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Abstract: Nutraceuticals are gaining importance owing to their potential applications in numerous sectors including
food and feed industries. Among the emerging nutraceuticals, d-tagatose occupies a significant niche because of its low
calorific value, antidiabetic property and growth promoting effects on beneficial gut bacteria. As d-tagatose is present in
minute quantities in naturally occurring food substances, it is produced mainly by chemical or biological means. Recently,
attempts were made for bio-production of d-tagatose using l-arabinose isomerase enzyme to overcome the challenges
of chemical process of production. Applications of d-tagatose for maintaining health and wellbeing are increasing due
to growing consumer awareness and apprehension against modern therapeutic agents. This review outlines the current
status on d-tagatose, particularly its production, properties, biological role, applications, and the future perspectives.
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Introduction
Since ancient time, varieties of foods are being used in different

forms to ensure better health. The quest for functional food has
lead to the emergence of the novel concept, popularly known as
nutraceutical (combination of two words: “nutrition” and “phar-
maceutical”). Although, the term nutraceutical was coined by De-
Felice L. Stephen in 1989, the philosophy to use food as medicine
was introduced as early as 460 to 370 BC by the Greek philoso-
pher Hippocrates through his famous quote “Let food be thy
medicine and medicine be thy food.” A biomolecule is termed
as nutraceutical if it influences one or more targeted physiological
functions beneficially along with prevention of disease (Dobbs &
Bell, 2010). Nutraceuticals are gaining importance owing to their
potential applications in numerous sectors including food and feed
industries. These biomolecules essentially work on the principle
of “prevention is better than cure” (Samanta et al., 2015).

Currently, the preference of consumers has undergone a
paradigm shift from synthetic compounds to natural bioactive
molecules as these are considered to be safe without any adverse
effects. In fact, the nutraceuticals are the biomolecules, which
are generated through microbial fermentation or obtained from
plants. There is an impartial consensus that the onset of many
chronic diseases can be prevented with the regular consumption
of nutraceuticals.

Following the ban over application of feed antibiotics in “food
producing animals” since 2006 by European Union, the livestock
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industry is on the crossroad to protect the gastrointestinal tract
(Castanon, 2007). Therefore, the animal feed manufacturers
are expected to depend more on the nutraceuticals to produce
antibiotic-free livestock products. Among the potential nutraceu-
ticals, d-tagatose has attracted global attention because of its low
calorific value, prebiotic potentiality, and antidiabetic property in
addition to its capability to prevent the lifestyle related diseases.
d-Tagatose is grouped under the category of “rare sugars” because
of its limited occurrence in the nature (International Society of
Rare Sugars, 2011). The U.S. Food and Drug Administration
(USFDA, 2010) has categorized d-tagatose in the list of Generally
Recognized as Safe (GRAS) substances. The use of d-tagatose in
food products is accepted in several countries including European
Union, Australia, New Zealand, South Africa, and South Korea
(Armstrong, Luecke, & Bell, 2009). This review outlines the
current status on d-tagatose, particularly its production, properties,
biological role, applications, and the future perspectives.

History of Tagatose Discovery
According to the available literatures on carbohydrate chemistry,

d-tagatose was discovered by Lobry de Bruyn & Van Ekenstein
in, 1897, while experimenting on the effects of mild alkali on d-
galactose. They noticed that aldoses changed into epimeric aldoses
in addition to one or more corresponding 2-ketoses. The for-
mer was named as d-sorbose/pseudo-tagatose and the additional
molecule was named as tagatose. In 1939, Yvonne and his cowork-
ers succeeded in alkaline conversion of d-galatose into a crystalline
product and named it as α-d-tagatose (Hudson, Wolfrom, &
Cantor, 1952). Later, d-tagatose was isolated from the acid
hydrolysate of gum exudates of tropical tree Sterculia setigera (Hirst,
Hough, & Jones, 1949a). The biochemical oxidation of d-talitol
by Acetobacter suboxydans also leads to the formation of d-tagatose
(Totton & Lardy, 1949). During this period, chromatography was
considered as an efficient tool for isolation and identification of
biomolecules of diverse nature. Paper and partition chromatog-
raphy were used for identification and separation of d-tagatose
(Hirst, Hough, & Jones, 1949b; Karabinos, 1952). The application
of strong heat (121 °C for 8 hr) also resulted into transformation of
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milk lactose into galactose, lactulose, and tagatose (Adachi, 1958).
Subsequently, a novel and improved method of chemical synthesis
was developed through the formation of different derivatives of
tagatose involving the reaction steps of oxidation, reduction, and
removal of sulfonic groups followed by acid hydrolysis (Al-Jobore,
Guthrie, & Wells, 1971). The discovery of l-arabinose isomerase
from Mycobacterium smegmatis was documented only during the
mid-seventies of ninetieth century (Izumori, Yamanaka, & Elbein,
1976). d-Galactose, l-arabinose, l-arabitol, d-fucose, and dulcitol
act as inducer for l-arabinose isomerase. Later, the microbial
production of d-tagatose was successfully carried out from dulcitol
by Arthrobacter globiformis (Izumori, Miyoshi, Tokuda, & Yamabe,
1984). In 1988, Spherix Inc. (formally known as Biospheric Inc.)
developed d-tagatose as a low caloric sweetener. Gilbert Levin,
the Chief Executive Officer of Spherix, identified d-tagatose as a
low caloric value sugar during his work with other enantiomers
of carbohydrates, mainly l-glucose and l-fructose. In 1992, Pfizer
introduced commercial d-tagatose as a low caloric bulk sweetener
through joint venture with Biospheric Inc. At the same time, an
efficient chemical process of tagatose production from galactose
was reported (Beadle, Saunders, & Wajda, 1992). At present,
consumer awareness coupled with health consciousness turns the
mindset of generation next population toward the biologically
produced nutraceuticals. Therefore, current emphasis of tagatose
research is primarily focused on biological production as it
addresses the issues of consumers’ mindset as well as food safety.

Occurrence
The natural occurrence of d-tagatose was first noticed in the

gum exudates of Sterculia setigera (Hirst et al., 1949a). Later, its
presence was detected in the oligosaccharides of lichen belonging
to Rocella species (Lindberg, 1955). It is also naturally present in
trace quantities in various foods such as sterilized powdered milk,
hot cocoa, cheese, yogurts, and other dairy products (Kim, 2004).
d-Tagatose has potential to replace sugar as its sweetness and taste
quality is similar to sucrose. Since its natural occurrence is very
low, chemical or biological production of tagatose is imminent to
meet the demand.

Production of Tagatose
Tagatose can be produced both by chemical and enzymatic

process. Evidently, each process of production has its own merits
and demerits.

Chemical Process
The thought process for chemical synthesis of tagatose began

during the fag end of 19th century (Lobry de Bruyn & Alberdavan
Ekenstein, 1897). Nevertheless, the commercial production by
chemical route took place only in 1992 (Beadle et al., 1992). In the
chemical process of tagatose production, galactose is used as raw
material in a two-step process. The first step is isomerization of
d-galactose. In this step, d-galactose is allowed to react with metal
hydroxide (calcium hydroxide or a mixture of calcium hydroxide
and sodium hydroxide) to form an insoluble d-tagatose complex
in the presence of catalyst (calcium chloride or sodium chloride).
The complex is stable under alkaline medium. The second step is
the neutralization with acid. During the neutralization step, acid
reacts with d-tagatose in order to form insoluble salt. Thereafter,
d-tagatose is separated from the insoluble salt simply by filtration.
Figure 1 outlines the reaction steps for chemical synthesis of
d-tagatose. Nevertheless, the chemical process of d-tagatose
production suffers from several disadvantages including complex

purification steps, chemical waste, and by-product formation.
Hence, researchers have attempted for biological production of
d-tagatose to address the issues of chemical process.

Biological Process
Biological production of tagatose began with the work of

Izumori and his group in 1984 by using Arthobacter globiformis
(Izumori, Miyoshi, Tokuda, & Yamabe, 1984). In the biological
process, two enzymes were explored: galactitol dehydrogenase and
l-arabinose isomerase. In this endeavor, several species of fungi of
Mucoraceae family were tested for their potentiality to produce
tagatose in the growth medium containing psicose. Among those
tested strains, highest concentration of d-tagatose (4.18 mg/mL)
was recorded in the growth medium of Rhizopus oryzae IAM
6002 after 8 days of growth (Yoshihara, Shinohara, Hirotsu, &
Izumori, 2006). The biological transformation of d-psicose to
d-tagatose by the action Mucoraceae fungi takes place according
to the principle of Izumoring process. It is presumed that the
formation of d-tagatose involves in two biochemical steps: (i)
reduction of d-psicose to d-talitol and (ii) oxidation of d-talitol
to d-tagatose (Granstrom, Takata, Tokuda, & Izumori, 2004).
However, enhanced yield of tagatose could be obtained by using
the bacteria Enterobacter aerogens 230S, leading to conversion ratio
over 60% from l-psicose (Rao et al., 2008).

Galactitol 2-Dehydrogenase
Galactitol 2-dehydrogenase (GDH; EC 1.1.1.16) belongs to

the protein subfamily of short chain dehydrogenase/reductase. It
oxidizes the polyvalent alcohols into ketone in the presence of
NAD+ (Jagtap, Singh, Kang, Zhao, & Lee, 2014). The signif-
icance of GDH is growing because of its enantio-selective and
stereo-selective oxidative properties commonly used in pharma-
ceutical industries for rare sugar production. The GDH enzyme
utilizes galactitol, also known as dulctitol, as substrate for produc-
tion of d-tagatose as per the below reaction:

Galactitol + NAD+ GDH
� d-Tagatose + NADH + H+

Although, the presence of d-galactitol (dulcitol) dehydrogenase
in the culture supernatant of Pseudomonas spp. was noticed long
back (Shaw, 1956), its uses in tagatose formation is being tested
during eighties of the previous century. The microbial produc-
tion of d-tagatose from dulcitol was first demonstrated using
Arthrobacter globiformis (Izumori et al., 1984). Biotransformation
of d-galactitol to d-tagatose takes place when the cells of Mycobac-
terium smegmatis are allowed to grow in the presence of d-galactitol
(Izumori & Tsuzaki, 1988). Later, biological production of
tagatose from galactitol has been demonstrated using several other
microorganisms such as Enterobacter agglomeranas (Muniruzzaman,
Tokunaga, & Izumori, 1994), Klebsiella pneumonia (Shimonishi,
Okumura, & Izumori, 1995), Rhodobacter sphaeroides (Huwig,
Emmel, Jakel, & Giffhorn, 1997) and Gluconobacter oxydans
(Manzoni, Rollini, & Bergomi, 2001). In due course of time, the
GDH enzyme of Rhizobium leguminosarum was cloned and ex-
pressed in E. coli for bioconversion of d-galactitol into d-tagatose
(Jagtap et al., 2014). The expressed GDH from Rhizobium legu-
minosarum shows highest specific activity for galactitol compared
to any other GDH with a Kcat/KM value of 94.9 min−1 mM−1.
The industrial application of GDH for tagatose production is
limited because of the higher cost of starting material d-galactitol.
Moreover, the enzyme galactitol dehydrogenase also requires the
presence of NAD, an expensive co-factor.
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Figure 1–Chemical process of D-Tagatose
synthesis.

Table 1–Sources and properties of L-arabinose isomerase.

Microbial source pH optima
Temparature
optima (°C)

Metal ion
requirement

Kcat /KM (mM−1

min−1)
(d-galactose) References

Mesophilic
E. coli 8.0 30 Mn2+ NA Yoon et al. (2003)
Bacillus halodurans 7.5 to 8.0 50 Mn2+ 0.4 Lee et al. (2005a)
Lactobacillus plantarum NC8 7.5 60 Co2+, Mn2+ 1.6 Chouayekh et al. (2007)
Lactobacillus sakei 23 K 5.0 to 7.0 30 to 40 Mg2+, Mn2+ 10.3 Rhimi et al. (2010)
Shewanella sp. ANA-3 5.5 to 6.5 15 to 35 Mn2+ NA Rhimi et al. (2011a)
Lactobacillus fermentum

CGMCC2921
6.5 65 Mn2+ 9.0 Xu et al. (2011)

Arthrobacter sp. 22c 5.0 to 9.0 47 to 52 Not Required NA Wanarska and Kur (2012)
Bacillus thermoglucosidasius 7.0 40 Mn2+ 2.8 Seo (2013)
Enterococcus faecium DBFIQ E36 7.0 50 NA NA Torres et al. (2014)
Pediococcus. Pentosaceus PC-5 6.0 50 Co2+, Mn2 2.9 Men et al. (2014)
Bacillus coagulans NL01 7.5 60 Co2+, Mn2 1.0 Mei et al. (2016)
Shigella flexneri 8.0 40 Co2+, Mn2+ 0.10 Patel et al. (2017)
Thermophilic
Thermus sp. IM6501 8.0 60 Mn2+ NA Kim et al. (2003a)
Thermoanaerobactermathranii 8.0 65 Mn2+ NA Jorgensen et al. (2004)
Geobacillus thermodenitrificans 7.5 60 Co2+, Mn2+ 0.5 Kim and Oh (2005)
Geobacillus Stearothermophilus T6 7.0 to 7.5 70 Mn2+ 4.3 Lee et al. (2005a)
Alicyclobacillus acidocaldarius 6.0 65 Co2+, Mn2,

Mg2+
3.3 Lee et al. (2005b)

Bacillus stearothermophilus
IAM1101

7.5 65 Mn2+ NA Cheng, Mu, and Jiang
(2010a)

Bacillus stearothermophilus US100 7.5 to 8 80 Co2+, Mn2+ 8.4 Rhimi and Bejar (2006)
Acidothermus cellulolytics ATCC

43068
7.5 75 Co2+, Mn2+ 9.3 Cheng, Mu, Zhang, and

Jiang (2010b)
Alicyclobacillus hesperidum

URH17-3-68
7.0 70 Co2+ 1.2 Fan et al. (2014)

Thermoanaerobacteri-um
saccharolyticum NTOU1

7.0 to 7.5 70 Co2+, Mn2+ 2.41 Hung, Tseng, Liu, Tzou,
and Fang (2014)

Anoxybacillus flavithermus 9.5 to 10.5 95 Ni2+ 5.16 Li et al. (2011)
Hyperthermophilic
Thermotoga neapolitana 7.0 85 Co2+, Mn2+ 3.24 Kim et al. (2002)
Thermotoga maritima 7.0 to 7.5 90 Co2+, Mn2+ 8.51 Lee et al. (2004)

NA, not available.

L-Arabinose Isomerase
Lately, l-arabinose isomerase (l-AI; EC 5.3.1.4) has attracted

worldwide attention among researchers because of its application
in the production of rare sugars. It is an intracellular enzyme
that catalyzes the iosmerization of l-arabinose to l-ribulose
(Heath, Horecker, Smyrniotis, & Takagi, 1958) in addition
to conversion of d-galactose into d-tagatose (Izumori, Ueda,
& Yamanaka, 1978). Due to numerous health benefits of
d-tagatose, an extensive research is going on across the world
to develop the efficient process for its production after due
contemplation to food and environmental safety, human health,

and consumer awareness. The biological conversion of d-galactose
into d-tagatose by application of l-AI enzyme seems to be a
viable process because it relies on isomerisation of d-galactose,
an industrial by-product of cheese industry (Torres, Manzo,
Rubiolo, Batista-Vieraa, & Mammarella, 2014). During the past
few decades, biological production of d-tagatose has been studied
using l-AI from E. coli (Yoon, Kim, & Oh, 2003), Lcatobacillus
fermentum (Xu et al., 2011), Bacillus coagulans (Mei, Wang, Zang,
Zheng, & Ouyang, 2016), Geobacillus thermodenitrificans (Kim
& Oh, 2005), Geobacillus sterothermophilus (Lee et al., 2005a),
Thermotoga neapolitana (Kim et al., 2002), Thermotoga maritime (Lee

Vol. 83, Iss. 11, 2018 � Journal of Food Science 2701



ConciseReviews&
HypothesesinFoodScience

D-Tagatose as a nutraceutical . . .

et al., 2004), and Anoxybacillus flavithermus (Li, Zhu, Liu, & Sun,
2011). Different sources of l-AI and its properties are presented in
Table 1.

Although, l-arabinose is the natural substrate for l-AI but it
also catalyzes the isomeraization of d-galactose into d-tagatose be-
cause of their similarity in configuration. The application of l-AI
for d-tagatose production from d-galactose was introduced during
mid-1990s of the previous century following harvesting the en-
zyme from lactic acid bacteria (Cheetham & Wootton, 1993). The
major factors influencing the catalytic activity of l-AI are source
organisms, pH, temperature and metal ion (Xu, Li, Feng, Liang,
& Xu, 2014a). The catalytic efficiency of l-AI varies from 0.4 to
9.3 mM−1 min−1 for isomerisation of d-galactose. The tempera-
ture optima for l-AI are 30 to 50 °C for mesophilic bacteria, 60
to 80 °C for thermophilic bacteria and 85 to 90 °C for hyper-
thermophilic bacteria. Several metal ions play critical role on the
functioning of l-AI (Table 1).

Approaches for Improvement of Tagatose Production
The production of tagatose could be enhanced by the ap-

plications of chemicals, immobilization of l-AI and protein
engineering.
l-AI enzyme from Geobacillus thermodenitrificans has been re-

ported to increase the productivity of d-tagatose in the presence
of boric acid (Lim, Kim, & Oh, 2007) because of its higher affinity
towards ketoses (De Muynck, Beauprez, Soetaert, & Vandamme,
2006).

The immobilization helps in the improvement of catalytic ac-
tivity, thermostability and temperature optima of l-AI enzyme
(Xu, Li, Feng, Liang, & Xu, 2014a). Even though, alginate is the
most commonly used immobilization material but, glutaraldehyde,
polyethylenimine, chitopearl beads, and agarose are also used for
immobilization of l-AI and recombinant cells (Jorgensen, Hansen,
& Stougaard, 2004; Jung, Kim, & Oh, 2005; Kim, Yoon, Roh,
& Choi, 2001a; Lim, Kim, & Oh, 2008; Ryu, Kim, Kim, Baek,
& Oh, 2003). The effect of immobilization on tagatose yield is
presented in Table 2.

The crystal structure of E. coli l-arabinose isomerase (ECAI) was
first solved by Manjasetty & Chance in 2006. Later on, the crys-
tal structure of l-AIs from Lactobacillus fermentum CGMCC2921
(Xu, Li, Liang, Feng, & Xu, 2015) and Geobacillus kaustophilus
(Choi et al., 2016) were also solved. The crystal structure of all
the above 3 l-AI indicates the presence of hexameric assembly.
Understanding of the crystal structures of l-AI opens the door for
application of protein engineering tools (directed evolution and
site directed mutagenesis) to modify the enzyme properties such as
substrate specificity, temperature optima, thermostability, pH op-
tima, and enzyme activity pertaining to tagatose production (Choi
et al., 2016). Different strategies of protein engineering have been
employed for improving the properties of l-AI (Figure 2). Site
directed mutagenesis of l-AI produced by Geobacillus thermodenitri-
ficans, Bacillus stearothermophilus, and Lactobacillus fermentum, resulted
into increase of the specific activity, catalytic efficiency, substrate
affinity and change of pH optima (Kim, Hong, Shin, Jo, & Oh,
2014a; Li, Xu, Li, & Xu, 2012; Rhimi et al., 2009). Site-directed
mutagenesis study shows that the amino acid residue Lys-269 of
Alicyclobacillus acidocaldarius l-arabinose isomerase plays a crucial
role to modify the pH optima (Lee et al., 2005b). The applica-
tion of direct evolution approach in l-AI enzyme of Geobacillus
stearothermophilus leads to higher enzyme activity (Kim, Kim, Oh,
& Oh, 2006).

Use of GRAS Microorganism for L-AI Expression
Mostly, the expression of l-AI has been carried out in non-

GRAS microorganism (Mei et al., 2016; Patel, Akhani, Patel,
Dedania, & Patel, 2017), which is unsuitable for food and phar-
maceutical applications owing to the safety concerns. Hence, re-
searchers have attempted to express l-AI in GRAS microorganism
such as Corynebacterium glutamicum, Bacillus sublilis, and Lactococcus
lactis (Kim et al., 2012; Salonen, Salonen, Leisola, & Nyyssola,
2013). Most of these GRAS hosts express l-AI as an intracellu-
lar enzyme. This in turn increases the cost of production as it
involves several additional steps including extraction and purifica-
tion. Therefore, extracellular expression of l-AI can be an attractive
alternative to reduce the cost of enzyme production. Recently, at-
tempts have been made to express l-AI as an extracellular enzyme
using Lactococcus lactis (Rhimi et al., 2015). Expression of l-AI gene
in different GRAS organism is presented in Table 3.

Biochemical Properties of D-Tagatose
d-Tagatose is a naturally occurring monosaccharide having

sweetness equivalent to 90% of the sucrose. It is the stereoisomer
(epimer) of d-fructose with variation at the spatial configuration of
hydroxyl group at C-4 position. It is an odorless, white crystalline
powder that takes part in Maillard reaction leading to browning
of food. It acts as a functional sweetener with no net energy and
cooling effects. The detailed biochemical properties of d-tagatose
are presented in Table 4.

Metabolism of D-Tagatose
d-Tagatose is considered as a mal-absorbing sugar because

of the difference in the spatial configuration at C-4 position
(Buemann, Toubro, & Astrup, 1999a). Although, there is a struc-
tural similarity between fructose and tagatose, fructose carrier me-
diated transport system has no affinity for tagatose in the small in-
testine. Approximately 20% to 25% of ingested tagatose is absorbed
from the small intestine and the major part of ingested tagatose
reaches to the large intestine for utilization by the indigenous gut
microflora (Lu, Levin, & Donner, 2008). Feeding of radio labeled
d-tagatose demonstrated around 20% absorption from the small
intestine in rats (Saunders, Zehner, & Levin, 1999a). In case of
pigs, approximately 26% of ingested tagatose has been reported
to be absorbed from the small intestine (Laerke & Jensen, 1999).
The metabolic fate of tagatose is identical to that of the fruc-
tose after absorption. Nevertheless, the rate of metabolism is half
of the fructose. Initially, d-tagatose is converted to d-tagatose-1-
phosphase by fructokinase. Thereafter, it splits into glyceraldehyde
and dihydroxyacetone phosphate by the action of aldolase. The en-
zyme fructokinase has lower affinity for d-tagatose as compared to
d-fructose (Martinez, Carrascosa, & Nunez de Castro, 1987).

The unabsorbed fraction of d-tagatose reaches to the large
intestine and is subjected to fermentation by the diverse group of
microflora leading to short chain fatty acids (SCFA) production
(Laerke, Jensen, & Hojsgaard, 2000). In large intestine, the
d-tagatose is catabolized by the gut microflora (Lactobacillus
casei, Lactococcus lactis, and Streptococcus lactis) through tagtose-6-
phosphate pathway, a branching pathway of galactose metabolism
(Yu, Hodge, & Li, 1990). d-Tagatose is metabolized into
d-tagatose-6-phosphate by the action of hexokinase. Thereafter,
it is metabolized into dihydroxyacetone phosphate (DHAP)
and glyceroldehyde-3-phosphate (G3P) by tagatose-6-phosphate
kinase and tagatose-1,6-diphosphatealdolase, respectively.
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Table 2–Effect of immobilization on D-tagatose yield.

Immobilization
material

Source of l-arabinose
isomerase

Galactose
Concentration

(g/L)
Reaction
condition

Tagatose yield
(g/L/hr)

Conversion
yield (%) References

Alginate G. stearothermophilus 300 60 °C,
pH8.0

54 48 Ryu et al. (2003)

Alginate G. stearothermophilus 100 65 °C,
pH 8.0

13.3 50 Kim, Ryu, Kim,
and Oh (2003b)

Calcium alginate T. mathranii 18 75 °C,
pH7.5

10 23.3 Liang et al. (2012)

Sodium alginate L. fermentum 100 65 °C,
pH 6.5

11.1 60 Xu et al. (2012)

Glutaraldehyde and
polyethylenimine

T. mathranii 300 65 °C,
pH 6.9

2.6 42 Jorgensen et al.
(2004)

Chitopearl beads T. neapolitana 300 70 °C,
pH7.5

1.2 46 Lim et al. (2008)

Agarose E. coli 500 30 °C,
pH7.0

2.1 20 Kim et al. (2001a)

Calcium alginate Recombinant E. coli cells
expressing l-AI of
T. neapolitana

180 70 °C
pH-7.0

4.0 27 Hong et al. (2007)

Sodium alginate Recombinant E. coli cells
expressing l-AI of
G. stearothermophilus

300 60 °C
pH-7.0

2.9 19.5 Jung et al. (2005)

Table 3–GRAS microorganism used for L-AI expression.

Source of l-AI GRAS host expression system

Specific activity
of expressed l-AI

(U/mg)

Bioconversion
rate of d-galactose
to d-tagatose (%) Reference

Geobacillus stearothermophilus
DSM 22

Corynebacterium glutamicum KCTC
13032 and Bacillus subtilis168

NR NR Kim et al. (2012)

Geabacillus thermodenitrificans Bacillus subtilis GSAIB-l,
Corynebacterium glutamicum
GSAIC-l and Corynebacterium
glutamicum mGTAIC001

NR NR

Thermotoga neapolitana DSM
5068

Corynebacterium sp. NR NR Kim et al. (2014b)

Bifidobacterium longum
NRRL B-41409

Lactococcus lactis 7.7 36 Salonen et al. (2013)

Bacillus
stearothermophilusUS100

Co-culture of Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus
thermophiles

32 ± 0.54 24 Rhimi, Chouayekh,
Gouillouard,
Maguin, and Bejar
(2011b)

Lactobacillus fermentum
CGMCC2921

Surface display system using the
spore surface of Bacillus subtilis
168

2.02 ×
10−10U/spore

75 ± 3.5 Liu et al. (2014)

Lactobacillus sakei Lactococcus lactis 22 ± 0.6 32 Rhimi et al. (2015)
Geobacillus stearothermophilus Bacillus subtilis 2.7 NR Cheon, Kim, Park,

Han, and Kim (2009)

NR, not reported.

Biological Role of D-Tagatose
Currently, the d-tagatose is attracting attention among the

researchers of different sectors because of its disease ameliorat-
ing properties (antidiabetic, obesity control, blood metabolite
regulator) together with health promoting effects (anti-aging,
anti-oxidant, and prebiotic).

Antidiabetic
Diabetes mellitus (type 2 diabetes) is one of the major metabolic

disorders encountered by the entire world. Peripheral insulin
resistance and progressive failures of pancreatic β-cell function are
the two principal causes for the pathogenesis of type 2 diabetes
(Kaveeshwar & Cornwall, 2014). Often, blood glucose man-
agement in type 2 diabetes remains unsatisfactory (unwanted

weight gain, hypoglycaemia, gastrointestinal distress, pancreatitis,
and so on) in spite of the application of insulin therapy along
with antidiabetic medicine (Ensor, Williams, Smith, Banfield, &
Lodder, 2014). It clearly urges the requisite of a molecule that is
not only able to control the blood sugar within the recommended
levels, but also slows down the progression of diabetes through
restoration of β-cell function, reduction of cardiovascular risk
factors, weight management, and so on. In view of the above
perspectives, extensive investigations are being carried out across
the world to find out the alternative molecules to control blood
glucose. d-Tagatose is a potential therapeutic molecule that can
blunt the blood glucose levels in both healthy and diabetic patient
(Donner, Wilber, & Ostrowski, 1996). d-Tagatose has several
advantages over the conventional oral antidiabetic medicines
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Figure 2–Protein engineering of L-arabinose isomerase (L-AI) from different sources: GTAI-1 from Geobacillu sthermodinitrificans (Oh, Kim, & Oh, 2006);
GTAI-2 from Geobacillus thermodinitrificans (Kim et al., 2014a); GSAI-1 from Geobacillus stearothermophilus (Kim, Yoon, Seo, Oh, & Choi, 2001b);
GSAI-2 from Geobacillus stearothermophilus (Kim et al., 2006); AHAI from Alicyclobacillus hesperidum (Fan et al., 2015); SHEWAI from Shewanella sp.
(Rhimi et al., 2011a); BSAI from Bacillus stearothermophilus (Rhimi et al., 2009); LFAI-1 from Lactobacillus fermentum (Xu, Li, Feng, Zhan, & Xu, 2014b);
LFAI-2 from Lactobacillus fermentum (Li, Xu, Li, & Xu,2012).

including its GRAS status, hypo-glycemic properties, antioxidant
activities, prevention of weight gain, and so on (Lu, Levin, &
Donner, 2008). It seems that the initial findings of d-tagatose as
an antidiabetic molecule are encouraging and useful.

Administration of 75 g of d-tagatose 30 min prior to glucose
tolerance test in diabetic patient results into significant blunts in the
rise of blood glucose levels without influencing the blood insulin
concentration (Donner, Wilber, & Ostrowski, 1999). The dose
ranging trial in human volunteers with type 2 diabetes indicates
that the minimum dose requirement of d-tagatose for controlling
the acetylated hemoglobin is 5.0 g, three times in a day (Ensor
et al., 2014). However, further studies in human volunteers origi-
nating from both the United States and India reveals that tagatose
dose of 15 g, three times in a day is highly effective to reduce the
acetylated hemoglobin levels (Ensor, Banfield, Smith, Williams,
& Lodder, 2015). Nevertheless, the effect of d-tagatose on lower-
ing of glycosylated hemoglobin was more distinct in American as
compared to the Indian populations.

Though, the understanding of the mechanism of action on
d-tagatose as an antidiabetic agent is incomplete; the plausible
mechanistic pathway has been framed based on the understanding
of several studies involving both fructose and tagatose. The
hepatic metabolism of d-tagatose is similar to d-fructose. In liver,
d-tagatose is metabolized into d-tagatose-1-phosphate by the
fructokinase. d-Tagatose-1-phosphate is further metabolized into
glyceroldehyde (GA) and dihydroxyacetonephosphste (DHAP).

The transient accumulation of tagatose-1-phosphate induces the
translocation of glucokinase enzyme, which in turn enhances the
conversion of glucose into glucose-6-phosphate (Agius, 1998).
It stimulates the glycogen synthase enzyme for conversion of
glucose into glycogen (Seoane et al., 1996). Ercan-Fang et al.
(2002) reported that d-tagatose-1-phosphate inhibits the glycogen
phosphorylase, an enzyme involved in hydrolysis of glycogen
into glucose. The net effect of the projected mechanistic theory
suggests an increase of glycogen synthesis coupled with decrease
of glycogen hydrolysis (Figure 3). Additionally, d-tagatose also
inhibits carbohydrate digesting enzymes such as sucrase and
maltase. These are the major intestinal enzymes influencing the
intestinal carbohydrate metabolism. Therefore, by inhibiting the
activity of sucrase and maltase in the small intestine, tagatose also
lowers the blood sugar level.

Prebiotic
Prebiotics are the non-digestible short chain oligosaccharides

that confer benefits to the host through selective growth stim-
ulation of one or limited number of beneficial gut microflora
(Gibson & Roberfroid, 1995; Samanta et al., 2015). Based on the
understanding of multifaceted role of gut microflora on human
health and function, current emphasis of nutraceutical researchers
is focused on manipulation of gut microflora through application
of bioactive carbohydrates for gut health and wellbeing, value
addition of dairy and confectionary products, feed additive, and so
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Figure 3–Plausible mechanism of action of D-tagatose.

on. Therefore, it gives enough opportunities to consider tagatose
as a prebiotic. A major fraction (75% to 80%) of ingested tagatose
reaches to the large intestine for utilization by the indigenous
microflora leading to the production of SCFA (Lu, Levin, &
Donner, 2008). In pig model, no traces of d-tagatose are detected
in the feces receiving 10% tagatose in their diet (Laerke & Jensen,
1999). Under the in vitro fermentation system, the rate of produc-
tion of SCFA was found four times higher if fecal inoculums were
obtained from the volunteers receiving 10 g tagatose three times
in a day for a period of 2 weeks (Bertelsen, Jensen, & Buemann,
1999). The same volunteers also exhibited increased population
of beneficial bacteria (lactobacilli) and reduced population of
pathogenic bacteria in the gastrointestinal tract. In vitro study with
fecal inoculums of pig reflected production of acetate, formate,
propionate, butyrate, valerate, caproate, and some heptanoate
from d-tagatose fermentation (Laerke et al., 2000). Butyrate is the
major fuel for colonocytes and it helps in their development inside
the large intestine. It acts as a powerful anti-inflammatory agent
and plays crucial role in preventing colon cancer (Canani et al.,
2011).

Obesity Control
Obesity is one of the important risk factor for diabetes, cardio-

vascular disease, hypertension, dys-lipidemia, and coronary heart
disease. Weight management plays an important role to reduce the
risk of obesity related disorders. For many diabetic patients, weight
loss is the key factor to control the blood glucose level and it may
eliminate the need for medication. d-Tagatose is a promising agent
to control obesity because of its low caloric value. Long-term ther-
apy of diabetes with d-tagatose causes progressive weight loss in
human volunteers (Donner, 2006). It is also reduces food intake
in normal healthy men (Buemann, Toubro, Raben, Blundell, &
Astrup, 2000). One of the common problems associated with the
pregnancy is overeating by an individual. It leads to excess weight

gain, which in turn increases the health risks to both mother and
fetus. In a study with rats, d-tagatose reduces food intake without
any body weight loss (Levin, 2001).

Anti-Aging Property
It is postulated that the control of energy intake is one of the

major steps for reducing the risk of serious illness as well as length-
ening the quality of life (Masoro, 1992). Therefore, low energy
sugar such as d-tagatose is capable to manage energy intake with-
out compromising the taste of sugars. The cross linking of protein
with carbohydrates (glycosylation) in muscle and brain tissue is
the major cause of aging (Bunn & Higgins, 1981). Diet restric-
tion maintains consistently lower plasma glucose and insulin level,
which in turn retards the process of age linked disease and thereby
lengthen the life span (Masoro, 1993). Preliminary investigation
demonstrates that d-tagatose has the ability to lower the plasma
glucose concentration (Ensor et al., 2015). Therefore, it could act
as an effective anti-aging molecule for better human health and
wellbeing.

Antioxidant Property
Reactive oxygen species (ROS) are produced as a result of nu-

merous metabolic reactions within the cells. Although, low levels
of ROS is required for specific physiological activities, but an in-
tricate balance should be maintained between ROS generation
and its clearance for healthy status. Frequently, the entire ROS are
not detoxified by the defense mechanism of the body, resulting
cell damage or activation of apoptosis related genes (Nakazawa,
Genka, & Fujishima, 1996). d-Tagatose has the potential to at-
tenuate cell damages caused by the intracellular free radicals. In
a study with cultured murine hepatocytes, d-tagatose (20 mM)
was shown to prevent oxidative cell damage caused by the redox
cycling drug nitrofurantoin (NFT) as compared to the equimolar
amount of glucose, mannitol, or xylose (Paterna, Boess, Staubli,
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Table 4–Biochemical properties of D-tagatose.

Property Nature/value

Common name d-tagatose
Synonyms 1. d-tagatopyranose, d-lyxo-hexulose,

d-tagatopyranoside
Category Rare sugar
Physical form White crystalline solid
Empirical formula C6H12O6
Molecular weight 180.16
Solubility in water 160 g/100 mL at 20 °C
Melting temperature 133–137 °C
Heat of solution −42.3 kJ/kg at 20 °C
pH stability 2 to 7
Relative sweetness 92% of sucrose
Browning effect Turns brown like sucrose at high temperature
Caloric value 1.5 kcal/g
Regulatory status Generally recognized as safe (GRAS)
Hygroscopic Lower, similar to sucrose

& Boelsterli, 1998). d-Tagatose protects against the iron-induced
cytotoxicity by suppressing the formation of iron-catalyzed free
radicals production from membrane lipid peroxidation and pro-
tein carbonyl formation (Paterna et al., 1998). It is suggested that
the weak iron chelating property of d-tagatose is responsible for its
antioxidant property. d-Tagatose also gives protection against the
damage of liver cells caused by pro-oxidant drugs (Valeri, Boess,
Wolf, Goldlin, & Boelsterli, 1997).

Blood Factor Regulation
Plasma fibrinogen, prothrombin time (PT) and activated partial

thrombplastin time (APTT) are important factors for the clinical
assessment of blood coagulation. Maintaining the optimum level
of these parameters is imminent for reducing the onset of diseases.
d-Tagatose plays a significant role in regulating the blood factors
such as red blood cell (RBC) count, PT, APTT, and fibrinogen.
In a study with rats, feeding of d-tagatose (15% to 20% by weight)
for a period of 8 weeks increased the RBC counts and plasma
fibrinogen within the desirable limit (Levin, 2006). The same study
also reported a reduction in PT and APTT within the prescribed
limit. These results indicate that d-tagatose can be used for the
improvement of blood coagulation parameters. In case of anemic
patient, administration of d-tagatose (30 g/day) ameliorated the
anemic condition by increasing the RBC count (Levin, 2006). It
is also reported that the administration of d-tagatose (15 g/day)
increased the fibrinogen level with simultaneous decrease of PT
and APTT in hemophilic patient diagnosed with prolonged PT
and APTT (Levin, 2006).

Pregnancy and Fetal Development
d-Tagatose has a potential role on improvement of fertility, pro-

motion of healthy fetal development, enhancing probability of
delivering live fetus in addition to control of food intake dur-
ing pregnancy. There is higher percentage of live births in rats
supplemented with d-tagatose (Kruger, Whittaker, Frankos, &
Schroeder, 1999a). In a study with rats, d-tagatose increased fertil-
ity, probability of live birth, and higher birth weight of new born
(Levin, 2001).

Applications
Among the list of rare sugars, d-tagatose occupies an important

place because of its application potentiality in several sectors in-
cluding food, pharmaceuticals, packaging, cosmetics, and so on
(Levin, Zehner, Saunders, & Beadle, 1995). Besides its sweetness

Table 5–Application potentialities of D-tagatose.

Product type Expected proportion of d-tagatose

Biscuits, cookies, cake, and pies 10%
Breakfast cereals 3 g/serving
Diet/sugar free soft drinks 2%
Non-diet soft drinks 3%
Frostings 15%
Confectionary 25%
Frozen yogurt, ice-cream 7.5%
Soft candies 10%
Sugar free chewing gum 60%
Hard candies 10% to 15%
Formula diets 3%
Baked food such as short breads and

muffins
2%

Chocolates 15%

properties, it has several beneficial properties such as low glycemic
index, reduced energy value, prebiotic, antioxidant, antiplaque,
and so on (Patel et al., 2017). It can be used as a low caloric
bulk sweetener in a wide variety foods, health products, bever-
ages, and dietary supplements. The flavor enhancing properties of
d-tagatose makes it as a perfect and probable agent to mask the un-
pleasant taste of medicines. Application potentiality of d-tagatose
is presented in Table 5.

Safety and Toxicity
The safety and toxicity aspects of tagatose have been inves-

tigated in both animal model and human subjects. When the
tagatose consumption increases beyond 10%, adverse effects (in-
creased liver weight and hypertrophy) are noticed in rats (Kruger
et al., 1999a). Hence, 5% level of tagatose is considered as safe
dose without any side effects. Reproductive performance of rat
is not affected even though tagatose consumption reaches up
to 20 g/kg body weight/day (Kruger, Whittaker, Frankos, &
Trimmer, 1999b). Human clinical trials with d-tagatose consump-
tion are mostly focused on its urecemic and gastrointestinal effects.
The elevated level of plasma uric acid is associated with purine
metabolism disorder and development of gout. There is a tran-
sient increase of plasma uric acid concentration in both healthy
and non-insulin dependent diabetes mellitus population following
single oral dose of 75 g of d-tagatose (Saunders, Donner, Sadler,
Levin, & Makris, 1999b). A lower dose of d-tagatose (45 g/day;
15 g TID) is considered to be safe in healthy human subjects be-
cause it does not show any adverse effects on plasma uric acid,
glycogen levels as well as functioning of liver (Boesch et al., 2001).
Similarly, consumption of 45 g d-tagatose/day (15 g TID) for a pe-
riod of 1 year does not cause any adverse effects on plasma uric acid
levels in non-insulin dependent diabetes mellitus patient (Donner,
2006). The above dose of d-tagatose also helps in reduction of post-
prandial plasma glucose levels. Nevertheless, few reports indicate
gastrointestinal disturbances (nausea, diarrhea and light to moder-
ate flatulence) following the consumption of 30 g of d-tagatose in
a single dose (Buemann, Toubro, Raben, & Astrup, 1999b). Keep-
ing in view the above considerations, the “No Observed Adverse
Effect Level” (NOAEL) for tagatose is set at 45 g/day or 0.75 g/kg
body weight/day (World Health Organization, 2004).

Conclusions
d-Tagatose, C-4 epimer of d-fructose, is a rare sugar. Recently,

it has attracted greater interest among several industries such
as food, pharmaceuticals, packaging, and cosmetics. The major
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impediments that restrict its large scale applications are limited
availability, lack of commercial process and inadequate knowledge
on beneficial roles. The chemical process was considered to be
an ideal method for large scale d-tagatose production during the
previous century. Nevertheless, consumer awareness coupled with
safety issues forced the researchers to develop biological process of
d-tagatose production. Biological methods offer advantages over
chemical methods, because enzyme-catalyzed reactions are often
highly enantio-selective and regioselective. In this endeavor, l-AI
emerged as a most useful enzyme for biological production of d-
tagatose. Despite untiring efforts, limited success has been achieved
towards biological production of d-tagatose because of lower bio-
conversion efficiency of l-AI, metal ion requirement, poor ther-
mostability and low affinity of the enzyme for d-galactose. A better
understanding about structure–function relationship of the exist-
ing l-AI will help to increase its affinity and selectivity towards
d-galactose. The application of protein engineering together with
genomic tools could enhance the bioconversion efficiency for
d-tagatose production by modifying the functional properties of
l-AI. Tetrameric structure of thermophilic and hyperthermophilic
l-AI is still unresolved. These structures need to be solved to get
a better understanding about the ligand (d-galactose) and enzyme
(l-AI) interaction. Application of high throughput screening or
selection method will help to evaluate individual protein vari-
ants. It will increase the possibility to screen specific mutants with
higher catalytic activity. More research needs to be carried out
to explore new sources of biocatalysts, especially from different
GRAS microorganism in addition to the enzyme expression and
secretion in a food grade microbial host. Application of GRAS
expression system will be an exciting alternative to satisfy the food
safety issues.

More information needs to be gathered on minute changes
happened due to regular intake of d-tagatose. As further research
findings on the applications of d-tagatose will continue to accu-
mulate, its potential efficacy for clinical application will be clear.
A better understanding of structure–function relationship of d-
tagatose along with the identification of the metabolic profile of
target microorganism will help to determine the specific health
attribute of d-tagatose as a prebiotic. More in vivo data, particu-
larly in animals and human intervention studies are required at this
point of time to find out the effective daily dose of d-tagatose as
an antidiabetic agent. New development in metabolic engineer-
ing and molecular technologies will help to answer the unsolved
questions related to the mechanistic pathway of d-tagatose.
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