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Abstract: Fructans are fructose-based polymers, defined as fructooligosaccharides (FOS), when they
possess a short chain. These molecules are highly appreciated in the food and pharmaceutical in-
ternational market and have an increasing demand worldwide, mainly for their prebiotic activity
and, therefore, for all their health benefits to those who consume them constantly. Thus, new natural
or alternative FOS production systems of industrial scale are needed. In this regard, microorgan-
isms (prokaryotes and eukaryotes) have the potential to produce them through a wide and diverse
number of enzymes with fructosyltransferase activity, which add a fructosyl group to sucrose or
FOS molecules to elongate their chain. Microbial fructosyltransferases are preferred in the industry
because of their high FOS production yields. Some of these enzymes include levansucrases, inulo-
sucrases, and β-fructofuranosidases obtained and used through biotechnological tools to enhance
their fructosyltransferase activity. In addition, characterizing new microorganisms with fructosyl-
transferase activity and modifying them could help to increase the production of FOS with a specific
degree of polymerization and reduce the FOS production time, thus easing FOS obtention. Therefore,
the aim of this review is to compile, discuss, and propose new perspectives about the microbial
potential for FOS production through enzymes with fructosyltransferase activity and describe the
modulation of FOS production yields by exogenous stimuli and endogenous modifications.
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1. Introduction

Fructans are fructose-based polymers usually linked by β(2→1) and/or β(2→6) moi-
eties, which possess, if any, a D-glucose unit in the molecule [1]. These carbohydrates
are classified based on their linkage type, degree of polymerization (DP), and biological
source [2,3]. Thus, according to their DP, fructans are generally classified as fructooligosac-
charides (FOS, DP3–DP12) and high polymerization degree fructans (HPD, DP > 12). Both
classes possess linear and branched structures [4]. However, independent of their struc-
tures, fructans are not metabolized in the human upper gastrointestinal tract. This is due to
the lack of enzymes to break β-linkages. On the other hand, the microbiota in the intestinal
tract possesses the enzymes needed to catabolize such carbohydrates [5]. Thus, fructans
are considered functional food ingredients because they stimulate positive biochemical
processes in humans after bacterial fermentation [6]. In this context, fructans can regulate
the composition of the human gastrointestinal microbiota and favor the proliferation of
good bacteria, for instance, Lactobacillus and Bifidobacterium. The fermentation of fructans by
microbiota in the large intestine results in the production of short-chain fatty acids (SCFAs),
mainly acetic, propionic, and butyric acids. These metabolites have been reported to have
several benefits to human health, for instance, their anti-cancer activity [7,8]. In addition,
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these molecules contribute to gut integrity by regulating the luminal pH and mucus pro-
duction, providing energy for epithelial cells, and regulating specific mechanisms related
to appetite, energy balance, glucose homeostasis, and immunomodulation [9]. Therefore,
the integration of fructans into the diet is widely suggested; however, exceeding 20 g/day
is not recommended [10]. Some of the health benefits experienced by fructan consumers
are constipation relief, decrease in blood glucose levels, control of obesity and diabetes, im-
provement of mineral absorption, stimulation of the immune system, reduction in oxidative
stress, brain protection, and reduction in the risk of developing colon cancer [11–15].

Currently, there is an increase in the consumption of healthy products, which is the
reason for the increase in prebiotics demand [16,17]. Among different DP fructans, FOS are
considered as prebiotics. Other established prebiotics in the market include galactooligosac-
charides (GOS), while isomaltooligosaccharides (IMOS) and xylooligosaccharides (XOS)
are considered as emerging prebiotics [18,19]. Several reports indicate that specifically, FOS
can decrease total cholesterol and serum lipids, including triglycerides and phospholipids,
increase beneficial intestinal microflora, increase the absorption of calcium, magnesium,
and iron, inhibit the growth or proliferation of pathogens, positively stimulate the im-
mune system, increase the IgA secretion, decrease proinflammatory cytokines, and exert
antioxidant properties [17,20–23]. In addition, FOS improves the organoleptic properties
of foods and their texture, taste, and shelf-life. Additionally, these molecules can be used
as low-calorie carbohydrate substitutes [24]. Thus, the physical, chemical, technological,
and functional properties of FOS are highly appreciated by the food and pharmaceutical
industry. The Transparency Market Research [25] estimated the prebiotics market in 2018 at
USD 4.5 billion, while the Grand View Research Inc. estimated USD 6.05 billion in 2021 [26].
Based on current tendencies, the value of prebiotics will be around USD 7.11 billion in
2024 [27].

Nevertheless, due to their large demand in the market, new FOS sources and/or
biotechnological approaches for their massive production are needed. For instance, the
production and consumption of FOS in the United States of America in 2021 was valued at
USD 2.76 billion and is projected to reach USD 6.79 billion in 2030, growing at a compound
annual growth rate (CAGR) of 10.5% from 2023 to 2030 [28]. These days, FOS are under
the loop of functional food research as one of the most promising ingredients. In this
context, reports of some microorganisms with the capability of producing FOS through
their own enzymes have been increasing in recent years. Such microorganisms synthesize
fructans through diverse mechanisms, including transfructosylation and carbohydrate
hydrolysis. This fact has positioned microorganism-based-FOS production in the limelight
of scientific scrutiny and biotechnology development. Therefore, the aim of this review
is to compile, discuss, and propose new perspectives on the microbial potential for FOS
production through enzymes with fructosyltransferase activity and the modulation of
yields by exogenous stimuli and endogenous modifications.

2. Fructan Diversity

Depending on the fructan source, there are variations in their chemical arrangements,
which occur even among species in the same genus. Such structural differences might be
dictated by environmental factors [12]. Thus far, based on structural features, fructans
are categorized as inulin, levan, graminan, neo-linear fructans, and highly branched neo-
fructans, so-called agavins. Inulin is a linear fructose polymer with β(2→1) glycosidic
linkages with a glucose unit in a reducing terminal position. When there is no glucose
in fructans, they are called F-series. Inulins are produced by dicotyledonous species
belonging to the Asteraceae family. Some of the specimens of this family producing
inulin include chicory (Cichorium intybus L.), Jerusalem artichoke (Helianthus L.), artichoke
(Cynara cardunculos L.), dahlia (Dahlia pinnata Cav.), and yacon tuber (Smallanthus conatus
(Spreng.) H.Rob.) [29]. Levan is also a fructose-based polysaccharide. Different from inulin,
it predominantly possesses β(2→6) moieties between fructose units. They are mainly
found in some grasses, for example, Dactylis glomerata L., Phleum pratense L. and Puccinellia
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rupestris (With.) Fernald and Weath [30]. Graminans are defined as mixed-branched fructan
polymers; that is, their structures possess both β(2→1) and β(2→6) linkages, and glucose is
always located as a terminal residue. Graminans are common components found in wheat
(Triticum aestivum L.), barley (Hordeum vulgare L.), and some members of the Asparagales
such as Arthropodium cirrhatum (G. Forst.) R.Br., Astelia banksii A. Cunn., and Bulbinella
hookeri (Colenso ex Hook.) Cheeseman [30–32]. Neo-series are built up from neokestose.
Thus, they always possess an internal glucose unit in their structures, and there are neo-
inulin and neo-levan series [30]. These special series of fructans have been reported in
bulbs of the Liliaceae family, for example, onion (Allium cepa L.), garlic (Allium sativum
L.), asparagus (Asparagus officinalis L.), and perennial ryegrass (Lolium perenne L.) [33–36].
A relatively recently discovered type of neo-fructan called agavin, which are defined as
highly branched neo-fructans commonly found in agave species [37–40]. Finally, the most
recently described fructan possesses a novel β(2→3) linkage and high molecular weight
(1.70 × 103 kDa), and it was reported in the Radix Codonopsis. The structure of this fructan
was confirmed by one dimension and bidimensional nuclear magnetic resonance, but the
new class of fructan has not been placed in any of the abovementioned categories [41].
Table 1 shows a general fructan classification.

Table 1. Fructans categories.

Fructan Type Linkage Example Reference

Inulin linear, β(2→1)

Chicory (Cichorium intybus L.),
Jerusalem artichoke (Helianthus L.),
Artichoke (Cynara cardunculus L.),

Dahlia (Dahlia pinnata Cav.),
Yacon tuber (Smallanthus connatus (Spreng.) H.Rob.)

[29]

Levan linear, β(2→6)
Dactylis glomerata L.,
Phleum pratense L.,

Puccinellia rupestris (With.) Fernald and Weath.
[30]

Graminan β(2→1) and β(2→6) and
branched

Triticum aestivum L.,
Hordeum vulgare L.,

Arthropodium cirrhatum (G. Forst.) R.Br.,
Astelia banksii A. Cunn.,

Bulbinella hookeri (Colenso ex Hook.) Cheeseman

[30–32]

neo-Fructan
(neo-inulin)

neokestose, predominantly
β(2→1)

Onion (Allium cepa L.),
Garlic (Allium sativum L.),

Asparagus (Asparagus officinalis L.)
[33–35]

neo-Fructan
(neo-levan)

neokestose, predominantly
β(2→6) Perennial ryegrass (Lolium perenne L.) [36]

neo-Fructan (agavins) neokestose, β(2→1) and
β(2→6), highly branched

Agave tequilana Weber var. Azul,
Agave angustifolia,
Agave potatorum

[37–40]

No name β(2→3) Radix Codonopsis [41]

Fructans play a role as a carbohydrate reservoir in several monocots and 15% of
flowering plants [42]. The final chemical structure of plant fructans is determined by
several enzymes present in vacuoles [43]. In this regard, sucrose is the substrate for the
enzyme sucrose:sucrose 1-fructosyltransferase (1-SST, EC 2.4.1.99), which initiates the
fructan synthesis by transferring a fructofuranosyl residue from one sucrose to another
sucrose molecule, resulting in the trisaccharide 1-kestose. Subsequently, 1-kestose is used
by the enzyme fructan:fructan 1-fructosyltransferase (1-FFT, EC 2.4.1.100), which elongates
the fructosyl chain [44]. Fructan synthesis of the neo-inulin series is carried out by fruc-
tan:fructan 6G-fructosyltransferase (6G-FFT, EC 2.4.1.243). The formation and extension of
β(2→6) moieties in graminans is produced by the sucrose:fructan 6-fructosyltransferase
(6-SFT, EC 2.4.1.10). Fructans produced by plants reach a DP ranging between three to a
few hundred fructose units [30].
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3. Enzymes Involved in Fructooligosaccharides Production

The production of FOS at a commercial scale is achieved by chemical or enzymatic
hydrolysis mediated by inulin or sucrose transfructosylation [45–47]. Nevertheless, the
chemical synthesis of FOS is a laborious and multi-step approach. Additionally, it does not
guarantee the obtention of pure products (DP), but a mixture of them varying their ratios.
Because of this, plus a low production yield, it is common to find commercial products
with purity ranging between 55 and 99% and other sugar traces [48]. Therefore, the use of
biocatalyst enzymes obtained from microorganisms is preferred over chemical synthesis to
obtain FOS for human consumption. In this regard, the chemical hydrolysis of inulin makes
usage of mineral acids, which are toxic chemicals such as hydrochloric acid, sulfuric acid,
and phosphoric acid, which, in addition lack DP-specificity (more than one DP is generated)
for the production of FOS [49–51], and their remnants can damage the consumer. Some
examples of other contaminants of the chemical synthesis of FOS include colorants and
flavoring in the inulin hydrolysate as well as excessive ash content [49,52,53]. In addition,
the production of elongation and fermentation inhibitors, such as 5-hydroxymethylfurfural
(HMF), can substantially affect the fermenting organisms under high concentrations [51]. It
has been reported that in decreasing order, the HMF production during chemical hydrolysis
was improved by the addition of phosphoric acid, hydrochloric acid, and sulfuric acid [52].
Moreover, chemical hydrolysis generates by-products such as difructose anhydrides [51,54].

Commonly, the enzymes used in the industry are produced by microorganisms, mainly
because of their high purity and enzyme activity, stability, less by-product generation, and
profitable manufacturing [55]. In 2015, the biocatalytic synthesis of FOS at an industrial
scale generated a high production yield of these carbohydrates, that is, an annual pro-
duction of 134,000 t [20]. For this approach, two general production stages are required:
(1) enzyme production and (2) carbohydrate biotransformation under controlled condi-
tions [17]. Additionally, the production of FOS depends on the bioreactor conditions,
including temperature, pH, speed agitation, and oxygen flow [56]. Depicting the high
production yields, it is also common for this approach to obtain FOS mixtures with different
DP ranges [20]. However, the production of these carbohydrates could be mediated by
enzymes with inulinase activity or by fructosyltransferase activity [48,57].

In detail, inulinases are enzymes that hydrolyze inulin into free fructose [58], thus
called β-D-(2→1) fructan fructohydrolases with glycosidase/hydrolase activity. These
enzymes can be classified as exoinulinases (E.C. 3.2.1.80) and endoinulinases (E.C. 3.2.1.7).
For instance, exoinulinases catalyze the remotion of a fructose unit from the fructan chain by
hydrolysis up to the fructose part of the initial sucrose molecule. Conversely, endoinulinases
catalyze the hydrolysis of internal moieties of the inulin chain. Some products generated
by these enzymes are inulotriose, inulotetrose, and inulopentose. Another typical feature
of inulinases is that they do not possess invertase activity to hydrolyze the sucrose residue.
Partial hydrolysis of inulin by inulinases generates FOS, which generally lacks the glucose-
terminal residue, and they are exclusive of the β(2→1) type, with a polymerization degree
greater than fructose units. Conversely, transfructosylation is a type of glycosidation
that adds a fructosyl group to sucrose or FOS molecules. Some of the enzymes with this
potential are β-fructofuranosidases (FFase, E.C. 3.2.1.26) and fructosyltransferases (FTase,
E.C. 2.4.1.9) [20,56,59–61].

FOS synthesis by transfructosylation produces mainly trisaccharides and tetrasaccha-
rides. An advantage of these kinds of bioprocesses is that their chemical structure could
be determined by the specificity of the enzyme product, making the production of FOS by
this route more versatile [62]. The enzymes used can be produced by fermentation in solid
or submerged medium through bacteria or fungi. Whole cells and free or immobilized
enzymes can be used [49]. Using whole cells in bioprocesses reduces them to a single
step, which is an economical strategy because no purification process is needed. However,
the presence of microorganisms also requires purification. In addition, they present low
yields, non-sugar compound elimination is required, and nutrients and buffer solutions
are also required [47]. It is common that during fermentation, FOS with different chemi-
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cal structures are produced, that is, a mixture of oligosaccharides with different DP [20].
Nevertheless, this could be reduced by using enzymes and specific microorganisms. In this
context, some parameters of the bioprocesses are determinants for FOS production [63],
for example, temperature, pH, agitation speed, oxygen flow, and the culturing medium
composition [56,63]. The worldwide increase in the demand for FOS requires new sub-
strates and processes to reduce costs, as well as addressing the global problem of excessive
generation of agro-industrial waste on the planet [17]. In Mexico, agave juice is an impor-
tant source of fructans, which have prebiotic properties [64,65]. This juice is employed to
produce distilled beverages (tequila and mezcal) and non-distilled beverages (pulque). In
the case of pulque, the product is quite a cheap beverage (0.26–0.43 USD/L). Thus, the
agave juice of these species is underexploited for commercial purposes. In this sense, agave
species used for pulque production could be explored as a substrate to produce FOS by
microorganisms, which could make use of the FOS present in the juice as precursors for the
synthesis of new fructan molecules. In this sense, the prebiotics and probiotics industry
require mathematical models to characterize the parameters that dictate the enzymatic
synthesis of FOS. Thus, finding the proper microorganism for FOS production and the
most efficient enzymes would lead to the production of FOS through catalytic biosynthesis
at the industrial level. This information would serve as the basis for optimizing the FOS
production process using computational tools [66].

4. General Fructosyltransferase Activity

Enzymes considered responsible for FOS synthesis are called fructosyltransferases,
more specifically, inulosucrase (EC 2.4.1.9) for inulin synthesis and levansucrases
(EC 2.4.1.10) for levan synthesis [67]. As previously mentioned, FFases and FTases cat-
alyze the transfructosylation of a fructose unit to a sucrose or FOS molecule, which results
in the increase in fructans DP [68]. In this context, FTases have been reported in more
than 36,000 plant species and microorganisms, such as filamentous fungi, bacteria, and
yeasts [48]. Nevertheless, in plants, the synthesis of fructans is the result of a series of
diverse enzymes, while in microorganisms, fructans result from the action of a single
enzyme [69]. Moreover, the FTase properties change depending on the microorganism and
culture media; for example, the carbon source can play a determining role as an induc-
tor [60]. The reaction mechanism of FTases depends on the biological enzyme origin. Thus,
enzymes such as FTases and FFases (also known as invertases) are enzymes commonly
used in the industrial production of FOS [3,61]. Depicting how they are used with the
same purpose, these enzymes differ in their protein subunit structures, molecular weight,
glycosylation degree capability, chemical susceptibility, and substrate specificity [61].

4.1. Microbial Fructosyltransferase Activity

Microorganisms are distributed in three biological domains: bacteria, archaea, and
eukarya. Studies in microorganisms describe two enzymes with fructosyltransferase
activity—FTases and FFases—reported as FOS-producing enzymes [70]. However, dif-
ferences between them are not yet well established, which makes it difficult to differentiate
between each other [71]. Wild microorganisms in which fructosyltransferase activity has
been reported include bacteria, fungi, and yeasts. Nevertheless, new studies have shown
potential fructosyltransferase activity in specimens of archaea [72]. FOS produced by these
microorganisms possess β(2→6) (levan-type) or β(2→1) (inulin-type) linkages depending
on the enzyme acting in their biosynthesis, even varying according to specific taxons [43].
Depicting the fact that plants and microorganisms can produce β(2→6) or β(2→1) link-
ages, microbial fructans are characterized by DP larger than 20,000 fructosyl units [73]. In
addition, microbial systems are more efficient than vegetal systems for FOS production
since microbes can produce these molecules with a single multifunctional enzyme [74].
In microbes, the FFase first catalyzes the hydrolysis of sucrose, and subsequently, it can
perform fructosyltransferase activity, depending on the cellular conditions and microbial
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species. Thus, the activities of the enzymes hydrolase (Uh) and fructosyltransferase (Ut)
and the Ut/Uh activity ratio will vary according to such variables [47].

FTases and FFases are a large group of enzymes with great biochemical importance
that are responsible for the synthesis and degradation of fructans, respectively. The study
and analyses of their amino acids show strong similarity at the biochemical and molecular
level between FFases and vegetal FTases [75]. FTases and FFases belong to the enzyme
family of the GH32 and GH68 glycosyl hydrolases, and both integrate the superfamily
denominated the GH-J clan. These enzymes are divided into families based on their amino
acid sequence similarities so far, with a total of 135 GH families. Amino acid sequence
analyses have shown that GH32 and GH68 are homologous and possess conserved regions
shared with families GH43 and GH62 [76]. The family GH32 includes diverse types of
enzymes such as β-fructofuranosidases, cell wall invertases (CW-INV), vacuolar invertases
(V-INV), inulinases (endo- and exo-inulinases), levanases (endo- and exo-levanases), fructan
exohydrolases (FEH: 1-FEH (EC 3.2.1.153), 6-FEH (EC 3.2.1.154), and fructosyltransferases
(FTases: 1-SST, 1-FFT, 6-SST, 6-SFT, 6G-FFT, levansucrases) [32,43]. The previous ones
can be found in bacteria, fungi, and plants [43]. On the other hand, the family GH68 is
less diverse and, so far, only includes β-fructofuranosidases, levansucrases, and bacterial
inulosucrases. In the case of microbial enzymes with fructosyltransferase activity, they are
classified based on the linkage type they form and their enzymatic properties. A general
classification for the enzymes with fructosyltransferase activity studied in microorganisms
is shown in Figure 1.Fermentation 2023, 9, x FOR PEER REVIEW 7 of 29 

 

 

 
Figure 1. Microbial enzymes with fructosyltransferase activity present in archaea, bacteria, filamen-
tous fungi, and yeast [46,61,72,77–97], and chemical structures were drawn following López and 
Salomé-Abarca nomenclature [98]. The arrows indicate the type of fructan produced by bacteria, 
archaea, yeast, or fungi. The question mark indicates that no enzyme identification has been per-
formed for the reported fructan molecule. 

4.1.1. Fructosyltransferase Activity in Bacteria 
Fructosyltransferases are classified as levansucrases when they synthesize levan 

β(2→6) or inulosucrases when they synthesize inulin β(2→1). It is common that levan mo-
lecular weight varies from 105 to 107 Da, while inulin varies between a few hundred to a 
few thousand Da [99]. In bacteria, levansucrases have been widely studied, while inulosu-
crases remain scarcely explored [67]. Levansucrases synthesize FOS with the formula GFn 
within a DP3–DP10). These molecules are elongated by sequential transfructosylations of 
fructose units to a sucrose molecule, producing 6-kestose as the smallest levan, along with 
other 6F-series [100,101]. Additionally, some levansucrases can produce the FOS of the 1F 
(1-kestose) and the 6G series (neo-kestose). Levansucrases also display hydrolytic activity, 

Figure 1. Microbial enzymes with fructosyltransferase activity present in archaea, bacteria, filamen-
tous fungi, and yeast [46,61,72,77–97], and chemical structures were drawn following López and
Salomé-Abarca nomenclature [98]. The arrows indicate the type of fructan produced by bacteria, ar-
chaea, yeast, or fungi. The question mark indicates that no enzyme identification has been performed
for the reported fructan molecule.
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4.1.1. Fructosyltransferase Activity in Bacteria

Fructosyltransferases are classified as levansucrases when they synthesize levan
β(2→6) or inulosucrases when they synthesize inulin β(2→1). It is common that levan
molecular weight varies from 105 to 107 Da, while inulin varies between a few hundred to a
few thousand Da [99]. In bacteria, levansucrases have been widely studied, while inulosu-
crases remain scarcely explored [67]. Levansucrases synthesize FOS with the formula GFn
within a DP3–DP10). These molecules are elongated by sequential transfructosylations of
fructose units to a sucrose molecule, producing 6-kestose as the smallest levan, along with
other 6F-series [100,101]. Additionally, some levansucrases can produce the FOS of the 1F
(1-kestose) and the 6G series (neo-kestose). Levansucrases also display hydrolytic activity,
which leads to the release of free fructose, which is used by these enzymes to produce levan
oligomers such as levanbiose and levantriosa, among others [102].

Bacteria commonly produce FOS-levan and HPD-levan as exopolysaccharides (EPS)
secreted as components for the formation of extracellular biofilms. This biofilm protects the
bacteria from environmental factors such as temperature, pH, antibiotics, and host immune
defenses [103]. Among those factors, the concentration of sucrose in the growing medium
is a determining factor to produce levan [104]. That is, by increasing the sucrose content in
the growing media, levan production is increased, too. Nonetheless, a saturation of this
disaccharide in the medium might result in a decrease in levan production. This could be
caused by an increase in the osmotic pressure and high medium viscosity, which might
result in a cellular explosion and low enzyme diffusion.

Structurally, levan produced by bacteria possess mainly β(2→6) linkages and some
β(2→1) branches [105]. The first reaction for levan synthesis is the formation of 6-kestose
by using two sucrose molecules as building blocks. One sucrose molecule acts as a fruc-
tosyl donor, and the other as an acceptor. Subsequently, 6-kestose is elongated through
the addition of fructofuranosyl residues by transfructosylation reactions [106]. The most
studied bacterial genera with transfructosylation activity are Acetobacter, Bacillus, Geobacil-
lus, Lactobacillus, Leuconostoc, Pseudomonas, Zynomonas, Erwinia, Gluconobacter, Halomonas,
and Microbacterium [107,108]. Specific wild bacteria species that produce levan include
Bacillus subtilis (Natto), Bacillus licheniformis ANT 179, Bacillus licheniformis BK AG21, Brachy-
bacterium sp. CH–KOV3, Geobacillus stearothermophilus, Halomonas smyrnensis AAD6T,
Lactobacillus reuteri strain 121, Paenibacillus polymyxa EJS-3, Streptococcus salivarius SS2, and
Zymomonas mobilis [83,101,109–116].

Furthermore, levan produced by Gram-negative and Gram-positive bacteria are well
differentiated by their DP range. For instance, Gram-positive bacteria synthesize levan
with molecular weights ranging between 1 × 104 and 1 × 107 Da, while Gram-negative
levan present molecular weights even greater than 1 × 108 Da [117]. Taken as an ex-
ample, levan produced by B. licheniformis, a Gram-positive bacterium, reach a DP up
to 5.82 × 106 Da [118], while the Gram-negative Brenneria sp. produce levan molecules
around 1.41 × 108 Da [119].

On the other hand, inulosucrase enzymes have been identified only in a few Gram-
positive bacteria [99], most of them lactic acid bacteria [77,120]. Among them, the genus
Streptococcus is one of the most studied [79,121]. Rosell and Birkhed (1974) reported an
inulin produced by Streptococcus mutans [122], a strain related to dental caries [123]. Some
differences can be stated between plant and microbial inulins, and they rely mainly on their
molecular weight differences. Plant inulin is not heavier than 104 Da, while microbial inulin
is usually heavier than 106 Da [124]. However, inulosucrases have not been employed at
an industrial production scale because their FOS production yield in wild bacteria is rather
low [74]. Thus, most of these enzyme genes are expressed in other microorganisms. For
instance, a gene encoding an inulosucrase from a Lactobacillus reuteri strain was successfully
overexpressed in E. coli [67,125]. Other important conditions affecting the production of
FOS by microorganisms can be seen in Table 2.
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Table 2. Culturing conditions and fructans production by bacteria.

Bacteria

Enzyme Culturing Conditions Product

Reference
Name Molecular

Weight
Enzymatic

Activity Units Culture Component g/L Conditions Name g/L YP/S
(%)

Gram-
negative

Bacillus subtilis
(Natto) CCT7712

Levansucrase n.d. 23.9 U/mL Cells Sucrose
Yeast extract
KH2PO4
(NH4)2SO4
MgSO4•7H2O
MnSO4
Ammonium
citrate

3502
1
3

0.6
0.2

0.25

Agitation =
pH =

T =
t =

50 rpm
6
35 ◦C
36 h

Levan
FOS (nystose)

63.6
41.3

18.1
11.8

[126]

Bacillus subtilis
(Natto) CCT7712

Levansucrase n.d. 60 Mmol/mL Cells Sucrose
Yeast extract
KH2PO4
(NH4)2SO4
MgSO4•7H2O
MnSO4
Dibasic
ammonium
citrate
((NH4)2HC6H5O7)

400
2
1
3

0.6
0.2

0.25

Agitation =
pH =

T =
t =

150 rpm
7.7
35 ◦C
48 h

Levan
FOS (nystose)

192.41
173.6

48.1
43.4

[63]

Bacillus
methylotrophicus Levansucrase

n.d. n.d. n.d. Cells Sucrose
Yeast extract
KH2PO4
Peptone

20
10
4.5
4.5

Agitation =
pH =

T =
t =

180 rpm
7.5
30 ◦C
24 h

n.d. n.d. n.d.

[127]
n.d. 6 U/g Enzyme Sucrose 300 Agitation =

pH =
T =
t =

n.s.
6
37 ◦C
16 h

Levan (4–5 kDa) 100 33

Bacillus
aryabhattai

Levansucrase n.d. n.d. n.d. Cells Sucrose
GYC media:
Yeast extract
Glucose
CaCO3

250

10
50
5

Agitation =
pH =

T =
t =

150 rpm
8
30 ◦C
120 h

Levan
(5.317 × 107Da, 5.19%

branched)
FOS

(1-kestose, 6-kestose,
neokestose, nystose

and others)

26 10.4

[117]

Paenibacillus
polymyxa EJS-3

Levansucrase n.d. n.d. n.d. Cells Sucrose
Yeast extract
KH2PO4
CaCl2

188.2
25.8

5
0.34

Agitation =
pH =

T =
t =

150 rpm
8
24 ◦C
60 h

Levan 35.26 18.7

[128]
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Table 2. Cont.

Bacteria

Enzyme Culturing Conditions Product

ReferenceName Molecular
Weight

Enzymatic
Activity Units Culture Component g/L Conditions Name g/L YP/S

(%)

Gram-
positive

Zymomonas
mobilis

Levansucrase n.d. n.d. n.d. Cells Sucrose
Yeast extract
KH2PO4
(NH4)2SO4
MgSO4•7H2O

250
2.5
1
1

0.5

Agitation =
pH =

T =
t =

n.s.
n.s.
24 ◦C
24 h

Levan 21.69 8.67

[104]

Zymomonas
mobilis

Levansucrase n.d. n.d. n.d. Cells Sucrose
Yeast extract
KH2PO4
(NH4)2SO4
MgSO4•7H2O

299.1
1
1

0.5

Agitation =
pH =

T =
t =

0 rpm
6
28 ◦C
42.3 h

Levan 40.2 13.44

[129]

Leuconostoc
citreum CW28

Inulosucrase 170 n.d. n.d. Cells Sucrose
Yeast extract
K2HPO4
MgSO4
CaCl2
NaCl
MnSO4
FeSO4

20
20
20
0.2

0.05
0.01
0.01
0.01

Agitation =
pH =

T =
t =

200 rpm
6.9
30 ◦C
12 h

Inulin n.d. n.d.

[78]

n.d. = not determined, n.s. = not specified.
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4.1.2. Fructosyltransferase Activity in Archaea

Metagenomic DNA sequencing has elucidated the biosynthetic potential of archaea
strains to produce fructans since they possess fructosyltransferase (ftf ) genes in their
genomes [130]. The genes of the GH-J clan have been found to be extremely halophilic
Archaea [131]. Thus far, three archaea, Halomicrobium mukohataei DSM 12286, Haloferax pra-
hovense DSM 18310, and Natronococcus jeotgali DSM 18795, isolated from America, Europe,
and Asia, respectively, and other four Halomicrobiums (called IBSBa, IBSBb, IBSBc, and
IBSBd) from the salt Tuz Lake synthetized different types of fructans. The nuclear magnetic
resonance (NMR) analysis showed that H. mukohataei, H. prahovense, N. jeotgali, and the
strain IBSBa produced fructans like inulin, while strain IBSBb produced levan. These
archaea possessed GH32 and GH68 genes [72]. The physiological functions of fructans in
halobacteria are a big opportunity to explore how fructans help the archaea in hypersaline
environments where sucrose is available.

4.1.3. Fructosyltransferase Activity in Microbial Eukaryote

Eukaryote microbial fructosyltranferase activity has been reported to occur in fungi,
which include both filamentous fungi and yeast. Fungi and vegetal FTases, like the rest
of the invertases, belong to the 32 families of glycosylhydrolases [43]. Filamentous fungi
FTases are evolutionarily closer to plant (eukaryote) β-fructofuranosidases rather than
to bacterial ones [76]. A strong biochemical and molecular similarity between vegetal
invertases (FFases) and FTases suggests that vegetal FTases evolved from invertases [75].
Differently from plants, fructan synthesis in fungi is generally catalyzed by a single 1-
SST, which results in the production of 1-kestose, 1-nystose, and 1-fructosylnystose [3].
Nonetheless, some fungi, such as Aspergillus japonicus or Aspergillus terreus, produce
β-fructofuranosidases (FFases) with fructosyltransferase activity [132,133]. Interestingly, in
fungi, the type of activity of these enzymes depends on the sucrose concentration in the
medium. For instance, at low sucrose concentrations, the FFases display hydrolytic effects
over fructans, while at high sucrose concentrations, the enzymes show transfructosylating
activity [134]. Nonetheless, there are some exceptions, such as Aspergillus niger AS0023,
which possessed both FTases and FFases. Moreover, A. niger FTase displayed only trans-
fructosylation activity, while its FFase did not exhibit fructosyltransferase properties [71].
Furthermore, Aureobasidium pullulans are considered a source of FTases and FFases. FTases
have been reported in several microorganisms, predominantly in filamentous fungi, in-
cluding Aureobasidium, Aspergillus, Fusarium, Neurospora, Penicillium, and Rhizophus [47,69],
particularly in species such as Aureobasidum pullulans, Neurospora crassa, Fusarium oxysporum,
Aspergillus niger, and Aspergillus oryzae [45,60,135]. Conversely, the information about levan-
sucrase enzymes in fungi is still scarce. Now, there is little information about levansucrases
in fungi; for example, a levansucrase recently reported in Aspergillus awamori EM66 [136].
As in bacteria, the culturing medium conditions also affect the activity of the fungal cells
and their enzymes. Some of the factors that cause changes in the fructosyltranferase activity
are temperature, pH, agitation, and culturing time [137] (Table 3).
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Table 3. Culturing conditions and fructan production by filamentous fungi.

Fungi

Enzyme Growing Conditions Product

ReferenceName Molecular
Weight

Enzymatic
Activity Units Culture Component g/L Conditions Name g/L YP/S

(%)

Aspergillus
oryzae
DIA-MF

FTase n.d. 1347 U/L Cells Aguamiel
(content of
sucrose)

37 Agitation =
pH =

T =
t =

n.s.
4.5
30 ◦C
48 h

FOS 15.5 41.89

[137]
FTase n.d. 1431 U/L Enzymatic

extract
Aguamiel
(content of
sucrose)

37 Agitation =
pH =

T =
t =

n.s.
5
30 ◦C
3 h

FOS
(kestose)

11 29.72

Aureobasidium
pullulans
CCY
27-1-94

FTase 570,000 1310 U/mg Enzyme Sucrose 600 Agitation =
pH =

T =
t =

n.s.
5.5
55 ◦C
8.3 h

FOS
kestose
nystose

300
150
150

50
25
25 [138]

Aspergillus
aculeatus

FTase n.d. 25.9 U/g Enzymatic
extract

Sucrose 630 Agitation =
pH =

T =
t =

1000 rpm
5.6
60 ◦C
36 h

FOS
kestose

n.s.
fructofura-

nosylnystose

387
240
144

3

61.42
38.09
22.85
0.47

[61,139]
FTase 135 kDa for

dymer
5 U/mL Enzyme Sucrose 600 Agitation =

pH =
T =
t =

n.s.
5.5
60 ◦C
24 h

FOS
kestose
nystose

fructosylnys-
tose

364.2
112.2
213.6
38.4

60.7
18.7
35.6
6.4

Cocrophilous
fungi
(As-
pergillus
niger sp.
XOBP48)

FTase n.d. n.d. n.d. Cells Sucrose
Yeast extract
NaNO3
K2HPO4
MgSO4•7H2O
FeSO4•7H2O
KCl

30
5
3
1

0.5
0.01
0.5

Agitation =
pH =

T =
t =

200 rpm
6.5
28 ◦C
168 h

n.d. n.d. n.d.

[140]

FTase n.d. 529.5 U/mL Enzymatic
extract

Sucrose 50 Agitation =
pH =

T =
t =

n.s.
6.5
60 ◦C
0.5 h

kestose
nystose

n.d. n.d.

[140]

n.d. = not determined, n.s. = not specified.
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Other low eukaryotes, such as yeasts, have been used as models at cell-level studies
for a long time [141]. Currently, the genomes of several yeast species are already described.
For instance, yeasts have a genome with around 6000 genes, and filamentous fungi possess
around 10,000 genes. In this context, they share a large part of their primary metabolism
pathways, but they also possess unique metabolic features, especially when considering
fructan synthesis [142]. Filamentous fungi produce FOS by sucrose transfructosylation us-
ing FFases and FTases [143]. Conversely, FTases are not reported to naturally occur in yeast.
Instead, their enzymes are only β-fructofuranosidases (FFases). In yeast, two mechanisms
have been proposed for obtaining different FOS DPs, which are hydrolysis and transfructo-
sylation [68]. Unfortunately, there are only a few reports on fructosyltransferase activity
in wild yeast. One of the first studies describing invertase (FFasa) in S. cerevisae showed
its transfructosylation activity when growing in highly concentrated solutions of sucrose
[3M] [144]. Later, a broader screening of yeast was performed to evaluate their transfruc-
tosylating activity. The analyses showed Rhodotorula sp. (LEB-V10), Candida sp. (LEB-I3),
Rhodotorula sp. (LEB-U5), and Cryptococcus sp. (LEB-V2) as promising transfructosylating
strains. However, they also possessed high hydrolytic activity [145]. That is, they produced
FOS, but they also degraded them. Thus, the search for FOS production strains must be
focused on the balance between transfructosylation and hydrolysis of such enzymes [88].
Table 4 shows some of the principal factors evaluated over fructosyltransferase activity of
yeast and their yields.
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Table 4. Culturing conditions and fructan production by yeast.

Yeast

Enzyme Growing Conditions Product

Reference
Name Molecular

Weight
Enzymatic

Activity
Units Culture Component g/L Conditions Name g/L

YP/S

(%)

Schwanniomyces
occidentalis

β-fructofuranosydase
(with FTase activity)

85 kDa 0.3 U/mL Enzyme Sucrose 600 Agitation =
pH =

T =
t =

650
5.6
50 ◦C
24 h

FOS
(6-kestose)

76 0.16

[46]

Saccharomyces
cerevisiae SAA-612

β-fructofuranosydase
(with FTase activity)

n.d. 17.8 U/mg Enzymatic
extract

Sucrose
Yeast extract
(NH4)2SO4
K2HPO4
MgSO4

20
10
1
3.5
0.75

Agitation =
pH =

T =
t =

n.s.
5.5
40 ◦C
4 h

FOS
(n.e)

n.s. n.d.

[146]

Saccharomyces
cerevisiae CAT-1

β-fructofuranosydase
(with FTase activity)

n.d n.d. n.d Enzymatic
extract

Sucrose 200 Agitation =
pH =

T =
t =

not
4.5
50 ◦C
2 h

FOS (kestose) 13.3 6.65

[147]

Rhodotorula
mucilaginosa

β-fructofuranosydase
(with FTase activity)

n.d n.d. n.d Enzymatic
extract

Sucrose 200 Agitation =
pH =

T =
t =

not
4.5
50 ◦C
2 h

FOS (kestose) 12.6 6.30

n.d. = not determined, n.s. = not specified.
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4.2. Improvement and Increase in Fructosyltransferase Activity

As previously mentioned, even if several microorganisms display fructosyltransferase
activity, only a few have the potential to be used in massive production schemes, for
example, Aspergillus niger and Aureobasidium pullulans [148–151]. However, there are
several microorganisms with industrial operative advantages that might be better for FOS
production. Nonetheless, finding good strains that produce the target product with good
yields is a challenging and time-consuming task [60]. Thus, the improvement of microbial
strains for FOS production is a good time-saving alternative. This might be achieved by
genetical modification or by varying chemical and physical conditions in the culturing
environment of such microorganisms [70]. One of the most important advantages of strain
modifications is the overexpression of the genes involved in the synthesis of the target
compound [152]. In this regard, when not genetically modified, positive gene mutations
can be achieved by chemical and/or physical stimuli. Some of the most used chemical
agents to cause gene mutations include alkylating agents such as ethyl methane sulfonate,
intercalating agents such as ethidium bromide, and base analogs. On the other hand,
physical modifiers include electromagnetic radiation, for example, gamma rays, X-rays,
UV light, and particle radiation [153,154].

In the case of fructosyltransferase, several microbial models have been explored to
produce FOS by this enzyme. In this regard, fungi are some of the most studied models for
obtaining fungal strains with overexpression of fructosyltranferase activity. For instance,
Aspergillus oryzae ZT65, cultured on a solid medium at 37 ◦C for 4 h, was continuously
irradiated through 50 s intervals with UV light, which induced a positive mutation in a new
strain named A. oryzae S719. The new isolate overexpressed the Ftase gene, which resulted
in high production of FOS. The strain produced around 586 g of FOS/L in 20 h under
bioreactor conditions, which corresponds to an FOS production rate of 29.3 g/L/h [152].
Additionally, this strain was shown to be resistant to high osmotic pressures, 900 g of
sucrose/L, which was correlated to its high FOS production yield. Whilst a mutant of
Aspergillus niger was generated by gamma irradiation (1200 Gy) in a Co-60 irradiator, which
resulted in a potentiation of the β-fructofuranosidase activity of the new strain. Interestingly,
bran was the substrate for enhancing the FOS production by this fungus, which opened
the possibility of using agro-industrial residues for the induction of FFase activity [155].
Nevertheless, the production of metabolites or biomolecules by modified organisms is a
much more complicated process, as we briefly describe here, and several limitans might
appear during the process. For instance, irradiation approaches are random [154,156], and
some of the produced mutations might not be conserved, or they can be naturally repaired
by the microorganism [157,158]. Different factors affect the responses and, therefore,
the efficiency of the mutagenic treatments; thus, a deep knowledge of the organisms’
physiology, the biosynthesis regulation points, and the selection of the mutation agents
is needed [159]. Thus, mutagen-dose optimization is required for physical or chemical
modifications [156].

In this regard, recombinant DNA technology has allowed the development of strate-
gies to obtain systems with better heterologous protein expression (HEP). This approach
consists of the expression of a given gene in a transformed organism, for example, the
commercial production of recombinant insulin by E. coli and S. cerevisiae for therapeutic
use in humans [160]. To carry out such a task, we need to know the sequence of the
target gene, an expression vector, and a host organism, either prokaryotic or eukaryotic.
Moreover, it is fundamental to determine the proper culturing conditions, which could
vary between non-modified and modified strains, to assure protein expression. To increase
the production of FOS, it is necessary to gather knowledge about the enzymes’ structural
determinants involved in the fructosyltransferase activity, efficiency, substrate, and product
specificity [161]. Thus, the increasing worldwide commercial demand for fructans has
led to a search for heterologous expression models for enzymes with fructosyltransferase
activity production.
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So far, the most structurally characterized enzymes belong to the GH-J clan. The
enzymes of these clans possess proteins with an N-terminal five-bladed β-propeller domain
present in GH32 and GH68 and a C-terminal domain constituted by two β-sheets, which is
only present in GH32 [162]. The secondary structure of microbial GH32 proteins possesses
eight conservated domains, the so-called A, B, B1, C, D, E, F, and G domains. Domains
A, D, and E are conserved acidic residues in the active site of the enzymes [163]. The
sequence analysis of members of the GH32 indicates that three conserved acidic amino
acids, so-called Asp-60, Asp-191, and Glu-292, are key structural components in the active
site of these enzymes (Figure 2). They are called the catalytic triad, and they are considered
the catalytic nucleophile, the transition-state stabilizer, and the general acid/base catalyst,
respectively [162,164]. The Asp-60, Asp-191, and Glu-292 residues belong to the three
conserved sequences referred to as WMNDPNG or β-fructosidase, RDP, and EC motifs,
respectively [161]. Figure 2 shows that Asp-60, Asp-191, and Glu-292 are situated at the
first β-strand of blades (I, III, and IV, respectively). They are located at the active site on
the bottom of the cavity in the center of the β-propeller domain [164]. Invertases usually
possess an intact A motif (WMNDPNG), while FTs display structural alterations in this
motif [162].

Fermentation 2023, 9, x FOR PEER REVIEW 15 of 29 
 

 

and EC motifs, respectively [161]. Figure 2 shows that Asp-60, Asp-191, and Glu-292 are 
situated at the first β-strand of blades (I, III, and IV, respectively). They are located at the 
active site on the bottom of the cavity in the center of the β-propeller domain [164]. Invert-
ases usually possess an intact A motif (WMNDPNG), while FTs display structural altera-
tions in this motif [162]. 

 
Figure 2. Conserved motifs in enzymes of the GH32 family and their catalytic site of a FTase of A. 
japonicus (taken and modified from [164]). “https://creativecommons.org/licenses/by/4.0/legalcode 
(accessed on 29 October 2023)”. 

The GH-J clan, including both hydrolytic and transfructosylating enzymes, acts 
through a double displacement mechanism. First, a nucleophilic attack occurs in the Asp-
60 in the anomeric carbon of the fructosyl moiety of the fructose donor, usually sucrose, 
forming the intermediate covalent enzyme-fructose (E-F). Subsequently, Glu-292 proto-
nates the leaving group, for example, glucose. In the second stage, Glu-292 deprotonates 
the acceptor molecule to activate it as a nucleophile. This is achieved by acting over the 
anomeric carbon of the fructosyl moiety in the E-F complex. The acceptor molecule for 
invertases may be water, releasing free fructose. For fructosyltransferases, sucrose or fruc-
tan will be the acceptor molecule. This results in an increase in the DP of a fructan. De-
pending on the hydroxyl group of the acceptor molecule, deprotonation by the Glu-292, 
the type of glycosyl linkages in the FOS molecules will be determined [161,164].  

Previous mutagenesis studies of the GH-J clan suggested that the residues in the hy-
drophobic pocket of the active site, such as Suc2, Trp 19, and Phe 82, are involved in sub-
strate binding. Molecular docking studies describe that in Suc2 gen isolated previously 
from S. cerevisiae, Trp 291 and Asn 223 have an important role: the first one acts as a plat-
form for binding sucrose as an acceptor molecule, and the second one assists in the orien-
tation of sucrose for the synthesis of β(2→6) moieties [161].  

As discussed earlier, the GH32 and GH68 families have the feature of a five-bladed 
β-propeller fold as a catalytic core [76], where the active site residues are sited inside of a 
cavity. Crystal structure analyses of the enzymes with fructosyltransferase activity in mi-
croorganisms show some differences. For example, the FTase of Gram-negative bacteria 
acts as an extracellular enzyme, so they contain an N-terminal signal sequence that targets 
these enzymes for secretion. In addition, the C-terminal domain of FTase of Gram-positive 
bacteria contains the motif LPXTG (Figure 3), which is related to cell-wall anchoring 
[165,166]. Some reports described that levansucrases from Gram-positive bacteria produce 
polymers, and those from Gram-negative bacteria produce FOS [167,168]. In addition, the 
length of the domains could change. In fact, the function of the N-terminal domain is not 

Figure 2. Conserved motifs in enzymes of the GH32 family and their catalytic site of a FTase of
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The GH-J clan, including both hydrolytic and transfructosylating enzymes, acts
through a double displacement mechanism. First, a nucleophilic attack occurs in the
Asp-60 in the anomeric carbon of the fructosyl moiety of the fructose donor, usually su-
crose, forming the intermediate covalent enzyme-fructose (E-F). Subsequently, Glu-292
protonates the leaving group, for example, glucose. In the second stage, Glu-292 deproto-
nates the acceptor molecule to activate it as a nucleophile. This is achieved by acting over
the anomeric carbon of the fructosyl moiety in the E-F complex. The acceptor molecule
for invertases may be water, releasing free fructose. For fructosyltransferases, sucrose or
fructan will be the acceptor molecule. This results in an increase in the DP of a fructan.
Depending on the hydroxyl group of the acceptor molecule, deprotonation by the Glu-292,
the type of glycosyl linkages in the FOS molecules will be determined [161,164].

Previous mutagenesis studies of the GH-J clan suggested that the residues in the
hydrophobic pocket of the active site, such as Suc2, Trp 19, and Phe 82, are involved in
substrate binding. Molecular docking studies describe that in Suc2 gen isolated previously
from S. cerevisiae, Trp 291 and Asn 223 have an important role: the first one acts as a
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platform for binding sucrose as an acceptor molecule, and the second one assists in the
orientation of sucrose for the synthesis of β(2→6) moieties [161].

As discussed earlier, the GH32 and GH68 families have the feature of a five-bladed
β-propeller fold as a catalytic core [76], where the active site residues are sited inside
of a cavity. Crystal structure analyses of the enzymes with fructosyltransferase activity
in microorganisms show some differences. For example, the FTase of Gram-negative
bacteria acts as an extracellular enzyme, so they contain an N-terminal signal sequence
that targets these enzymes for secretion. In addition, the C-terminal domain of FTase
of Gram-positive bacteria contains the motif LPXTG (Figure 3), which is related to cell-
wall anchoring [165,166]. Some reports described that levansucrases from Gram-positive
bacteria produce polymers, and those from Gram-negative bacteria produce FOS [167,168].
In addition, the length of the domains could change. In fact, the function of the N-terminal
domain is not clear, and the C-terminal glucan binding domain is correlated with the
structure of the synthesized glucan [166].
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This information is necessary to improve enzymes with fructoyltransferase activity.
Thus, a deeper structural characterization and understanding of the function in the fructan
synthesis of the cell wall binding, present only in Gram-positive bacteria, is an interesting
point to be potentially exploded in the biotechnological approach of such microorganisms.
For instance, is this domain related to the differences in the fructan size produced by
Gram-positive and Gram-negative bacteria? If yes, can we manipulate it to obtain specific-
DP fructans or defined DP ranges of fructans? Moreover, is this domain correlated to
differences in the fructan yield production between Gram-positive and Gram-negative
bacteria? If so, can we also use it to increase fructan production by microorganisms?
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4.3. From Genetic Engineering to Synthetic Biology to Produce fructooligosaccharides
in Microorganisms

Genetic engineering is the modification of DNA sequences by molecular biology
technology [171]. In this sense, several types of genetic modifications can be made to the
genome. For instance, DNA sequence deletions (knockouts), DNA sequence insertions
(knockings), and replacements of DNA sequences with exogenous sequences (DNA re-
placements) [171]. In the case of fructosyltransferases, deciphering the structural features of
these proteins correlated with their activity will contribute to designing reliable mutations
for improving their catalytic activity or relieving product inhibition [172].

After the development of genetic engineering and applied molecular biology, metabolic
engineering appeared in the 1990s [173]. The aim of this area is to improve cellular activities
by manipulating enzymes and the transport and regulatory functions of the cell through
recombinant DNA technology. Cell activity occurred a long time ago, and metabolic
networks evolved in nature. However, most of them are not optimal for important practi-
cal applications, which is the reason why metabolic engineering enhances the properties
of biological processes by genetic modifications [174]. The introduction of heterologous
genes and regulatory elements separates metabolic engineering from traditional genetic
approaches to improve a strain [175]. This is focused on metabolic pathways (native or
not) for microbial synthesis of bioproducts, which requires design, construction, and opti-
mization [173]. Metabolic engineering represents a powerful tool for approximating the
industrial fermentation processes to optimization through the introduction of directed
genetic changes using recombinant DNA technology.

Synthetic biology is defined as the development of a rigorous engineering discipline to
create, control, and program cellular behavior. The main aim of this field is the application
of cell programming to produce specific products, including metabolites, proteins, and
enzymes. Synthetic biology involves the use of biomimetic chemistry, in which organic
synthesis is used to create artificial molecules through certain enzymes [176]. Thus, it
can be stated that synthetic biology requires biological components, in this case cells, to
reproduce specific exogenous artificial mechanisms [176]. For instance, the production of
some important terpenoids was enhanced by inserting an alternative mevalonate pathway
from S. cerevisiae in E. coli [177]. However, so far, there are no synthetic biology approaches
developed for the industrial-scale production of FOS.

In this context, microorganisms provide a variety of bioactive natural products
(NP) [178] used by different industrial sectors, which have recently been approached by
synthetic biology. Biosynthetic gene clusters (BGCs), defined as physically clustered groups
of two or more genes in a specific genome, encode a biosynthetic pathway to produce
a specialized metabolite [179]. These genes are involved in the biosynthesis, regulation,
resistance, and transport of metabolites, which are codified in a continuous region of the
genome. Microbial genomes encode numerous BGCs that may produce natural products
with diverse applications in medicine, agriculture, environment, and materials science [178].
The last decades have shown an extraordinary development of high-throughput sequenc-
ing and amplicon sequencing approaches targeting the 16S rRNA gene for describing the
microbiome composition and diversity. Nonetheless, these approaches will be gradually
replaced using metagenome-assembled genomes (MAGs), which allow the mapping and
unraveling of the metabolism and ecology of microorganisms [180]. Along with this, the
use of genome sequencing and bioinformatics have propelled the heterologous expression
of BGCs for NP production. However, this approach had been limited by the dependency
of the expression of BGCs on the physiology of a few available host chassis [178]. It is
worth mentioning that in synthetic biology, the term chassis is used to refer to an organism
that serves as a host for genetic components. In addition, the chassis microorganisms allow
the proper expression and function of such genetic components by providing transcription
and translation factors [181]. Escherichia coli is considered the most employed microor-
ganism in synthetic biology, for example, its use in the production of isopentenol trough
the redirection metabolic by Multiplex CRISPRi-Mediated Repression [182]. However, the
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genetic expression and regulation of synthetic circuits are highly host-specific; the use of
the correct chassis requires an available toolkit of computational design programs, genetic
parts, regulatory elements such as promoters, ribosomal binding sites (RBS), and stop
sequences, DNA vectors, and DNA delivery protocols [181]. Therefore, it is necessary to
expand and diversify the options for heterologous BGC expression, which would increase
the probability of success in NP production [178]. As previously described, these tools
make use of microbes as models for the expression of recombinant enzymes to increase
fructosyltransferase activity. Taken as an example, the isolation and characterization of
a levansucrase (M1FT) from L. mesenteroides [183]. The M1FT was cloned in the BamHI–
EcoRI site of pRSETC to construct pRSET-M1FT. The E. coli BL21(DE3) pLysS transformed
with pRSET-M1FT was grown to mid-stationary phase at 37 ◦C. The expressed proteins
were purified using Ni–nitrilotriacetic acid (Ni-NTA) agarose. The levansucrase M1FT
converted 150 mM sucrose to levan (18%) and FOS, 1-kestose (17%), nystose (11%), and
1,1,1-kestopentaose (7%) [183].

Zymomonas mobilis ZM4 was engineered to produce FOS. For that, two mutant strains
were constructed, the Z. mobilis ZM4_pB1-L196 and Z. mobilis ZM4_pB1-sacB. The first
one has a mutated β-fructofuranosidase (Ffase-Leu196) from Schwanniomyces occidentalis,
and the second one has a native levansucrase (sacB). Both strains could produce a mix of
FOS with a high concentration of 6-kestose. However, Z. mobilis ZM4_pB1-sacB produced
73.4 ± 1.6 g/L of FOS [184].

Another example consists of a fructofuranosidase (Fru6) from A. arilaitensis NJEM01
that produces 6-ketose, which was improved by mutagenesis. For this, the catalytic perfor-
mance of the enzyme Fru6 for the biosynthesis of FOS was predicted by HotSpot Wizard.
Thirteen residues were related to the binding site. Double and triple mutants were pre-
sented by interactive combinatorial mutagenesis based on the sites S165A, I355A, and
H357A. The best screening model was the double mutant S165A/H357A, which, under op-
timum conditions, could produce 335 g/L of 6-kestose. They suggested that the steric effect
of the residue H357 affects the sucrose orientation and its transfructosylation activity [185].

Additionally, an invertase study encoded in the SUC2 S2 gene, from Saccharomyces
cerevisiae S288C [161]. This enzyme was engineered to enhance its fructosyltransferase
activity. First, they isolated genomic DNA from S. cerevisiae; subsequently, the SUC2 gene
was amplified from S. cerevisiae genomic DNA using the AL530 and AL529 primers. The
PCR product was digested with SacI/HindIII and cloned into the pQE80L vector, which
provided a tag of His-residues on the N-terminal end of the protein and conferred resistance
to ampicillin, resulting in the plasmid SUC2-pQE. Escherichia coli XL1-Blue was used as
the host strain for standard DNA manipulations. The host strain contained the plasmid
pRARE2, which encoded a set of tRNAs corresponding to codons with low frequency in
E. coli, and it confers resistance to chloramphenicol. Afterward, each plasmid was intro-
duced in E. coli Rosetta 2 to optimize the gene expression. Transformants were grown at
37 ◦C and induced with 5 mM isopropyl-D-1-thiogalactopyranoside (IPTG) for 14 h at
12 ◦C to achieve the expression of SUC2. Subsequently, protein purification was carried
out by affinity chromatography. The replacement of amino acids (W19Y, N21S, N24S) in
the conserved β-fructofuranosidase site resulted in the increase in 6-kestose production by
ten-folds [161]. Moreover, research performed by Marín-Navarro et al. (2015) studied an
invertase with transfructosylation activity, also from Saccharomyces cerevisiae, CECT1624:
MATa leu1 suc0. The study was focused on the catalytic site of the enzyme. For this,
an EcoRI/HindIII fragment containing the SUC2 gene from S. cerevisiae, was subcloned
into YEplac181 to generate the plasmid pSUC-wt. The plasmid with the mutated gene
was called pSUC-N21S. The mutant version encodes the N21S amino acid replacement
by site-directed mutagenesis. The results showed that the engineered invertase produced
200 g/L of 6-kestose from 60% of sucrose [62].

In this context, filamentous fungi genes with fructosyltransferase activity have been
used in yeast to try to overexpress their activity. For instance, Yang et al. (2016) evalu-
ated cDNA encoding the FTase gene from A. niger, which was inserted to produce the
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recombinant protein and heterologously expressed in P. pastoris. The A. niger FTase cDNA,
introns-free, was synthesized by the SuperScript III First-Strand Synthesis System. The cDNA
was used as the template for PCR. The primer sequences contained the EcoRI (50) and NotI
(30) restriction sites. The mature FTase gene was obtained as a PCR product, and the vector
pPIC9K was digested with EcoRI and NotI and gel-purified. The digested PCR product
was then ligated into the pPIC9K. The identity of the recombinant plasmid pPIC9K-fwt was
successfully confirmed by restriction analysis and sequencing. The plasmid pPIC9K-fwt
was linearized with SacI and then transformed into P. pastoris GS115 by electroporation.
They reported 1020 U/mL for the activity of recombinant FTase, which was 1160-fold higher
than the native FTase from A. niger YZ59. In addition, the highest yield of FOS for the
recombinant FTase reached 343.3 g/L after 2 h of synthesis [186]. Previously, a FFase from
A. melanogenum was reported with a β-fructofuranosidase activity of 281.7 ± 7.1 U/mL.
With an overexpression of the gene in yeast, the transformant 33 produces 557.7 U/mL of
the β-fructofuranosidase activity. The yield of FOS was 0.66 g of FOS/g of sucrose, and the
percentages of GF2, GF3, and GF4 were 79.5%, 18.9%, and 1.6%, respectively [187].

Zhang et al. (2022) used the FTase gene (A. jop-FTase) on the cell surface of Y. lipolytica.
First, mannitol and erythritol were synthesized. After that, a remotion of these compounds
occurred, and the yeasts were evaluated with a solution of 300 g/L to convert sucrose
into FOS at 30 ◦C on a shaking incubator at 250 rpm. They obtained 85 g/L FOS (GF2,
GF3, GF4), with a conversion rate near 60% [188]. Franken et al. (2013) used an invertase,
∆suc2, null mutant, and two engineered sucrose accumulating yeast strains as hosts for
the expression of the levansucrase (M1FT), previously cloned from the bacteria Leuconostoc
mesenteroides. Intracellular sucrose accumulation was achieved by the expression of sucrose
synthase (Susy) or sucrose transporter (SUT). The results showed that in both ∆suc2 and
sucrose accumulating strains, the levansucrase (M1FT) performed fructosyltransferase
activity. In addition, levansucrases (M1FT) have a particular secretion signal sequence
in the N-terminal region of the protein. Thus, the result of the deletion of the predicted
signal sequence showed a decrease in levan production. Moreover, the co-expression of
levansucrase M1FT and SUT produced 7.75 g/L of extracellular levan in a medium with
50 g/L of sucrose, and the TLC analysis showed faint spots below sucrose, which suggested
the presence of FOS [189]. Thus, yeast could be a potential model for the heterologous
expression of carbohydrates.

These approaches allow the search and detection of novel genes worth exploring for
the massive production of FOS. For instance, an inuHj gene from the archae Halalkalicoccus
jeotgali B3 was amplified and then expressed in E. coli. The recombinant FTF produced
inulin using sucrose as substrate [130].

This is an opportunity to find microorganisms with outstanding characteristics that
could be used as a chassis for the biotechnological production of relevant industrial com-
pounds. These microorganisms could not possess an FTase/FFase enzyme for the trans-
fructosylation of sucrose. Nonetheless, the overexpression of these enzymes by synthetic
biology could be an excellent approach to increase the production of FOS by this mi-
croorganism. One microorganism that could be used as a system for FOS production
is Saccharomyces cerevisiae. This yeast has some advantages for the process over other
microorganisms. For instance, it requires simple culturing conditions, possesses short
replication cycles, and cell recovery is relatively easier than that of filamentous fungi [143].
Thus, the potential massive production of FOS by yeast showed interesting results to be
scrutinized [90]. That is, fewer enzymatic steps for fructan production represent a simpler
mechanism to mimic or modify. Table 5 shows some of the manipulations to improve the
fructosyltransferase activity and their scope.
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Table 5. Culturing conditions and modifications for fructan production by yeast.

Modification Culturing Conditions Product

ReferenceModified Mi-
croorganism Enzyme Method/Technique Activity

Increase
Culture Component g/L Conditions Name g/L YP/S (%)

Aureobasidium
pullulans

FTase Genetic
modification of
A. pullulans
using
sequential,
random
chemical
mutagenesis
using ethidium
bromide and
ethyl methane
sulfonate.

Increase in 6
and 2-fold

extracellular
and

intracellular
FTase,

respectively,
compared to

the wild-type.

Cells Sucrose
Yeast extract
NaNO3
KH2PO4
NH4Cl
NaCl

200
5
2
1
1
5

Agitation =
pH =

T =
t =

n.s.
5
45 ◦C
1 h

n.d n.d. n.d.

[70]

Aspergillus
oryzae S719

FTase A. oryaze S719
irradiation
overexpressing
a β-
fructofuranosidase.

n.d. Enzymatic
extract

Sucrose 900 Agitation =
pH =

T =
t =

160 pm
6
50 ◦C
20 h

FOS 586 65.11

[152]

Yarrowia
lipolytica
CGMCC11368

FTase The A. oryaze
FTase was
displayed on
the cell surface
of an
engineered Y.
lipolytica.

The yield
increased by

10%.

Cells Sucrose 800 Agitation =
pH =

T =
t =

n.s.
6
60 ◦C
3 h

FOS
kestose

neo-kestose
nystose

fructofura-
nosylnystose

480 60%

[190]

Pichia pastoris

FTase and β-
fructanofuranosidase

T. maritima
FFase and S.
arundinaceus
1-SST were
modified by
directed
mutagenesis
and expressed
constitutively
in P. pastoris.

n.d. Enzyme Sucrose
Yeast extract

50
0.5

Agitation =
pH =

T =
t =

900 rpm
5.5
30 ◦C
72 h

FOS
6-kestose

neo-kestose

n.s. 37

[191]



Fermentation 2023, 9, 968 21 of 30

Table 5. Cont.

Modification Culturing Conditions Product

ReferenceModified Mi-
croorganism

Enzyme Method/Technique Activity
Increase

Culture Component g/L Conditions Name g/L YP/S (%)

Pichia pastoris
GS115

FTase A. niger YZ59
FTase was
obtained and
expressed in P.
pastoris.

Increase
1160-fold the
activity than

the native
FTase.

Enzyme Sucrose 600 Agitation =
pH =

T =
t =

n.s.
5.5
4z0 ◦C
2 h

FOS 343 57.16

[186]

Pichia pastoris

FTase A. terreus FTase
into K. lactics,
then
CRISPR/Cas9
was used to
inactive a
native INV.

Increase 66.9%
the transferase

activity.

Cells FM22 medium:
Glucose
Galactose

Lactose

30
7
or
7

Agitation =
pH =

T =
t =

n.s.
6
30 ◦C
n.s.

n.d. n.d. n.d.

[192]

n.d. = not determined, n.s. = not specified.
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5. Conclusions

Fructooligosaccharides possess a worldwide market due to their multiple benefits for
human health. On the other hand, the same benefits have greatly increased their demand in
the market. Thus, there is a need to find new producers of these prebiotics, which include
the use of several types of microorganisms. In addition, these microorganisms must be
approached by profitable bioprocesses. To reach such a goal, deeper research in the evalu-
ation and comprehension of exogenous factors, for instance, temperature and nutrients,
among others, over the yield and quality of FOS production, are needed. In addition, the
insertion of genes codifying for FFases or FTases in more efficient microorganisms at the
industrial level must be considered. In this regard, the industrial-scale production of FOS
must be increased based on microbial bioreactors due to their operational ease and high
yields, which can be further optimized.

6. Future Directions (Perspectives)

Undoubtedly, the maximum optimization of the production of FOS must be directed
first to the massive search of microorganisms with fructosyltransferase activity. In addition,
the search for more substrate- and product-specific enzymes with higher FOS production
rates is contained in such microorganisms. Second, the improvement of protein structures
to release the full catalytic potential of FTases and FFases. Third, the search for microor-
ganisms that do not produce FOS but have operative advantages, for instance, fast growth,
easy culturing, and their capability to over-express the production of enzymes for FOS
synthesis. These would serve as highly efficient chassis containers of enhanced enzymes
for FOS production. A fourth stage would consist of the systematic testing of the environ-
mental factors dictating the FOS production kinetics to reach their maximum production.
Such a test must be profiled by metabolic fingerprinting coupled with multivariate data
analysis and factorial or surface response models. Finally, all the produced knowledge
must be integrated and exploited by high-scale bioreactor technology. In this context,
archaea represent a whole new world of possibilities for finding new or more efficient
enzymes related to fructan synthesis, which could be approached as previously suggested.
Furthermore, as mentioned at the beginning of this manuscript, there is a broad structural
diversity of fructans. Nonetheless, microorganisms are limited so far to linear β(2→1) and
β(2→6) structures. In this context, associated bacteria and yeast to agave plants have not
been characterized from a chemical perspective to determine if they are also capable of
producing branched structures. That is, if associated microorganisms of agaves produce
linear fructans, are the highly branched neo-fructans (agavins) exclusively synthesized
by plant enzymes? Or can microorganisms synthesize branched fructans when living
inside their host plants? Or the origin of agavins is the result of complementary enzymatic
systems? That is, microbial FTases and FFases contribute to the linear backbone of agavins,
which will be later ramified by other plant enzymes. If so, to what exert agave microbial
communities and other bearing branched fructans species contribute to the production and
accumulation rate of these molecules? Understanding such correlations might probably
serve as a bioinspirational base for the development of new biotechnological approaches for
accelerating the production of FOS. In this regard, because of the multifactorial character
needed, FOS production improvement, systems biology by means of OMIC approaches,
and other high-throughput molecular tools could be a good way to systematically un-
ravel and maximize the production of fructans to fulfill the increasing demand for these
carbohydrates as prebiotics.
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