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Abstract: Jerusalem artichoke tubers have diverse applications in the food industry as well as in
biotechnology. Their suitability depends mostly on the inulin content. Seasonal fluctuations of
fructan exohydrolase activity responsible for inulin degradation was investigated in the tubers of
three Jerusalem artichoke cultivars. The changes of fructan exohydrolase activity positively correlated
with the changes of the content of total and short fructooligosaccharides. Therefore, to extract inulin
with higher degree of polymerization for biotechnological purposes, the tubers of Jerusalem artichoke
should be uprooted in autumn before the level of fructan exohydrolase reaches its maximum. If short
fructooligosaccharides are desirable, the tubers in late autumn or spring tubers overwintered in soil
are suitable.

Keywords: fructan exohydrolase activity; fructooligosaccharides; inulin; Jerusalem artichoke;
seasonal fluctuations

1. Introduction

Jerusalem artichoke (Helianthus tuberosus L.) is a perennial plant and belongs to the same
Asteraceae family as the sunflower (Helianthus annuus L.). Jerusalem artichoke is native to North
America. Since 17th century it has been grown in Europe [1]. Now it is cultivated over the world
and represents a low-cost biomass feedstock for biorefinery [2,3]. The plant grows fast, shows a good
tolerance to frost, drought and poor soil as well as resistance to pest and diseases. Jerusalem artichoke
is highly competitive and can repress the growth of other species [3,4]. The tubers of Jerusalem
artichoke contain inulin as a reserve carbohydrate. They can be used as feedstock for the production of
biofuels and bio-based chemicals. Stalks of Jerusalem artichoke also are usable for the production of
paper pulp, biofuels, and animal feed [3,5].

Inulin consists of linear 3 (2—>1) linked fructofuranosyl units terminated by a glucose residue
through a sucrose type linkage. The (2—>1) linked fructosyl residues of inulin are not hydrolyzed by
human enzymes. Inulin serves as a soluble dietary fiber and the ingredient of functional food. It is also
known as prebiotic and stimulates the growth of beneficial bacteria in human colon [4,6]. In the food
industry, inulin is also used as a fat replacer and texture modifier [7]. Moreover, Jerusalem artichoke
tubers and inulin are an advantageous feedstock for fructose syrup production [4,5]. An interest
in fructose is gradually growing since fructose has a higher sweetener power than glucose and is
suitable for patients with diabetes or obesity [8]. Therefore, Jerusalem artichoke tubers have a diverse
application not only in the food industry, but also in biotechnology. Their suitability depends mostly
on the inulin content [9].

Two enzymes are responsible for the synthesis of inulin in Jerusalem artichoke. According to
Edelman and Jefford [10], inulin is synthesized from sucrose by sucrose:sucrose 1-fructosyltransferase
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(1-SST, EC 2.4.1.99) and fructan:fructan 1-fructosyltransferase (1-FFT, EC 2.4.1.100). 1-SST synthesizes
1-kestose by transferring fructose from another sucrose molecule. 1-FFT elongates fructose chain and
transfers fructose from another 1-kestose molecule as the preferential donor. The breakdown of inulin
is catalyzed by 1-fructan exohydrolase (1-FEH). The enzyme hydrolyzes (3-2,1-linkage of terminal
fructosyl residue of inulin [11]. Most plant fructan exohydrolases do not convert sucrose to fructose
and glucose [11], and they are classified as EC 3.2.1.153 [12].

The extensive research on the accumulation of inulin and other carbohydrates in the tubers
of Jerusalem artichoke and their content depending on cultivars, harvest time, cultivation, and
storage conditions has been performed [13-20]. However, a little is known about the changes of
the activity of enzymes catalyzing the synthesis and degradation of inulin in tubers. To the best of
our knowledge, there is only the publication of Marx and coauthors [21], in which the changes of
fructan exohydrolase activity in the tubers of Jerusalem artichoke cultivar Bianca grown in the Botanic
garden of the University of Zurich are presented. One of the reasons could be that the assay for FEH
(fructan exohydrolase) activity determination requires expensive and not always accessible HPLC
equipment [12]. Previously, we showed that the enzymatic method based on the reactions catalyzed by
hexokinase, phosphoglucose isomerase, and glucose-6-phosphate dehydrogenase is suitable for FEH
activity determination in plant extracts. This method is suitable for routine analysis and is immune
against the interference of various compounds from plant extract [22].

Here, we present the investigation of FEH activity changes in the tubers of three Jerusalem
artichoke cultivars and the relationship with the changes of carbohydrate content determining their
further application in biotechnology and the food industry.

2. Materials and Methods

2.1. Plant Materials

Three cultivars of Helianthus tuberosus L., i.e., Rubik, Albik and Sauliai were grown in South
Lithuania. Sauliai is a cultivar originated from Lithuania and both Rubik and Albik are from Poland.
The tubers were uprooted at the end of every month from March until November (1st year) and from
April until November (2nd year). The average air temperature from March until November was equal
to 1.6, 5.5, 13.3, 15.0, 19.6, 16.5, 13.1, 6.9 and 4.5 °C, respectively, and was similar to the standard
climate normal for the period of 1981-2010 years. The average air temperature during winter was
approximately equal to 0 °C. For the storage, tubers were peeled and cut in small pieces (about 0.3 cm
of thickness) and frozen. Then, they were homogenized using a Bosh blender and finally put into
plastic bags at —18 °C.

2.2. Determination of Fructan Exohydrolase Activity

FEH activity in Jerusalem artichoke tubers extract was determined as previously described [22].
Briefly, 4 g of homogenized frozen material was suspended in 4 mL of 0.1 M Na-acetate buffer, pH 4.5,
containing 1 mM phenylmethylsulfonyl fluoride and 5 mM EDTA. Then, the sample was sonicated
for 3 min at 10 °C using a Sonics Vibracell VCX 750. For the removal of undissolved material, the
sample was centrifuged at 15,000 g for 10 min at 4 °C. A reaction mixture consisting of 0.2 mL of
supernatant and 0.8 mL of 3% inulin solution in 0.1 M Na-acetate buffer, pH 4.5 was incubated for 3 h
at 30 °C. To stop the reaction, the mixture was heated at 95 °C for 5 min. Then, liberated fructose was
measured using a Megazyme kit K-FRUGL 11/05 (Megazyme International Ireland Ltd., Wicklow,
Ireland) in accordance with manufacturer recommendations. One unit of enzyme activity was defined
as the amount of enzyme that liberates one umol of fructose per 1 h under the reaction conditions.
The specific activity was defined as pmol x h~! per g of raw plant material. Data were presented as
mean £ SD of three independent experiments.



Agronomy 2018, 8, 184 30f9

2.3. Determination of Carbohydrates

For sugar content determination, homogenized tuber material was dried at 80 °C. For the
extraction of sugars, 0.6 g of dried material was suspended in 20 mL of distilled water and kept
in a water bath at 80 & 5 °C for 30 min. Then, the extract was cooled to room temperature and
diluted up to 25 mL with distilled water in a 25 mL flask. Before using for analysis, the solution
was squeezed through cheesecloth. For the determination of free glucose and fructose, Megazyme
kit K-FRUGL 11/05 was used in accordance with manufacturer recommendations. The content of
sucrose and fructooligosaccharides (FOS) was determined using Megazyme kit K-FRUCHK 03/05.
The average degree of polymerization (DP) of FOS was calculated as described by reference [20]. The
content of carbohydrates was expressed as the percentage of dry matter (DM). Data were presented as
mean £ SD of three independent experiments.

2.4. Determination of Fructooligosaccharides and other Carbohydrates by HPLC

For the determination of the content of carbohydrates in the flour extracts, a Viscotek
chromatographic system equipped with a refractive index detector and Prevail Carbohydrates ES
column (Alltech, 250 mm x 4.6 mm, 5 um) was used. The mixture of acetonitrile/water (70/30, v/v)
was used as a mobile phase at a flow rate of 1.0 mL/min and 30 °C. Prior to injection, the solution
of extract (12 mg/mL) was diluted with a mobile phase (3/2, v/v) and filtered through a 0.2 pm
filter. Glucose, fructose, and sucrose from Sigma-Aldrich, and 1-kestose (GF;), nystose (GF3), and
1F-fructofuranosyl nystose (GFy) from Wako (Japan) were applied as standards. The amount of fructose,
glucose, sucrose, GF; (kestose), GF3, and GF, (fructofuranosyl nystose) in the extracts (%, w/w) were
calculated using standard curves. For their construction, known concentrations of each carbohydrate
were used. A typical chromatogram is presented in Supplemental Figure S1.

3. Results and Discussion

The survey of fructan exohydrolase activity was performed over two years. The tubers were
uprooted at the end of every month from March until November (1st year). Autumn tubers were left
to overwinter in soil, and once again, tubers were uprooted from April until November (2nd year).
For the survey, three cultivars of Jerusalem artichoke, i.e., Sauliai, Rubik, and Albik were cultivated.
As can be seen from Figure 1, the highest enzymatic activity was observed in the autumn tubers (in
October and November) and in the spring tubers (in March and April).
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Figure 1. Seasonal fluctuations of FEH activity in the tubers of Sauliai (®, O), Albik (A, A) and Rubik
(M, O); spring tubers: ®, A, B; summer and autumn tubers: O, A, .
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The maximum enzymatic activity was similar in every spring. Moreover, it was also similar to the
maximum of enzymatic activity in autumn. It follows that FEH activity remained at the high level in
tubers overwintering in soil. The profile of FEH activity changes (Figure 1) is also similar to the one of
the changes of FOS content in tubers (Figure 2A). However, it is completely different from the profile
of the changes of DP of FOS (Figure 2B). It can be seen from Figures 1 and 2 that, first, the DP of FOS
reaches its maximum. Then, approximately one month later, the content of FOS becomes the highest.
Finally, approximately one more month later, FEH activity reaches its maximum level. At the same
time, the content of FOS shows the tendency to decrease to some extent. Moreover, the DP of FOS also
decreases. Marx and coauthors [21] also found that FEH activity increased in the onset of dormancy
in autumn. However, our data on FEH activity during sprouting (in May) are opposite to previously
published data. Marx and coauthors found that FEH activity gradually increased during sprouting.
Here, as can be seen from Figure 1, the level of FEH activity, on the contrary, decreased sharply by
approximately 5-fold at the end of May, as compared with the level of enzymatic activity at the end of
April. It was confirmed by measuring FEH activity changes for three cultivars of Jerusalem artichoke.
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Figure 2. Seasonal fluctuations of fructooligosaccharides content (A) and degree of polymerization

(B) in the tubers of Sauliai (®, O), Albik (A, A), and Rubik (M, 00); spring tubers: ®, A, B; summer and
autumn tubers: O, A, [.
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In spite of high content of FOS in spring tubers overwintered in soil, the DP of FOS is low
(Figure 2B). However, FEH activity is high. The analysis of short FOS by HPLC revealed that the profile
of the changes of content of ketose, nystose, and GF is very similar to the one of FEH activity changes
(Supplemental Figure S2). Therefore, even at low DP of FOS, the level of FEH activity remains high to
catalyze the hydrolysis of short FOS. It reduces by decreasing the content of short FOS. In developing
tubers, on the contrary, the content of short FOS increases. It is related to fructose chain prolongation
and inulin synthesis. Later, in autumn tubers, the content of short FOS also increases. In that case, it is
most likely related to the high FEH activity and the decrease of the DP of FOS.

For sucrose content changes, a similar profile to the one of short FOS was found by two
independent methods, i.e., enzymatic (Figure 3) and HPLC (Supplemental Figure S3). It is explainable
because a glucose residue through a sucrose-type linkage terminates a fructose chain in the inulin
molecule. Sucrose molecules are released by degrading short FOS molecules which are further
hydrolyzed to glucose and fructose. However, it seems that plant acid invertases (EC 3.2.1.26) are
responsible for the decrease of sucrose content [23,24] because known plant FEH are unable to degrade
sucrose [11]. However, it is difficult to establish the relationship between the sucrose content and the
activity of acid invertase in Jerusalem artichoke tubers. There are no data about the seasonal changes
of invertase activity in the plant. Some data on the changes of invertase activity were published only
for Jerusalem artichoke under salinity and drought treatments [25].
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Figure 3. Seasonal fluctuations of sucrose determined by enzymatic method in the tubers of Sauliai
(@, ©), Albik (A, A), and Rubik (M, 0J); spring tubers: ®, A, B; summer and autumn tubers: O, A, [J.

The changes of glucose content (Figure 4 and Supplemental Figure S4) inversely correlated with
the changes of short FOS (Supplemental Figure S2) and sucrose (Figure 3) content. In senescent spring
tubers, an increasing amount of glucose was found due to the hydrolysis of sucrose. In new developing
tubers, the content of glucose also was high and drastically decreased in autumn due to short FOS and
inulin synthesis. For free fructose, on the contrary, a sharp peak was observed in May during sprouting
(Figure 5 and Supplemental Figure S5). Marx and coauthors [21] also observed the increase of free
fructose in sprouting. After the sharp increase, the level of fructose begins to decrease. In autumn
tubers, free fructose level remains low because it is metabolized for inulin biosynthesis [26].
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Figure 4. Seasonal fluctuations of glucose determined by enzymatic method in the tubers of Sauliai
(@, 0), Albik (A, A), and Rubik (B, O); spring tubers: ®, A, B; summer and autumn tubers: O, A, U.
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Figure 5. Seasonal fluctuations of fructose determined by enzymatic method in the tubers of Sauliai
(@, ©), Albik (A, A), and Rubik (M, 0J); spring tubers: ®, A, B; summer and autumn tubers: O, A, [J.

Jerusalem artichoke is one of the most important raw materials for the industrial production of
inulin and fructose [4]. To enhance the potential of the industrial crop and to increase the yield of
inulin and other sugars, new Jerusalem artichoke clones have been developed [27]. Moreover, the
new extraction methods of inulin have been investigated and conventional extraction techniques
have been optimized [28]. The application of inulin also depends on its degree of polymerization.
Physico-chemical and functional properties of inulin are related to the length of biopolymer chain.
For different industrial purposes, inulin of variable DP can be used. Inulin with a lower degree of DP
is more soluble and sweeter than the fractions with higher DP. Moreover, the degree of polymerization
also influences the digestibility and prebiotic activity of inulin. For example, in the food industry,
inulin with variable DP is required for the formulation of food products with specific properties [6,9,29].
Our study shows that the degree of polymerization of inulin and the content of sugars are related to
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the enzymatic activity of FEH as one of key enzymes in inulin metabolism. Therefore, choosing tuber
harvesting time depending on FEH activity fluctuations is very important for the final recovery of
inulin with desirable properties.

To sum up, the changes of fructan exohydrolase activity positively correlate with the changes
of the content of total and short FOS. On the contrary, the negative correlation between FEH activity
and DP of fructooligosaccharides was observed. Therefore, to extract inulin with higher DP for
biotechnological purposes, the tubers of Jerusalem artichoke should be uprooted in autumn before the
level of fructan exohydrolase reaches its maximum. At that time, tubers are also suitable for food as a
resource of dietary fibers [30]. If short FOS are desirable, the tubers in late autumn or spring tubers
overwintered in soil are suitable. Usually, short FOS are desirable for fermentation processes and
ethanol production [5].

4. Conclusions

The study of fructan exohydrolase activity fluctuations in the tubers of Jerusalem artichoke
revealed that the changes of carbohydrate content are related to FEH activity. It is a very important
parameter determining the time of tubers harvesting and their quality for further application.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4395/8/9/184/s1,
Figure S1: HPLC analysis of Albik tubers carbohydrates at the end of April (A), May (B) and July (C) , Figure S2:
Seasonal fluctuations of kestose (A), nystose (B) and GF, (C) in the tubers of Sauliai (®, O), Albik (A, A) and Rubik
(M, O); spring tubers: ®, A, B; summer and autumn tubers: O, A, [, Figure S3: Seasonal fluctuations of sucrose
determined by HPLC method in the tubers of Sauliai (®, O), Albik (A, A) and Rubik (M, [J); spring tubers: ®, A, l;
summer and autumn tubers: O, A, [, Figure S4: Seasonal fluctuations of glucose determined by HPLC method in
the tubers of Sauliai (®, O), Albik (A, A) and Rubik (M, OJ); spring tubers: @, A, B; summer and autumn tubers: O,
A, O, Figure S5: Seasonal fluctuations of fructose determined by HPLC method in the tubers of Sauliai (®, O),
Albik (A, A) and Rubik (M, O); spring tubers: ®, A, B; summer and autumn tubers: O, A, U.
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