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Sugar alcohols, such as xylitol, mannitol, sorbitol, and erythritol

are emerging food ingredients that provide similar or better

sweetness/sensory properties of sucrose, but are less

calorigenic. Also, sugar alcohols can be converted into

commodity chemicals through chemical catalysis.

Biotechnological production offers the safe and sustainable

supply of sugar alcohols from renewable biomass. In contrast

to early studies that aimed to produce sugar alcohols with

microorganisms capable of producing sugar alcohols naturally,

recent studies have focused on rational engineering of

metabolic pathways to improve yield and productivity as well

as to use inexpensive and abundant substrates. Metabolic

engineering strategies to utilize inexpensive substrates,

alleviate catabolite repression, reduce byproduct formation,

and manipulate redox balances led to enhanced production of

sugar alcohols.
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Introduction
Sugar alcohols are noncyclic hydrogenated carbohydrates

which can be acquired when aldehyde or ketone in sugars

is reduced to the hydroxyl group. They are widely found

in fruits and vegetables, as well as in fermentation broth

of microorganisms. Sugar alcohols not only offer a wide

range of sweetness and cooling effect, but also non-

cariogenic and less calorigenic properties. Due to their

health-promoting benefits as sugar substitutes, they are
www.sciencedirect.com 
used in the food and pharmaceutical industries. In addi-

tion, some sugar alcohols such as xylitol and sorbitol have

potential applications as building blocks for producing

various value-added derivatives [1–3].

Most sugar alcohols are industrially produced by the

catalytic hydrogenation of sugars under high pressure

and temperature. However, current chemical processes

require extreme conditions and costly chromatographic

purification steps, which leads to low final product yields

[1]. Because of these drawbacks, biotechnological pro-

duction has been actively pursued [4,5]. Biotechnological

production based on microbial fermentation offers safer

and environmentally friendly processes and economic

utilization of agricultural waste residues. While traditional

strategies to improve sugar alcohol production through

isolating better strains and optimizing culture conditions

have been diminishing, metabolic engineering to improve

production of sugar alcohols have been extensively pur-

sued to establish economic microbial production plat-

forms (Figure 1 and Table 1). In particular, metabolic

engineering strategies to utilize inexpensive substrates,

alleviate catabolite repression, and manipulate redox

balances led to the rapid and efficient production of sugar

alcohols. This review will focus on recent advances in

metabolic engineering approaches to improve the biolog-

ical production of sugar alcohols.

Xylitol
Xylitol is a representative five-carbon sugar alcohol that

can reduce the risk of developing dental caries and is safe

for diabetics. It is also a platform chemical which can be

transformed to various starting materials for plastics and

polymerized directly into unsaturated polyester resin [6].

The global xylitol market is more than 0.13 M tons per

year, with <5.5 $/kg for bulk purchase (by pharmaceutical

and chewing gum companies), and xylitol occupies 12%

of the total polyol market [7]. The xylitol market con-

tinues to grow owing to an increase in chewing-gum and

health markets, and new development of its application

for manufacturing commodity products.

Xylitol can be produced from xylose that can be obtained

from lignocellulosic biomass. Various eukaryotic and pro-

karyotic microorganisms have been engineered by ran-

dom mutagenesis, and rational metabolic engineering. As

shown in Figure 1, microorganisms naturally expressing

xylose reductase (XR), such as Candida tropicalis, and
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Pathway of sugar alcohol production by engineered microorganisms. MDH: mannitol dehydrogenase, MTLP: mannitol-1-phosphatase, XR: xylose

reductase, ER: erythrose reductase, *: unidentified dephophorylation.
C. guillermondii, can produce xylitol during their xylose

assimilation. Advances in metabolic engineering

approaches enabled various microorganisms that do not

contain innate XR to produce xylitol efficiently.
Table 1

Sugar alcohol production by engineered microorganisms.

Microorganisms Genetic perturbations Substrate 

Xylitol

S. cerevisiae XR, CBT, BGL Cellobiose and xyl

S. cerevisiae XR, ACS1, ZWF1 Glucose and xylos

C. tropicalis XR, Dxyl2 Glucose and xylos

E. coli XR, DxylAB, DptsG, DptsF Glucose and xylos

Mannitol

L. reuteri tpfkA, pkaC Glucose and fructo

E. coli fdh, mdh, glf, xylA Glucose and forma

C. magnoliae Mutagenesis Glucose and fructo

Sorbitol

L. plantarum DldhL, DldhD, srlD Glucose 

L. casei Dldh1, DgutB, DmtlD, gutF Lactose 

Erythritol

C. magnoliae Mutagenesis Glucose 

Y. lipolytica Mutagenesis Glucose 

XR: xylose reductase, CBT: cellobiose transporter, BGL: beta-glucosida

synthetase, xyl2: xylitol dehydrogenase, xylA: xylose isomerase, xylB: xylu

transferase system, ptsF: phosphoenolpyruvate-dependent fructose phosph

catalytic subunit of a cAMP-dependent protein kinase, fdh: NAD+-dep

dehydrogenase, glf: glucose facilitator, ldhL and ldhD: lactate dehydrogen

genase, gutB: sorbitol phosphotransferase system, mtlD: mannitol-1-phos

Current Opinion in Biotechnology 2016, 37:105–113 
A baker’s yeast, Saccharomyces cerevisiae, is a Generally

Recognized as Safe (GRAS) microorganism used for

producing foods, biofuels and biochemicals. In spite of

its ability to use various sugars, it is unable to metabolize
Yield

(g product/g substrate)

Productivity

(g product/L�h)

References

ose 0.96 1.50 [13��]

e 1 4.27 [21��]

e 0.96 1.44 [16]

e >0.95 1.57 [25]

se 0.75 0.58 [36]

te 0.83 3.16 [38]

se 0.81 4.00 [40]

0.66 – [44]

0.05 – [45�]

0.11 0.12 [55]

0.25 0.23 [54]

se, ZWF1: glucose-6-phosphate dehydrogenase, ACS1: acetyl-CoA

lose kinase, ptsG: phosphoenolpyruvate-dependent glucose phospho-

otransferase system, rpfkA: modified 6-phospho-1-fructokinase, pkaC:

endent formate dehydrogenase, mdh: NAD+-dependent mannitol 2-

ase, srlD: sorbitol-6-phosphate dehydrogenase, ldh1: lactate dehydro-

phate dehydrogenase, gutF: sorbitol-6-phosphate dehydrogenase.
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xylose since it does not have xylose reductase (XR) and

xylitol dehydrogenase (XDH). The absence of these two

enzymes encouraged us to engineer xylitol-biosynthesiz-

ing microorganisms with the theoretical yield of 1 mol

xylitol per mol xylose. As XR catalyzes the conversion of

xylose to xylitol (Figure 1), the XYL1 gene encoding XR

from Scheffersomyces stipitis (formerly Pichia stipitis) was

overexpressed in S. cerevisiae [8]. Because of the absence

of XDH in recombinant S. cerevisiae for complete oxida-

tion of xylose and xylitol to metabolic energy, additional

sugars such as glucose, galactose, fructose and mannose

should be supplied for cell growth and viability mainte-

nance [9,10]. In typical batch-wise production of xylitol in

a medium with glucose and xylose [9], recombinant S.
cerevisiae expressing the XYL1 gene consumed glucose

faster than xylose because of the high affinity of sugar

transporters for glucose relative to xylose. At low glucose

concentrations, recombinant S. cerevisiae takes xylose up

via high-affinity glucose transporters [8] and can metabo-

lize xylose to xylitol simultaneously. But xylose is unable

to be converted into xylitol after depletion of glucose,

owing to the fact that NAD(P)H required for the XR

reaction is not supplemented [11,12]. For overcoming this

hurdle, two strategies have been developed: co-utilization

of non-catabolite repression sugar such as cellobiose and a

fed-batch scheme to feed the solution of a co-substrate

until the end of the culture. An engineered S. cerevisiae
D-10-BT expressing S. stipitis XYL1, and b-glucosidase

(gh1-1), and cellodextrin transporter (cdt-1) from Neuros-
pora crassa was able to metabolize xylose and cellodextrin

simultaneously and produce xylitol with 40% higher

productivity, relative to sequential utilization of glucose

and xylose [13��]. Fed-batch culture strategies were de-

vised to supply a concentrated glucose solution, main-

taining low glucose concentrations in culture media.

Constant feeding of xylose was also devised to provide

xylose as a substrate for xylitol conversion. Control of

glucose concentration less than 0.35 g/L and of xylose

level up to 30 g/L in culture broth resulted in 105.2 g/L

xylitol concentration, 0.95 g xylitol/g xylose yield and

1.7 g/L h productivity [9].

A natural xylitol-producing yeast, C. tropicalis, is able to

use xylose as a sole carbon source for both xylitol produc-

tion and cell growth, reducing the xylitol yield. To

increase the xylitol yield from xylose, the XYL2 gene

coding for XDH in C. tropicalis was removed by the URA-

blasting method [14]. By supplementation of glycerol as

carbon source for energy metabolism and cofactor regen-

eration, the C. tropicalis DXYL2 converted xylose to

xylitol with 3.23 g/L h productivity and 0.98 g xylitol/

g xylose yield [14]. Because XR expression in C. tropicalis
is repressed at high glucose concentrations [15], a basal

level of glucose should be maintained in culture broth. To

escape from this repression, the N. crassa XR gene was

codon-optimized and expressed in the C. tropicalis mutant

deficient in XYL2 [16]. This recombinant C. tropicalis
www.sciencedirect.com 
metabolized both glucose and xylose, and showed

1.7 times higher xylitol production than without the

N. crassa XR gene expression [16].

In the stoichiometry of the xylose metabolism, 1 mole of

NADPH or NADH is required for production of 1 mole of

xylitol in the XR reaction [12]. As most XRs are more

specific for NADPH than NADH, metabolic overexpres-

sion of enzymes involved in NADPH regeneration has

been chosen for sufficient supplementation of NADPH in

XYL1-expressing S. cerevisiae strains. Glucose-6-phos-

phate dehydrogenase (G6PDH) and 6-phosphogluconate

dehydrogenase (6-PGDH), two main metabolic enzymes

for the NADPH regeneration, are located in the oxidative

pentose phosphate pathway [17]. An increment of

G6PDH activity by overexpression of the ZWF1 gene

coding for G6PDH in recombinant S. cerevisiae enhanced

both cell growth and xylitol producing performance by

about 24%, compared to those for the control strain. When

analyzing the intracellular concentrations of cofactors, the

NADPH and NADP+ levels were not changed signifi-

cantly, suggesting that the elevated G6PDH activity

allowed rapid regeneration of NADPH and enhanced

the NADPH-dependent xylitol production [17]. In C.
tropicalis, G6PDH and 6-PGDH were also overexpressed

to obtain a high level of NADPH level [18]. Similar to the

case of the ZWF1 overexpression in xylitol-producing S.
cerevisiae [17], a 21% enhancement in xylitol productivity

was obtained, compared to the control C. tropicalis [14,18].

To direct the carbon flux from glycolysis to the oxidative

pentose phosphate pathway, the expression level of phos-

phoglucose isomerase (PGI) was reduced by changing its

own promoter to the ADH1 promoter with low transcrip-

tional activity [19]. Reduced PGI activity did not affect

xylitol production, but application of both the ZWF1
overexpression and reduced PGI activity resulted in a

1.9 times enhancement in specific xylitol productivity in a

glucose-limited fed-batch cultivation [19]. A bacterial

enzyme of transhydrogenase controls the redox balance

inside the cells by transferring a proton from NADH to

NADP+, or NADPH to NAD+. The Azotobacter vinelandii
transhydrogenase was expressed actively in XYL1-expres-

sing S. cerevisiae, but xylitol productivity was reduced

contrary to the expectation [11]. The bacterial transhy-

drogenase in S. cerevisiae might be unfavorable to deliver a

proton in NADH to NADP+ [11]. Acetyl-CoA synthetase

(ACS1p) and acetaldehyde dehydrogenase 6 (ALD6p)

were related directly or indirectly to the regeneration

of NAD(P)(H) and also overexpressed to elevate the

cofactor pools [20]. S. cerevisiae was further engineered

by introducing NADPH-dependent XR and NADH-pre-

ferring mutant XR along with coexpression of ZWF1 for

NADPH regeneration and of ACS1 for NADH regenera-

tion. The resulting S. cerevisiae strain was cultivated in an

optimized fed-batch fermentation to enhance both xylitol

productivity and xylitol concentration. Integration of

metabolic engineering approach with optimization of a
Current Opinion in Biotechnology 2016, 37:105–113
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fermentation strategy allowed production of xylitol with

4.27 g/L h productivity and 196.2 g/L concentration

[21��].

Compared to xylitol production by yeast fermentation,

bacterial fermentation provides potential advantages for

the industrial production of xylitol, such as rapid cell

growth, easy genetic manipulation, and usage of inexpen-

sive growth medium [22]. Escherichia coli, which has been

served as a metabolic engineering host strain to produce

numerous value-added chemicals, has been metabolically

engineered to produce xylitol using the following strate-

gies. First, heterologous xylose reductases from various

xylose-fermenting strains have been introduced because

E. coli does not have a xylose reduction pathway capable

of converting xylose to xylitol [23,24]. Second, catabolic

repression of glucose on xylose transport has been over-

come for producing xylitol from a mixture of glucose and

xylose. Expression of a relaxed catabolic repression mu-

tant of cAMP receptor protein (crp*) [23], deletion of araC
followed by adaptive evolution [22], and deletion of the

glucose-specific PTS permease gene ptsG [25] allowed

simultaneous utilization of glucose and xylose for en-

hanced xylitol production. Third, NADPH production

was enhanced to increase in vivo XR activity. Deletion of

pfkA coding for phosphofructokinase and sthA coding for

soluble transhydrogenase increased the carbon flux to-

ward the pentose phosphate pathway, which is the main

source of NADPH, resulting in an improved xylitol yield

[26]. Fourth, as xylose is the only known substrate for

xylitol production, the native xylose catabolic pathway

(xylA and xylB) was blocked to avoid xylose consumption

[25,27]. Notably, the optimization of xylose reductase

expression in E. coli resulted in a drastic improvement

of xylitol production in E. coli [25]. Synonymous muta-

tions were introduced in the translation initiation region

of xylose reductase, which affected the mRNA secondary

structure for expressing xylose reductase. The resulting

engineered E. coli was able to produce 150 g/L of xylitol

from hemicellulosic hydrolyzates with high productivity

(1.4 g/L h) and yield (>0.95 g xylitol/g xylose).

Mannitol
Mannitol is a six-carbon sugar alcohol naturally found in

fruits and vegetables. It is widely used in food and phar-

maceutical products because of its low caloric and cario-

genic properties. Mannitol is also useful in medicine and

the chemical industry [4]. Many microorganisms including

bacteria and yeasts are known to produce mannitol by the

fermentation of glucose or fructose [4,28]. Metabolic engi-

neering approaches have been undertaken to improve

mannitol production from natural mannitol-producing

strains, and to introduce heterologous genes into other

hosts which cannot produce mannitol naturally.

Lactic acid bacteria (LAB) have been extensively studied

for the biotechnological production of mannitol [28]. As
Current Opinion in Biotechnology 2016, 37:105–113 
shown in Figure 2a and b, homofermentative and hetero-

fermentative LAB have different hexose metabolic

pathways. Although mannitol production by homofer-

mentative LAB is lower as compared to heterofermenta-

tive LAB, homofermentative LAB have widely been used

in the dairy industry. Therefore, engineering of homo-

fermentative LAB to produce mannitol might offer the

production of extra-value dairy products [4]. Metabolic

engineering strategies to overproduce mannitol in LAB

focused on reducing by-products formation, such as lactic

acid and acetic acid, and facilitating efficient regeneration

of NADH which is necessary for conversion of fructose-6-

phosphate (F6P) into mannitol. Indeed, a lactate dehy-

drogenase (LDH)-deficient Lactococcus lactis exhibited

mannitol-accumulating phenotypes, indicating that sur-

plus NADH in the LAB can enhance the mannitol-1-

phosphate dehydrogenase reaction [29]. Additional over-

expression of two genes (Lactobacillus plantarum mtlD
gene and Eimeria tenella M1pase gene) encoding manni-

tol-1-phosphate dehydrogenase and mannitol-1-phospha-

tase in the LDH-deficient strain achieved a much higher

mannitol yield (0.27 g mannitol/g glucose) than the wild-

type strain (<0.003 g mannitol/g glucose) [30]. Because

the produced mannitol can be utilized as a carbon source

after depletion of glucose, prevention of re-assimilation of

mannitol was an effective strategy to increase mannitol

production. Gaspar et al. deleted the mannitol transport

system (mtlF) in the LDH-deficient strain to minimize

the re-assimilation of extracellular mannitol [31�]. The

resulting double mutant of L. lactis (Dldh DmtlF) pro-

duced mannitol with a high yield (0.33 g mannitol/g

glucose). Additional deletion of the lactate dehydroge-

nase gene (ldhB) to generate surplus NADH further

improved the mannitol yield up to 0.42 (g mannitol/g

glucose) [32�].

Heterofermentative LAB were also engineered to pro-

duce mannitol. Unlike homofermentative LAB using

mannitol-1-phosphate dehydrogenase and mannitol-1-

phosphatase, heterofermentative LAB produce mannitol

from fructose by a single enzymatic reaction using man-

nitol dehydrogenase (MDH). The strategy to delete lactic

acid dehydrogenase genes (ldhD and ldhL) to limit by-

products including lactic acid and supply more NADH

was also effective in a heterofermentative LAB L.

fermentum. While the yield of mannitol from fructose

increased through this strategy, volumetric productivity

of mannitol decreased [33]. In heterofermentative LAB,

fructose is not only a precursor of mannitol production,

but also a gateway substrate of the phophoketolase path-

way. Therefore, reducing leakage of fructose into the

phosphoketolase pathway can increase the production of

fructose into mannitol. Helanto and coworkers obtained

a mutant of Leuconostoc pseudomesenteroides showing only

10% of the fructokinase activity of the parental strain by

random mutagenesis. The fructokinase mutant produced

mannitol with a higher yield and volumetric productivity
www.sciencedirect.com
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Figure 2
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Metabolic engineering approaches to produce mannitol in engineered microorganisms. Disruption of lactate dehydrogenase (LDH) in LAB enhanced

mannitol production because of surplus NADH. (a) Prevention of re-assimilation of mannitol by deleting mannitol transport system was an effective

strategy in homofermentative LAB. (b) Reducing the flux of fructose to the phosphoketolase pathway increased the mannitol production in

heterofermentative LAB. (c) Heterologous enzyme expression in E. coli resulted in efficient conversion of fructose to mannitol. (d) Deletion of GPD1

and GPD2 provided surplus NADH for mannitol production in S. cerevisiae. EMP: Embden–Meyerhof–Parnas pathway, PTS: phosphotransferase

system, PK: phosphoketolase pathway, P: permease, GLF: glucose facilitator. Red dashed arrows indicate inactivation of the pathways.
than the parental strain [34]. Co-utilization of fructose and

glucose can improve mannitol production by increasing

NADH availability [35]. As L. reuteri simultaneously uses

the phophoketolase pathway (PKP) and the Embden–
Meyerhof–Parnas (EMP) pathway, a truncated gene

encoding modified 6-phospho-1-fructokinase (PFK) from

Aspergillus niger along with its activator pkaC were intro-

duced into L. reuteri to increase the PFK activity. The

resulting strain showed substantially higher mannitol

productivity (0.58 g/L h) than the parental strain

(0.10 g/L h) in a mixture of glucose and fructose due to

the enhanced flux through the EMP pathway [36].
www.sciencedirect.com 
In addition to LAB, E. coli was engineered to produce

mannitol from fructose. Because E. coli cannot produce

mannitol naturally, it is necessary to introduce a fructose

transporter, MDH, NADH supplying reactions for pro-

ducing mannitol from fructose. Kaup et al. expressed

NAD+-dependent MDH from L. pseudomesenteroides to

reduce fructose to mannitol, NAD+-dependent formate

dehydrogenase from Mycobacterium vaccae to supply

NADH, and a glucose facilitator from Zymomonas mobilis
to take up fructose in E. coli (Figure 2c). This engineered

E. coli produced 66 g/L of mannitol from 90 g/L of fruc-

tose and 500 mM of sodium formate within 8 hours with
Current Opinion in Biotechnology 2016, 37:105–113
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high specific mannitol productivity (>4 g/g dry cell

weight h) [37]. Furthermore, additional co-expression

of glucose isomerase (xylA) to convert glucose to fructose

enabled the engineered E. coli to produce mannitol from

glucose [38].

Several studies have reported mannitol production in

yeast. C. magnoliae HH-01, isolated from fermentation

sludge, produced 209 g/L of mannitol from a mixture of

glucose and fructose with a yield of 0.83 (g mannitol/g

fructose) in fed-batch fermentation [39]. In another ap-

proach, UV mutagenesis of a mannitol-producing C. mag-
noliae resulted in a high titer (240 g/L) of mannitol

without any by-products [40]. S. cerevisiae was also engi-

neered to produce mannitol. Because S. cerevisiae does not

produce mannitol naturally, the heterologous metabolic

pathway to produce mannitol from glucose has been

introduced as follows. First, the E. coli gene mtlD coding

for mannitol-1-phosphate dehydrogenase was expressed

to convert fructose-6-phosphate to mannitol-1-phosphate.

Second, GPD1 and GPD2 coding for NADH-dependent

glycerol-3-phosphate dehydrogenase were disrupted to

provide surplus NADH for reducing fructose-6-phos-

phate (Figure 2d). The resulting S. cerevisiae was able

to produce mannitol from glucose anaerobically with a

yield of 0.12 (g mannitol/g glucose) [41]. Although S.
cerevisiae and LAB have different sugar metabolisms,

common engineering approaches to both improving the

redox balance and substrate availability were similarly

effective for enhancing mannitol production.

Sorbitol
Sorbitol is a six-carbon sugar alcohol, and it is widely used

in food products and the chemical industry due to its

relatively low sweetness and high solubility. In addition,

it can be used as a building block for many value-added

derivatives. On the basis of the broad range of its applica-

tions, estimated annual production of sorbitol is over

500,000 tons, and it is about 50% of the polyol market

[42]. To produce sorbitol biotechnologically, previous

studies extensively employed Z. mobilis, which can con-

vert both fructose and glucose into sorbitol via glucose–
fructose oxidoreductase [42,43].

As LAB have the abilities to produce food-grade and

value-added metabolites in an industrial scale, L. plan-
tarum and L. casei have been engineered to produce

sorbitol. Engineering strategies were similar to those

for mannitol production in LAB. Overexpression of

the key enzymes for converting a substrate to sorbitol,

blocking re-utilization of the produced sorbitol, reducing

other by-products, and improving redox balance have

been attempted. As a host strain, LDH-deficient

mutants were mainly used to minimize carbon loss for

the production of lactic acid. As shown in Figure 3a,

overexpression of sorbitol-6-phosphate dehydrogenase

in an LDH-deficient L. plantarum led to the production
Current Opinion in Biotechnology 2016, 37:105–113 
of sorbitol from glucose (0.66 g sorbitol/g  glucose) al-

though mannitol was co-produced with sorbitol [44]. De

Boeck et al. engineered L. casei using the combination of

rational approaches to eliminate the mannitol produc-

tion. The gutF gene encoding for the sorbitol-6-phos-

phate dehydrogenase was expressed in LDH-deficient

L. casei, which is similar to the engineering approaches in

L. plantarum. After depletion of glucose, however, the

produced sorbitol was re-utilized. The problem with

the re-utilization of sorbitol was solved by disrupting

the gutB gene related to the sorbitol phosphotransferase

system. In addition, inactivation of the mtlD gene coding

for mannitol-1-phosphate dehydrogenase was per-

formed to avoid mannitol production. The engineered

L. casei was able to produce sorbitol from glucose with

no mannitol production. In fed-batch fermentation, the

engineered L. casei was able to produce sorbitol from

lactose with a yield of 0.05 (g sorbitol/g lactose) [45�].

Erythritol
Erythritol is a four-carbon sugar alcohol. Due to its less

calorigenic and non-insulin stimulant properties, erythri-

tol has been used in food and pharmaceutical industries.

Erythritol is widely distributed in nature such as in

seaweeds and fruits [46]. Osmophilic yeasts including

Torula sp., C. magnoliae, and Yarrowia lipolytica and

LAB such as L. oenos can produce erythritol naturally

[47–51]. Among erythritol-producing strains, Trichospor-
onoides megachiliensis and Pseudozyma tsukubaensis have

been used to produce erythritol commercially because

of their high yield and productivity [52,53].

Biotechnological production of erythritol has relied on

isolation of microorganisms capable of producing erythri-

tol at a high yield with reduced glycerol formation [5]. To

further improve erythritol production by the isolated

producers, two strategies have been implemented. First,

optimization of culture conditions for microbial fermen-

tation improved erythritol production. Although erythri-

tol-producing strains were able to convert glucose or

fructose to erythritol with a decent rate, even greater

volumetric productivities and yields were achieved by

controlling initial glucose concentration, using a fed-

batch fermentation with optimized media, and by sup-

plementation of minerals [5]. Second, random mutagen-

esis by UV and chemical mutagen was performed to

enhance erythritol production. The selected mutants

produced more erythritol and less by-products than the

parental strains because of improved activities and ex-

pression levels of key enzymes involved in the pentose

phosphate pathway (PPP) [52,54,55]. As shown in

Figure 3b, the substrate for erythritol production,

erythrose-4-phosphate is synthesized via the PPP, and

erythrose reductase (ER) catalyzes the final reaction for

converting it to erythritol [5]. As such, ER is hypothesized

as a rate-limiting enzyme in erythritol production. In-

deed, C. magnoliae and Y. lipolytica mutants exhibiting
www.sciencedirect.com
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Figure 3
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Metabolic engineering approaches to produce sorbitol (a) and erythritol (b) in engineered microorganisms. (a) Genetic perturbations to prevent re-

assimilation of the produced sorbitol, to eliminate of mannitol production, and to increase reducing power were combined to improve sorbitol

production in LAB. (b) Enhanced carbon flux into the pentose phosphate pathway including the reaction of erythrose reductase and transketolase

improved erythritol production in yeast. EMP: Embden–Meyerhof–Parnas pathway, PTS: phosphotransferase system. Red dashed arrows indicate

inactivation of the pathways.
enhanced erythritol production showed higher ER activi-

ties [54,55]. In addition, Sawada et al. reported that

mutant T. megachiliensis, which has been employed for

commercial erythritol production, showed higher enzyme

activities of ER and transketolase (TKL) [52]. These

results suggested that the increased carbon flux into

the pentose phosphate pathway including the reaction

of ER and TKL might be crucial for efficient erythritol

production. Recently, the Cas9/CRISPR system has

enabled editing of genomes of microorganisms rapidly

and efficiently [56]. Furthermore, the Cas9/CRISPR sys-

tem does not leave any antibiotic markers in the host

strains, which is beneficial for industrial application [57].

Using the Cas9/CRISPR system, overexpression of key

enzymes such as ER and NADPH-regenerating enzymes

in erythritol-producing strains might be conducted to

improve erythritol production.

Conclusions
Numerous studies to improve biotechnological produc-

tion of sugar alcohols have been reported. Specifically,

recent metabolic engineering approaches have focused

on utilizing inexpensive and abundant substrates, over-

coming catabolic repression, and maintaining redox

balance in the microbial platforms. However, not all

the fermentative processes are applicable for industrial-

scale manufacturing yet because of several issues, such as

high production and purification costs, and low produc-

tivity. To make the biotechnological processes for sugar
www.sciencedirect.com 
alcohol more competitive and economic, diversification of

value-added chemicals derived from sugar alcohols, im-

provement of applicability of inexpensive substrates,

such as cellulosic hydrolyzates, and development of effi-

cient bioconversion processes to produce higher-value

derivatives of sugar alcohols will be necessary. Metabolic

engineering of non-conventional host strains through

emerging genome editing tools based on the Cas9/

CRISPR system will enable economic and sustainable

production of sugar alcohols from renewable biomass.
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