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ABSTRACT

Inulin can be found in abundance in nature, this form of carbohydrate (fructans) is utilized by plants as an
energy storage and possibly for other uses. Humans use inulin as a dietary fiber and prebiotics to improve
the health of their digestive system or to improve the physicochemical and sensory properties of foods.
Gembili (Dioscorea esculenta) is a type of yam that grows well in Indonesia and contains inulin up to 14.77%
of its dry weight. The current state of inulin production utilizes conventional extraction from tubers; thus,
the demands of the market cannot be satisfied. Biotechnological approaches such as incorporating genes
that encode the enzymes involved in inulin biosynthesis (1-SST and 1-FFT) into microbial hosts can be
exploited to improve yield and sustainability. Therefore, the genetic information of the genes responsible
for inulin biosynthesis in gembili needs to be elucidated first.
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Gembili tuber is an Indonesian yam tuber having a high inulin content.
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Inulin is a good source of prebiotic dietary fiber.
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Conventional inulin production is unable to meet the increasing demand.
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Inulin-producing genes from Gembili can be transferred to microbial hosts.

2
%

Lack of genomic information on the inulin-producing genes makes the biotechnological inulin
production challenging.

INTRODUCTION

Dietary fiber holds high potential as food additives and functional food ingredients and thus has been
widely used in the food and pharmaceutical sectors (Hussain et al., 2020). Many food products such as bakery
goods, drinks, and meat products are supplemented with dietary fibers to increase their health benefits such
as improving cardiovascular health (Evans, 2020), normalizing blood cholesterol and sugar levels (Zhu et al.,
2018), and modulating gut microbiomes (Myhrstad et al., 2020). Dietary fiber is edible plant cell components
that are resistant to enzymatic digestion and thus indigestible in the human digestive system (Dhingra et al.,
2012). There are two types of dietary fibers based on their water solubility. Insoluble fiber does not dissolve
in water and is not fermented by the gut microbiota — this typically includes cellulose, hemicellulose, lignin,
and pectin (Swann et al., 2020). Soluble fiber dissolves in water, is generally non-viscous, and is fermentable
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by the gut microbiota — some of its examples are inulin, fructooligosaccharides (FOS), and wheat dextrin
(McRorie Jr. & McKeown, 2017).

Inulin is labeled by the FDA as a dietary fiber in 2018 (United States Food and Drug Administration,
2018) but has long been studied for its prebiotic properties (Carlson et al., 2018). Inulin is fermentable
by Bifidobacteria and Lactobacillus (Zeaiter et al., 2019; Renye et al., 2021) which are widely known as
probiotics in humans. Strains of Bifidobacterium longum can increase tight-junction proteins in normal
human epidermal keratinocytes (NHEKs) thus reducing pathogen penetration by improving barrier function
(Marras et al., 2021). Lactobacillus plantarum ECGC13110402 has a high bile salt hydrolase activity and can
lower the cholesterol level in hypercholesterolemic adults as recently reported in a controlled randomized
trial (Keleszade et al., 2022). The application of inulin in food products such as yogurt and fermented milk
increases the viability and probiotic activity of these bacteria in the food matrix (Moghadam et al., 2019).
Aside from its prebiotic functions, inulin is also utilized as a fat substitute for several dairy products such as
ice cream (Samakradhamrongthai et al., 2021) and cheese (Aydinol & Ozcan, 2017) due to its ability to give a
fat-like mouthfeel, sensory, and texture while providing significantly fewer calories (Akbari et al., 2019).

Currently, the demand for inulin for food production in Indonesia is met through import. Indonesian
Central Bureau of Statistics (BPS) reported that in January 2022 Indonesia imported ~29,6 kilotons of mill
industry products, including inulin, worth US$ 17,330,309.00. These are more than double the export volume
(~10,4 kilotons) and value (USS$ 7,962,954.41) in the same period (Badan Pusat Statistik, 2022). To reduce the
dependency on imports, local plants are currently being explored as a potential source of inulin. Gembili
tubers (Dioscorea esculenta), a type of yam tubers commonly found in Indonesia, are known to contain 2.8
—14.77% inulin based on its dry weight, which is one of the highest inulin contents among yam tuber species
(Winarti & Saputro, 2013). Studies using fecal samples taken from healthy human volunteers demonstrated
that the addition of inulin-containing gembili extract increases the growth
of Bifidobacteria and Lactobacillus and the synthesis of short-chain fatty acids (SCFA) — an indicator of sugar
utilization — while reducing the growth of pathogens (Clostridium and Bacteroides) in anaerobic conditions
(Khasanah et al., 2019).

Improving inulin content in source plants and diversification of production methods is crucial to
ensure supply and promote sustainability. Modification of growth conditions is possible to enhance inulin
content in plants. For example, the addition of potassium fertilizer from 150 to 350 kg ha-1 increases inulin
content in Jerusalem artichoke (Helianthus tuberosus L.) cv. Topstar by 13.2% (Michalska-Ciechanowska,
2020). However, this approach would be resource-intensive and too reliant on the increasingly unstable
supply of fertilizers (Quinn, 2021; Helmore, 2022). The biotechnology approach offers a promising alternative
for large-scale inulin production. Tissue culture, for instance, can generate inulin-producing plants at a high
speed and large scale (Karimi et al., 2021) or boost inulin accumulation in the plant biomass using specific
elicitors (Taha et al., 2012; Ma et al., 2017). Genetic engineering can generate transgenic source plants with
an improved inulin yield. Overexpression of inulin biosynthetic enzymes has been successfully applied to
chicory (Cichorium intybus L. var. sativum) cv. ‘Melci’ (Maroufi et al., 2018). Moreover, transgenic methods
allow for inulin production in non-fructan accumulating plants (van Arkel et al., 2013).

Another potential strategy is microbial cell factories engineered for inulin production. The inulin
biosynthetic gene sucrose:sucrose 1-fructosyltransferase (1-SST) isolated from Tall fescue (Schedonorus
arundinaceus), a perennial grass native to Europe, has been expressed in the yeast Pichia pastoris (Hernandez
et al.,, 2018; Garcia et al.,, 2020; Pérez et al., 2021). The enzyme was successfully secreted without
compromising glycosylation or substrate specificity and caused no cell toxicity (Hernandez et al., 2018).
Culture supernatants containing the enzyme can be prepared as water-soluble powder stable for one year
upon storage (Garcia et al., 2020). Despite these advances, studies on inulin biosynthetic genes in gembili are
still scarce due to the unavailability of its whole genomic information. Consequently, its exploration and
utilization for biotechnological inulin production are very limited. This paper will discuss inulin, gembili as a
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potential source of inulin, expression of inulin biosynthesis genes in heterologous hosts, and recent efforts
to isolate inulin biosynthesis genes from gembili tubers. The information provided should be useful to
evaluate the potential of sustainable inulin production using biotechnology approaches in Indonesia.

INULIN: SOURCES, STRUCTURE, AND PRODUCTION

Inulin is a type of fructan polysaccharide that is commonly found as the natural energy storage in
dicot plants. It is found in approximately 3,000 species of vegetables and fruits such as onion, leek, garlic,
banana, and wheat which have been consumed by humans for centuries (Shoaib et al., 2016). Inulin was
discovered in the early 1800s by Valentine Rose, a German scientist named, from the roots of Elecampane
(Inula helenium) upon which it was named inulin by Thomson in 1817 (Shoaib et al., 2016). Several plants
considered the ideal natural sources of inulin include chicory roots (Cichorium intybus L.), dahlia tubers
(Dahlia L. spp.), and Jerusalem artichoke tubers (Helianthus tuberosus L.). Novel sources such as globe
artichoke inflorescence (Cynara cardunculus L.) are currently being explored (Shoaib et al., 2016; Redondo-
Cuenca et al., 2021). Other than plants, microorganisms such as Streptococcus and Aspergillus have been
reported to be able to produce inulin (Barclay et al., 2010).

Growth conditions, abiotic stresses, and developmental stages affect inulin content in plants to a
large extent. Chicory grown at 5 °C above the ambient temperature has a higher inulin content in their roots
but with a reduced total amount of inulin per plant due to inhibition of sugar translocation from leaves to
secondary roots (Mathieu et al., 2018). Inulin is known to be actively synthesized in plants under drought and
cold stresses and confirmed to confer tolerance to those conditions (de Roover et al., 2000; Kawakami et al.,
2008; Livingston Il et al., 2009). Inulin stabilizes cellular membranes during drying or freezing by inserting its
polysaccharide portion into membrane lipids which helps prevent leakage during water removal from the
system (Livingston Il et al., 2009). As with other fructans, inulin can serve as reactive oxygen species (ROS)
scavengers (Shang et al., 2018). Under stress conditions, abscisic acid (ABA) accumulates in chicory plants
which leads to a higher inulin content (Mohammadi et al., 2021). Similar results were observed when
exogenous ABA and a high concentration of auxin or ethylene were added. High inulin content is also linked
to carbohydrate mobilization during energy-intensive developmental processes, as reported during stalk
elongation and grain ripening in the wild cardoon roots (Cynara cardunculus L. var. sylvestris Lam.) (Branca
et al., 2022).

Inulin is a polymer of fructose linked by B(201) D-fructosyl-fructose linkage and terminated by a
(1¢=>2) bonded B-D-glucosyl group (Figure 1) (Glibowski & Bukowska, 2011). The chains are composed of 2
to 60 fructose monomers, but shorter ones (up to 10 fructose monomers) are more referred to as
oligofructose (Mensink et al., 2015). Inulin is indigestible to humans because their digestive system lacks the
enzymes needed to break the B-linkage of the fructose polymer. Inulin is a polydisperse fructan, having a
wide molecular weight distribution due to varying degrees of polymerization (DP) (Mensink et al., 2015). The
plant species, climatic conditions, time of harvesting, post-harvest storage conditions, and processing
methods all affect the polydispersity of inulin, which in turn influences its physicochemical properties and
functionality (Van den Ende et al., 2000; Mensink et al., 2015). Plant inulin has a relatively low maximum DP
(< 200) and hence a lower molecular weight (Mensink et al., 2015; Shoaib et al., 2016). On the contrary,
bacterial inulin has a very high maximum DP (10,000 to 100,000) and the structure is 15% more branched
compared to plant inulin (Oztiirk, 2016; Shoaib et al., 2016).
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Figure 1. Chemical structure of inulin (Source: Wikipedia).

Until now, commercial inulin is predominately extracted from chicory root due to its high inulin
content (14.9-18.3 %) and high tolerance to cold weather (Zhu et al., 2016; Redondo-Cuenca et al., 2021). At
the end of the growing season, the inulin content of chicory roots harvested in Western Europe could reach
up to 20% of its wet weight or 90% of its dry weight (van Laere & van den Ende, 2002) with a productivity of
5-11 tons/ha (Zhu et al., 2016). The traditional production process of inulin is done in two stages: extraction
and purification (Figure 2). In the extraction step, chicory roots are sliced and then boiled at 70-80 °C for 1
to 2 h to obtain an impure juice containing inulin and other water-soluble components. The purification step
consists of liming (CaCOs precipitation) and carbonation — to remove degraded proteins and colloids —
followed by filtration. Further refinements are done through demineralization using ion-exchange resins and
decolorization using active carbon. The final step includes evaporation and spray-drying to obtain pure inulin
powder which is then stored as the end product.
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Figure 2. The conventional process for inulin production from chicory roots (adapted from Zhu et al., 2016).
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Despite its application for large-scale production, this conventional process is both energy-intensive
and time-consuming (Zhu et al., 2016). Therefore, novel procedures such as enzyme-assisted extraction
(Chikkerur et al., 2020), ultrasounds (Xu et al., 2021), microwaves (Petkova et al., 2018), and pulsed electric
fields (Zhang et al., 2021) are currently being explored for inulin extraction. Ultrasound-assisted extraction,
for example, can reduce the power requirement up to 5 times compared to conventional rotary-type
extractors, thus lowering the production costs (Yankevich et al., 2022). These improvements would also make
it possible to obtain pure inulin with several degrees of polymerization such as native inulin (DP of 10-12),
short-chain inulins (DP of 3-10), and a high performance (HP) inulin (DP > 23) (Dehghan et al., 2013).

INULIN APPLICATIONS IN THE FOOD SECTOR

Inulin has various applications in food processing due to its unique properties. The B(201) D-frutosyl-
fructose bonds between the fructose unit in inulin along with their B configuration of anomeric carbon make
it resistant to starch- and sucrose-degrading enzymes in the upper gastrointestinal tract (Apolindrio et al.,
2014). Therefore, inulin remains intact in the large intestine and can serve as a prebiotic dairy fiber (Teferra,
2021). Compared to complex oligofructoses with different types of glycosidic bonds, inulin is more readily
fermentable by the colonic microbiota. The B(201) bond in inulin is more accessible to bacterial hydrolysis
(Miremadi & Shah, 2021). Colon bacteria with inulinase activity (Bifidobacteria, Lactobacillus, and
Lactococcus) convert inulin into SCFA which are then absorbed by the colonic mucosa and helps supply
energy molecule to the host (Weitkunat et al., 2015). Inulin fermentation also produces lactate and gases,
creating a low pH environment in the gut which enhances the colonization resistance against pathogenic
bacteria (Teferra, 2021). A recent randomized, controlled trial on healthy adults reported that the prebiotic
intervention using Orafti®, a commercial inulin supplement, led to an increase in Bifidobacterium and
Faecalibacterium and a decrease in the number of Coprococcus, Dorea, and Ruminococcus (Healey et al.,
2019). Increased viability of these beneficial microbiomes aids in outcompeting the detrimental strains (van
Arkel et al., 2013; Maroufi et al., 2018). Both short (DP < 10) and long (DP = 25) have been reported to exhibit
prebiotic effects (Ozturkoglu-Budak et al., 2019; Ruan et al., 2019)

The application of insulin in the food sector is not limited to prebiotic dietary fibers, but also as a
bulking agent, sugar replacer, and fat replacer (Mensink et al., 2015). As a bulking agent, inulin helps to
relieve constipation and increase stool rate (Shoaib et al., 2016). High DP inulin (DP 2 25) can be used as a
carbohydrate-based fat substitute because it may form microcrystals and interact to create a smooth creamy
texture. These characteristics can increase viscosity, mouthfeel texture, and water-holding capacity when
used in food materials (Oztiirk, 2016; Iraporda et al., 2019). Due to its indigestibility, inulin has a low caloric
value (1.5 kcal/g or 6.3 kJ/g) and provides only 25-35% energy compared to digestible carbohydrates
(Roberfroid, 1999). The sweetness level of inulin depends on its polymer length. Low DP inulin (DP <10) is
much more soluble and sweeter than the less soluble, long-chain inulin which almost has no taste (Teferra,
2021). The sweetness level of low DP inulin is around 35 to 55% as sweet as sucrose (Teferra, 2021). It could
be used to replace sugar in chocolates, dairy products, and meat products (van Arkel et al., 2013; Shoaib et
al., 2016). In addition, inulin can also be used as the precursor for alcohol and concentrated fructose syrup
production (van Arkel et al., 2013). Unlike other fibers, inulin has no off flavors and contributes very little to
viscosity which allows for the formulation of high fiber foods with similar appearance and taste to standard
food formulations (Moghadam et al., 2018).

Due to its various uses in the food industry, the demand for inulin is high. The global inulin market is
projected to increase with a forecasted CAGR of 9.5% from 2018 to 2026 (Inkwood Research, 2017). This
increase is driven by different factors such as the growing popularity of prebiotic ingredients, the growing
dairy industry, the increasing number of diabetic patients, and the growing demand for natural ingredients
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(Inkwood Research, 2017). There has also been an increased interest in the food industry to produce
healthier and low-fat food with the same sensory characteristics (Zhu et al., 2016).

INULIN BIOSYNTHESIS

Inulin is synthesized in plants using sucrose as a precursor. Inulin biosynthesis proceeds at its optimal
temperature of 25 °C but could retain its activity even at a lower temperature (van Laere & van den Ende,
2002). The production of inulin in plants is catalyzed by two fructosyltransferase enzymes: sucrose:sucrose
1-fructosyltransferase (EC 2.4.1.99) (1-SST) and fructan:fructan 1-fructosyltransferase (EC 2.4.1.100) (1-FFT)
(Barclay et al., 2010). Their reactions are based on the transfer of fructosyl units between reactants. Both
enzymes are active in the plant vacuole (Beck, 2017). The third class of enzymes, fructan exohydrolase
(EC.3.2.1.153) (1-FEH), catalyzes inulin degradation by hydrolyzing terminal fructosyl units, generating
fructose and lower DP inulin (van den Ende et al., 2013).

1-SST catalyzes the first reaction in which two sucrose molecules, each consisting of glucose and
fructose are converted into trisaccharide 1-kestose, leaving one glucose as a by-product (Figure 3). 1-kestose
is considered the shortest inulin (DP = 3). 1-SST has a high specificity for sucrose with negligible activity
against the trisaccharide donor or with glucose (van den Ende et al., 2013). Therefore, the reaction becomes
irreversible and 1-SST is unable to elongate the polymer chain. Meanwhile, the glucose by-product can be
recycled back either into sucrose or into any other metabolites required for plant growth.
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CH20H CH20H 1-SST ‘0 z o

M OH
OH

|

CHZOH CH20H _s OH OH

\Q i}
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1-Kestose

Figure 3. 1-SST rection (adapted from Beck, 2017).

The next enzyme, 1-FFT, then catalyzes the reversible transfer of a single terminal of B(201) linked
fructosyl residue from 1-kestose onto another 1-kestose. This reaction results in nystose, an inulin
oligofructose with DP = 4 (Figure 4). Subsequently, fructose units are shuffled by 1-FFT between 1-kestose
and the existing oligofructose, which results in higher DP inulin polymers with only B(201) linkages. Through
this mechanism, 1-FFT can elongate a pre-existing inulin molecule by transferring an additional fructosyl unit
from another oligofructose. The action of the 1-FFT is strongly affected by the relative concentration of
reactants and products. Therefore, 1-FFT reaction can generate products with various DPs which can co-exist
in an equilibrium (Beck, 2017). Depending on the plant species, 1-FFT can also transfer fructosyl residue to
other fructans or a sucrose molecule (van Laere & van den Ende, 2002; van Arkel et al., 2013).
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Figure 4. 1-FFT rection (adapted from Beck, 2017).

Another key enzyme called sucrose-fructan 6-fructosyltransferase (6-SFT) is discovered to be also
involved in inulin biosynthesis in grasses (Nagaraj et al., 2004). This discovery is originated from the findings
that fructans in grasses are structurally more complex. Fructans in barley (Hordeum vulgare) and wheat
(Triticum aestivum) consist of B(206) linked fructose units with B(201) branches (Bancal et al., 1991). 6-SFT
itself is homologous to 1-SST. The peptide sequences of barley 6-SFT are mostly identical to that of barley 1-
SST except for a short FTNLIQ amino acid sequence (Nagaraj et al., 2004). It was proposed that both 1-SST
and 6-SFT are involved to introduce new fructosy! units from sucrose into fructans. This model contrasts with
the accepted mechanism where fructosyl units in the fructan are only introduced by 1-SST. In vitro gene
expression studies suggest that 1-SST is the pacemaker enzyme of fructan synthesis in barley leaves because
it is more responsive to regulatory processes compared to 6-SFT (Nagaraj et al., 2004). In the subsequent
steps, the structural components can be modified by 1-FFT through shuffling of the fructosyl residues as
found in other plants (Beck, 2017).

GEMBILI AS A POTENTIAL INULIN SOURCE

Gembili (Dioscorea esculenta) (Figure 5) is a type of yam tuber among the other 600 species of
Dioscorea spp. which can grow well in Indonesia (Winarti & Saputro, 2013). The tuber has yellow or white
flesh which can be cooked and used as a vegetable or even rice analog (Putri, et al., 2017). It has a sweet and
pleasant flavor like that of sweet potato or chestnuts. Recently, local gembili in Papua has been explored as
an alternative staple food for substituting rice due to its rich carbohydrate content (22.49-31.30 %) (Sabda
et al., 2019). Upon processing, the total dietary fibers in boiled, steamed, and fried gembili are 19.01%,
18.15%, and 24.30% of their dry weight, respectively (Rimbawan & Nurbayani, 2013). The insoluble dietary
fiber content in gembili ranges from 11.79% to 13.43% (Rimbawan & Nurbayani, 2013). Gembili is also rich
in vitamins, protein, and minerals, containing up to 1.10 mg of proteins, 56. 00 mg of calcium, 49 mg of
phosphorus, and 66.40 mg of vitamin C per 100 g of tubers (Sabda et al., 2019).

Figure 5. Gembili tubers (Source: Google Images)
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Despite its abundance, the use of gembili in the food industry is very scarce. Gembili has the potential
to be utilized as the raw material for biscuits, bread, ice creams, and other snacks (Winarti & Saputro, 2013;
Ridarineni, 2015). Moreover, gembili is among several Dioscorea spp. that contain a high amount of inulin,
reaching up to 14.77 % dry weight (Winarti & Harmayani, 2012; Winarti & Saputro, 2013). Ultrasound-
assisted extraction can even obtain inulin levels of 21.13% from chipped gembili (Hilman et al., 2018). Inulin
extracted from gembili has comparable prebiotic activity to commercial inulin from chicory roots (Fibruline®
Instant) in increasing the viable count of probiotic Lactobacillus casei in the MRS medium (Zubaidah &
Akhadiana, 2013). Crude inulin extract from gembili is also reported to stimulate the growth of probiotic
Bifidobacterium breve BRL-131, Bifidobacterium bifidum BRL-130, Bifidobacterium longum ATCC-15707, and
Lactobacillus casei FNCC-90 while inhibiting the growth of E. coli FNCC-195 (Winarti et al., 2013).
Fermentation of the inulin extract by Bifidobacterium strains on MRS media produced a higher amount of
SCFA, including acetic acid, propionic acid, and butyric acid, than commercial inulin (Winarti et al., 2013). In
addition, a study on streptozotocin-induced rats showed that inulin from gembili tuber has a potential
antidiabetic effect which might be due to modulation of Bifidobacterium sp. and Lactobacillus sp. (Soetoko
et al., 2018). These studies suggest the great potential of gembili as the source of inulin for prebiotic
functional foods.

GENETIC ENGINEERING OF INULIN BIOSYNTHESIS IN PLANTS

A better understanding of inulin metabolism in plants can help efforts to improve the inulin yield and
tailor its DP. Inulin biosynthesis is upregulated by carbon supplementation, nitrogen starvation, and hormone
levels such as salicylic acid, jasmonate, and abscisic acid (Suarez-Gonzalez et al., 2014; Wei et al., 2016). On
the other hand, inulin degradation is induced by stress-related conditions such as cold, flooding, and
defoliation upon which the plant remobilize stored carbons (Wei et al., 2017). In chicory, the transcription
factor CiMYB17 is crucial in these regulations because not only does it activates promoters of 1-SST and 1-
FFT but also activates promoters of 1-FEH (Wei et al., 2017). A study on Jerusalem artichoke suggested that
1-SST prefers inulin biosynthesis more than 1-FFT (Min et al., 2019). However, their expressions can be
synchronized to the growth stages and dynamics of inulin accumulation/degradation (Bizzarri et al., 2020).
Catalytic breakdown by 1-FFT and 1-FEH typically increases around harvest time (November) which results in
a reduced polymer length compared to the early growing season (van den Ende et al., 2013). In another
study, low 1-FFT activity after 120 days of seed planting also results in short inulin polymers (DP < 5)
(Shoorideh et al., 2018). The decrease in inulin content at harvest time is also reported on asparagus roots
(Asparagus officinalis L.), another inulin-accumulating plant (Ueno et al., 2020).

This degradation is a major drawback in large-scale inulin production from chicory crops. With the
growing market of prebiotic functional food, the conventional production method will be unable to keep up
with increasing global demand. Various approaches to solve this problem have been explored, including (i)
engineering inulin biosynthesis in chicory to modify DP and increase yield, (ii) engineering inulin production
in non-inulin-accumulating plants, and (iii) engineering inulin production in microbial hosts. Details and
examples for (i) and (ii) are excellently reviewed by van Arkel et al. (2013) but some more recent examples
will be added here. Approach (iii) will be discussed in the next section. The scope will be limited only to the
utilization of inulin biosynthesis genes isolated from plants.

The yield and DP of chicory inulin can be modified using specific growth elicitors or modifying the
expression of inulin biosynthesis genes. As discussed earlier, low DP inulin can be used as sweeteners,
whereas high DP inulin is preferable for fat replacement in food products. A study using in vitro cell
suspension culture of Jerusalem artichoke suggests that three elicitors: chitosan, yeast extract, and AgNOs,
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were recommended for producing lower DP inulins (Ma et al., 2017). The study also reported that methyl
jasmonate (250 pumol/I) treatment for 15 days led to the highest inulin concentration (2955.27 + 9.81 mg/I,
around a 2.05-fold increase compared to control) (Ma et al., 2017). On the other hand, to obtain high DP
inulins, the 1-FEH activity needs to be reduced while the decrease of 1-SST activity should be prevented,
especially around the harvest time. Under this strategy, the transgenic chicory plants cultivar 'Melci' has been
developed to overexpress 1-SST under the control of the CaMV 35S promoter (Maroufi et al., 2018). The 1-
SST gene cloned was originated from dandelion (Taraxacum officinale). CaMV 35S is a constitutive promoter
commonly used in the transformation of dicot plants due to high levels of expression. In the roots of
transgenic chicory, the expression level of 1-SST was 4-fold higher than those in the wild-type whereas the
expression level of 1-FFT showed no significant difference (Maroufi et al., 2018). The average DP in transgenic
plants was also higher (mean DP = 11.52) compared to the wild-type (mean DP = 9.57 £+ 0.58) (Maroufi et al.,
2018). The transgenic plants also showed the accumulation of transgenic 1-SST mRNA at harvest time. This
stable expression of 1-SST is thought to ensure a sufficient supply of 1-kestose required for 1-FFT to
synthesize high DP inulins. However, the role of 1-FEH was not investigated in this study.

Genetic modification of non-inulin-accumulating plants to synthesize inulin is another promising
strategy. Examples of plants that have been used are sugar beet (Sévenier et al., 1998), tobacco (Li et al.,
2007), maize (Stoop et al., 2007), rice (Kang et al., 2010), and potatoes (Moon et al., 2019). Inulin-producing
transgenics often showed low sucrose or starch content along with stunted growth compared to wild type,
probably as compensation for the extra energy and substrates need for inulin biosynthesis (van Arkel et al.,
2013). Nevertheless, results from this approach demonstrated that the inulin biosynthesis pathway is fully
transferable. For example, transgenic potato tubers overexpressing 1-SST from Jerusalem artichoke yielded
a high level of 1-kestose (3.36 mg/g), while tubers overexpressing both 1-SST and 1-FFT produced up to 3.14
mg/g short-chain inulins (DP of 3 to 5) (Moon et al., 2019). One of the transgenic lines produced longer inulin
chains (DP > 5) up to 1.11 mg/g in their tubers. Since potato cultivation methods and processing chains have
been well-established, mass production of inulin using potatoes has a high potential. The integration of
transgenic biosynthesis genes with native pathways in non-accumulating species will also make it possible to
produce different inulin types and sizes with novel functionalities (van Arkel, 2013).

HETEROLOGOUS EXPRESSION OF INULIN BIOSYNTHESIS GENES IN MICROBIAL HOSTS

A growing body of research has confirmed the possibility of expressing inulin biosynthesis genes from
plants in microbial hosts (Table 1). Most of the earlier reports focused on utilizing Pichia pastoris to clone and
express fructosyltransferases for functional studies such as probing enzyme identity and characterizing its
activity (Abe et al., 2009; Ueno et al., 2011). Initially, tobacco protoplasts were used as the model because
they do not accumulate fructans and naturally have plant enzymes. However, the native presence of
invertases — which also use sucrose as a substrate — has led to inconsistent results (Rehm et al. 1998; Luscher
et al., 2000). The use of Saccharomyces cerevisiae did produce active proteins but with low activity due to
hyperglycosylation which prevents optimal protein secretion (Ritsema & Smeekens, 2003). Pichia pastoris
lacks invertase and — in addition to having established tools for genetic manipulation — has thus been widely
used as a suitable host for heterologous expression of fructosyltransferases.

In the studies reviewed, functional studies of plant fructosyltransferases using Pichia pastoris follow
a general methodology. They typically involve (i) gene or RNA isolation from plant materials, (ii) construction
of a cDNA library, (iii) cDNA cloning and transformation to Pichia pastoris, (iv) recombinant protein
expression, and (vi) enzymatic assays. Protein sequencing can be used to elucidate the partial protein
sequence which can later be used to design degenerate primers for cDNA library construction (Luscher et al.,
2000). If the genomic information is limited, primers can also be designed from the predicted conserved
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sequences of the target gene. For instance, the isolation of the 1-SST gene from agave (Agave tequilana
Weber var. azul.) utilized a set of primers based on the conserved region of 1-SST alignment from several
inulin-accumulating plants such as Allium cepa, Allium sativum, and Taraxacum officinale (Avila-Fernandez et
al., 2007).

Recombinant protein expression and secretion in Pichia pastoris should be carefully regulated.
Methanol is used to induce expression since Pichia pastoris is a methylotrophic yeast. The expression
plasmids used typically contain the Saccharomyces cerevisiae a-factor signal peptide to enable secretion of
the recombinant protein. Enzymatic assays can characterize the activity and stability of the purified
recombinant protein. For example, recombinant 1-FFT cloned from 105 days old tuber of Jerusalem artichoke
and expressed in Pichia pastoris X-33 was able to synthesize nystose when incubated with 1-kestose but not
with sucrose (Ngampanya & Boonchoo, 2016). In a recent study, recombinant proteins rAoFT2 and rAoFT3
isolated from the cDNA library of asparagus roots were probed as 1-FFT and 1-SST, respectively, based on
their enzymatic reaction profiles after being expressed in Pichia pastoris (Ueno et al., 2020).

Recent efforts on heterologous expression of inulin biosynthesis genes in microbial hosts are also
geared towards overproduction in fermentation conditions. A study by Hernandez et al. (2018) reported a
successful expression of recombinant 1-SST from Tall fescue in Pichia pastoris. The 548-aa mature
polypeptide of 1-SST was expressed under the control of the constitutive GAP promoter and the methanol-
inducible AOX1 promoter. Secretion driven by the S. cerevisiae a-factor sequence resulted in a high
extracellular release (62%) compared to periplasmic retention (38%). When tested in a fed-batch
fermentation at pH 5.5 and 28°C using cane sugar, the 1-SST-expressing Pichia pastoris achieved 106 g/l dry
weight of biomass after 72 h with a total activity of 102.1 U/ml. Inulin produced from sucrose comprises 55—
60% of the overall carbohydrates in the supernatant with a 9:1 ratio of 1-kestose to nystose. Subsequent
characterization revealed that the purified recombinant 1-SST has optimum activity at pH 5.0-6.0 and 45-50
oC. Its specificity and product profile showed no significant difference across varying substrate and enzyme
concentrations. One key finding is that increasing gene copies to nine led to improved 1-SST productivity,
reaching 1422.2 U/I/h after 72 h without inhibiting the cell growth. Therefore, it is clear that enzymatic inulin
production can be improved through genetic engineering.

In recent years, more development on the overexpression of plant fructosyltransferases was
reported by the same research group. The culture supernatant containing recombinant 1-SST can be turned
into water-soluble powder using a combination of ultrafiltration and Iyophilization. The powder displayed a
high enzymatic activity (>8000 U/g) and high protein purity (>50 %) while remaining stable after 1-year
storage at 4 and 25 oC (Garcia et al., 2020). A follow-up study showed the potential of cell immobilization to
reduce the cost of enzymatic inulin production. Calcium-alginate beads were used to entrap the Pichia
pastoris cells harboring nine copies of the 1-SST from Tall fescue. Permeabilization of the bead materials
using toluene increased the activity of recombinant 1-SST in the periplasm possibly due to improvement in
the substrate and products diffusion (Pérez et al., 2021). When tested in a fed-batch fermentation using
refined or raw sugar (600 g/l) at 30°C and pH 5.5, the toluene-treated immobilized cells yielded 55% inulin
with 1-kestose and nystose in a ratio above 8:2 and the productivity of 7.3 g/I/h (Pérez et al., 2021). Further
characterization showed that after 15 repetitive 30-day cycles of inulin production, the beads kept 80% of
the initial 1-SST activity (Pérez et al., 2021). It is worth mentioning, however, that the inulin yield decreased
to 45% when cheaper carbon sources such as sugarcane syrup and molasses were used in the fermentation.
Engineering of substrate specificity or catalytic activity of the recombinant 1-SST might therefore be required.
In addition, these studies did not indicate whether longer DP inulins (DP > 4) were also produced by the
recombinant 1-SST nor the possibility to tailor the fermentation conditions to generate these commercially
attractive fructans.
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INULIN BIOSYNTHESIS GENES FROM GEMBILI: PROSPECTS AND CHALLENGES

Successful expression of 1-SST from inulin source plants in various heterologous hosts suggests that
biotechnological inulin production using inulin biosynthesis genes from gembili is possible. However, the
whole genome information of gembili, including genetic and protein sequence for 1-SST, is not yet available.
Typically, primers are designed according to the whole genome sequences (WGS), cDNA sequences,
conserved regions from similar genes on other plants, or sequences from close relatives. The WGS for two
species in the Dioscorea genus, water yam (Dioscorea alata L.) and white Guiena yam (Dioscorea rotundata),
is publicly available (Saski et al., 2015; Tamiru et al., 2017). Previous studies have also reported that it is
possible to isolate the 1-SST gene from plants using primers designed for other species (Lasseur et al., 2006;
Avila-Fernandez et al., 2007).

A recent study by Heriawan et al. (2020) has investigated the possibility of using existing primers
from literature to isolate the putative 1-SST gene in gembili but was unsuccessful. The primers were designed
based on the sequence of glycoside hydrolases family 32 domain found on chromosomes 6 and 11 of
Dioscorea rotundata. Initial PCR using 6B primers (Forward: GGTTGAGTGTTTGGTGTTGTATT, Reverse
AGGAGATGGATGTTGGGATTG, product size = 1129 bp) resulted in a visible 1-kb band in the onion DNA
sample but only a faint one in gembili DNA sample (Heriawan et al., 2020). The optimized annealing
temperature of 50 °C was successful in obtaining a distinct band at 1 kb but later this is showed to be a false
positive. Multiple sequence alignment of the PCR product using BLAST returned Steroidobacter denitrificans
DSM 18526, a Gram-negative bacterial species, as the highest result but with a very low identity (69%)
(Heriawan et al., 2020). Another primer set, called 11A (Forward: AGATCCGAATGGTGAGTTCTTC, Reverse:
AAGAGAGAGAAGCGTGAATGG, product size = 1004 bp), was also successful in isolating 1-kb products from
gembili with BLAST results suggest a close relationship to beta-fructofuranosidase-1 from perennial ryegrass
(Lolim perenne) and 1-SST from Tausch's goatgrass (Aegilops tauschii). However, the percent identity was
also low (>75%) and therefore cannot be taken as a true positive result (Heriawan et al., 2020). It is safe to
conclude that both primer sets failed to isolate the putative 1-SST gene from gembili.

Therefore, biotechnological inulin production using inulin biosynthesis genes from gembili is still very
challenging. Primer design based on multiple sequence alignment of 1-SSTs from closely related species to
gembili is not without issues. The WGSs of Dioscorea alata and Dioscorea rotundata are still lacking
annotations thus making it difficult to determine the location of the genes without more genomic data
(Heriawan et al., 2020). Exploration of genomic information from other inulin-producing species is therefore
still needed to develop specific primers for 1-SST isolation from gembili (Moon et al., 2019; Ueno et al., 2020).
Alternatively, gene synthesis can be utilized to explore the genetic sequence space which might generate 1-
SST — or other inulin biosynthesis enzymes — with superior activity (Halewood et al., 2018). As a cutting-edge
technology, gene synthesis offers an advantage in the possibility of designing novel sequences that previously
did not exist in nature (Hughes & Ellington, 2017). For example, synthetic gene synthesis combined with
rational bioinformatics and high-throughput screening has been successful in generating variants of glycoside
hydrolases (GHs) and polysaccharide lyases (PLs) with novel substrate specificities (Helbert et al., 2019).
Therefore, it will be possible to engineer enzymes with improved catalytic activity, yield, and productivity
when expressed in heterologous hosts.

CONCLUSION

Inulin has been widely used as a prebiotic dairy fiber and fat substitute in food processing.
Commercial inulin is primarily extracted from the roots of the chicory plant (Cichorium intybus). The demand
for inulin is increasing but cannot be satisfied with conventional production methods. Biotechnological
approaches have the potential to achieve large-scale, sustainable inulin production and met the increasing
demand. Genes involved in the inulin biosynthesis pathway such as 1-SST and 1-FFT can be isolated, cloned,
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and transformed into non-inulin accumulating organisms. Numerous studies have reported the successful
expression of 1-SST from inulin source plants in heterologous hosts, including the yeast Pichia pastoris, a
widely used “working horse” for biotechnological production. Gembili (Dioscorea esculenta), a type of yam
tuber commonly found in Indonesia, contains a high inulin content (14.77%). However, isolation of 1-SST
gene from gembili is still unsuccessful mainly due to the lack of published genomic information. Efforts using
primers obtained from previous literature or designed from genome sequences in close relatives — which has
been successful in other studies — also failed to give positive results. Whole-genome sequences of other
inulin-accumulating species and gene synthesis technologies could be explored to obtain the inulin
biosynthesis genes. These approaches are hoped to bring sustainable inulin production using the
biotechnological approach in Indonesia closer to reality.
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APPENDIX

Table 1. Heterologous expression of inulin biosynthesis genes from plants in Pichia pastoris

Catalytic activity Enzyme expression and inulin production
Gene cloned or . Estimated
Plant origin . Ref.
enzyme assayed size
Inulin DP of
Substrate products inulin Activity Productivity Maximum inulin yield
detected products
1-sst Tall fescue 82 kDa Sucrose 1-kestose 3 9.065 + (0.278) nkat/ml n.r. n.r. Lischer et al.
(Festuca (2000)
arundinacea) (100 mMm)
Sucrose Nystose 4 0.103 + (0.006) nkat/ml n.r. n.r.
(100 mM)
1-kestose Nystose 4 1.352 +(0.025) nkat/ml n.r. n.r.
(50 mM)
Sucrose Nystose 4 0.468 + (0.005) nkat/ml n.r. n.r.
(100 mM)
1-kestose
(50 mM)
Nystose 1-kestose 3 0.788 + (0.022) nkat/ml n.r. n.r.
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(50 mM)
1-sst Ryegrass (Lolium 653 a.a. Sucrose 1-kestose 3 n.r. n.r n.r Chalmers et
perenne) al. (2003)
(70 kDa) (100 mMm) Nystose 4
1-fft Wheat (Triticum 648 a.a. Sucrose 1-kestose upto6 n.r. n.r n.r Kawakami &
aestivum L.) Yoshida
(200 mM) (2005)
1-kestose Oligomers upto6 n.r. n.r n.r
(200 mM)
1,1- Oligomers upto6 n.r. n.r n.r
kestotetraose
(200 mM)
1,1,1- Oligomers upto?7 n.r. n.r n.r
kestopentaose
(200 mM)
1-sst (putative) Ryegrass (Lolium 645 a.a. Sucrose 1-kestose 3 n.r. n.r n.r Lasseur et al.
perenne) (2006)
(60.6 kDa) (100 mM)
Sucrose Nystose 4 n.r. n.r n.r
(100 mM)
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1-kestose
(50 mM)
1-kestose Nystose 4 n.r n.r n.r
(50 mM)
1-sst Blue agave 560 a.a. Sucrose 1-kestose 4 73 mU/mL n.r. n.r. Avila-
(Agave tequilana Fernandez et
Weber var. azul.) (75 kDa) (300 mMm) (MES buffer, pH 5.5) al. (2007)
85 mU/mL
(Citrate buffer, pH 5.5)
1-fft Edible burdock 617 a.a. 1-kestose Oligomers upto8 4.57 U/mg (1-ffta) n.r. n.r. Abe et al.
(Arcitum lappa L.) (2009)
(100 mM) 8.12 U/mg (1-fftb)
1-feh Edible burdock 581 a.a. Nystose 1-kestose 3 n.r. n.r. n.r. Ueno et al.
(Arcitum lappa L.) (2011)
(80 kDa) (100 mMm)
1-kestose Nystose 4 73.4U/mg n.r. n.r.
(100 mM)
1-sst Ryegrass (Lolium 580 a.a. Sucrose n.r n.r. 2% n.r. n.r. Lothier et al.
perenne) (2014)
(60.9 kDa) (3 mM) (relative to 6-

kestotriose as a
substrate)
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1-kestose n.r n.r 11% n.r. n.r
(3 mM)
1,1- n.r n.r 11% n.r. n.r
Kestotetraose
(3 mM)
Inulin n.r n.r 1% n.r. n.r
(5%)
1-fft Jerusalem n.r. 1-kestose Nystose 4 3.33U/I n.r. n.r Ngampanya &
artichoke Boonchoo
(Helianthus (50 mm) (2016)
tuberosus L.)
Inulin Nystose 4 n.r n.r. n.r
(50 nM)
1-sst Tall fescue 80-90 kDa Glycerol n.r n.r 2.3+0.3U/ml 54.9 U/l/h n.r. Hernandez et
(Schedonorus al. (2018)
(1 copy) arundinaceus) (fed-batch) (extracellular enzyme)
1-sst Glycerol n.r n.r 6.6+0.4 U/ml 154.8 U/I/h n.r.
(6 copies) (fed-batch) (extracellular enzyme)
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1-sst Glycerol n.r. n.r. 19.0+0.2 U/ml 437.2 U/l/h n.r.
(9 copies) (fed-batch) (extracellular enzyme)
1-sst Sucrose n.r n.r. 63.2+5.9U/ml 1422.22 U/l/h n.r.
(9 copies) (fed-batch) (extracellular enzyme)
Purified 1-SST Sucrose 1-kestose 3 n.r. n.r. 308.2 g/
(600 g/1)
Sucrose Nystose 4 n.r. n.r. 53.1¢/l
(600 g/1)
1-fft Asparagus 624 a.a. 1-kestose 1-kestose 3 n.r n.r n.r Ueno et al.
(Asparagus (2020)
officinalis L.) (68.8 kDa) (100 mM) Nystose 4
Nystose 1-kestose 3 n.r n.r n.r
(50 mM) Nystose 4
Oligomers uptob
1-kestose 1-kestose 3 n.r n.r n.r
(100 mMm) Nystose 4
Nystose Oligomers upto5
(100 mMm)
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1-sst Asparagus 628 a.a. Sucrose 1-kestose 3 n.r n.r. n.r Ueno et al.
(Asparagus (2020)
officinalis L.) (70.7 kDa) (100 mMm)
1-kestose 1-kestose 3 n.r n.r. n.r
(50 mM) Nystose 4
Sucrose 1-kestose 3 n.r n.r. n.r
(100 mMm) Oligomers 4
Neokestose
(100 mM)
1-sst Tall fescue 654 a.a. Glycerol n.r n.r 3955 U/L 55 U/L/h n.r. Hernandez-
(Schedonorus Garcia et al.
(1 copy) arundinaceus) (fed-batch) (2020)
1-sst Glycerol n.r n.r 60 U/mL n.r n.r
(9 copies) (fed-batch)
Purified 1-SST Sucrose 1-kestose 3 n.r n.r. 360 g/l
(fed-batch) Nystose 4 (total)
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1-sst

(9 copies)

Toluene-treated
imobilized
recombinant cells

Tall fescue 80-90 kDa Molasses
(Schedonorus
arundinaceus) (fed-batch)

Refined sugar

(fed-batch)

Raw sugar

(fed-batch)

n.r n.r 120.7 U/ml 2368.0 U/I/h
(extracellular enzyme)
1-kestose 3 19.51U/g 7.3g/l/h
Nystose 4
1-kestose 3 19.51 U/g 6.9 g/l/h
Nystose 4
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58.2%

(g inulin/g sucrose)

3.5%

(g inulin/g cells)

81.2%

(g 1-kestose/g inulin)

55.4%

(g inulin/g sucrose)

3.3%

(g inulin/g cells)

84.5%

(g 1-kestose/g inulin)

Pérez et al.
(2021)
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Molasses 1-kestose 3 19.51U/g 5.7g/l/h 46.4%
(fed-batch) Nystose 4 (g inulin/g sucrose)
2.8%

(g inulin/g cells)

86.7%

(g 1-kestose/g inulin)

Sugarcane 1-kestose 3 19.51 U/g 5.8 g/l/h 45.5%

syrup
Nystose 4 (g inulin/g sucrose)
(fed-batch)

2.7%

(g inulin/g cells)

88.7%

(g 1-kestose/g inulin)

n.r. = not reported
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