9, 301 12 of 15

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 Al. x-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 Al. 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 (%) GF; (%) Total FOS (%)

"BG’ 267.42 3.29ab 5.122 16.292P 40.722

RG’ 223.73¢ 1.71¢ 3.24bc 18.562 41.372
‘Morado’ 205.9b¢ 2.38bc 2.98bc 16.043b 37.042
‘Rojo’ 172.1°d 3.712 3.04b¢ 6.55¢ 17.83°
‘New Zealand’ 175.3¢d 2.19¢ 2.58¢ 13.30P 30.612
‘Peru’ 231.8%b 4562 5.443 15.163P 39.044
‘Late Red’ 144.84 1.50¢ 2.52¢ 16.423P 35.602
‘Early White’ 223.7a¢ 3.67° 4.10b 15.483b 34.632

‘Purple’ 185.3bed 2.21bc 3.20b¢ 14.302P 31.05°
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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=!) according to Figure 2.

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

Year X Rep 4 0.1666
G 8 <0.0001
1
8

Year 0.0002
Year X G 0.0001
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