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Abstract Supplementation with CaCl2 Æ 2H2O

(50 mg l–1) or CuSO4 Æ 5H2O (10 mg l–1) improved

mannitol production by Candida magnoliae by

14.5 and 18.6% (25 and 32 g/L), respectively.

When used in combination, they acted synergisti-

cally: Ca2+ decreased the intracellular concentra-

tion of mannitol 30%, whereas Cu2+ increased the

intracellular activity of mannitol dehydrogenase

1.6-times more than control. Ca2+ probably works

by altering the permeability of cells to mannitol,

whereas, Cu2+ increases the activity of an enzyme

responsible for mannitol biosynthesis.
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Introduction

Mannitol is found in bacteria, algae, fungi, and

higher plants (Lewis and Smith 1967). Acyclic

polyols, including mannitol, are important for

growth, carbon storage, recycling of reductants,

efficient carbon fixation, and the stress tolerance

of microorganisms and higher plants (Pharr et al.

1995, Smirnoff and Cumbes 1989). Mannitol is

about half as sweet as sucrose and is not metab-

olized by humans; it is, therefore considered a

low-calorie sweetener (Furia 1972).

Mannitol has been produced by chemical

hydrogenation of fructose. This method yields

almost equal amounts of mannitol and a byprod-

uct, its isomer sorbitol (Makkee et al. 1985). The

resulting need to separate mannitol from its

isomer, coupled with the very low conversion

yield of the process, results in a high cost of

production. To overcome these problems, many

approaches to produce mannitol via microbiolog-

ical techniques are being studied (Wisselink et al.

1990, Wong et al. 1990, Yun and Kim 1998).

However, microbiological production of mannitol

on an industrial scale has been prevented by low

yield and productivity. Recently, we isolated a

high-mannitol-producing yeast strain from fer-

mentation sludge and identified the new isolate as

Candida magnoliae HH-01. In a previous paper

(Song et al. 2002), we reported the characteriza-

tion of C. magnoliae HH-01 strain and the highest

mannitol production among mannitol-producing

microorganisms. We also characterized a novel

mannitol dehydrogenase (MDH) from C. magno-

liae HH-01 (Lee et al. 2003).
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Minerals have been reported to influence the

production of some sugar alcohols and the activ-

ity of enzymes involved in sugar alcohol synthesis

(Lee et al. 2000, 2002, Kim and Oh 2003), they are

economical and easy to deliver during liquid

fermentation. However, their effect on mannitol

production has not been studied. In the current

study, we screened minerals for a stimulatory

effect on the production of mannitol by

C. magnoliae and then investigated the effect of

selected minerals on the activity of relevant

enzymes in supplemental experiments.

Materials and methods

Microorganism and media

Candida magnoliae HH-01 (KCCM-10252)

(Song et al. 2002) was grown in the medium

containing 20 g glucose l–1 and 10 g yeast

extract l–1. The fermentation medium consisted

of 20 g glucose l–1, 10 g yeast extract l–1, 1.2 g

urea l–1, 2.5 g KH2PO4 l–1, 0.4 g MgSO4 Æ 7H2O

l–1, and minerals (see Table 1) such as Ca2+ and

Cu2+..

Culture conditions

A suspension of frozen cells was inoculated into a

500 ml flask containing 75 ml growth medium and

incubated at 30�C and 250 rpm for 24 h. The

culture broth of 5% (v/v) was transferred, either

to a 500 ml flask containing 75 ml fermentation

medium or to a 5 l fermenter (KoBiotech Co.,

Incheon, Korea) containing 3 l fermentation

medium. Flask experiments were performed at

35�C and 220 rpm in a shaker; the pH of the flask

culture was not controlled. After incubation for

24 h, glucose and fructose were fed to give 10 g l–1

and 150 g l–1, respectively. When fructose was

added, the pH was around 5.5. After further

incubation at 35�C for 120 h, the amount of

mannitol produced was measured by HPLC.

Fermenter experiments were performed at 35�C;

the pH of the culture broth was automatically

controlled at 5.0 through the addition of 1 M HCl

or NaOH by a peristaltic pump.

When the cell mass reached 12 g l–1, the

agitation speed and aeration rate were adjusted

to 500 rpm and 0.5 vvm, respectively, and then

reduced to 250 rpm and 0.0 vvm, respectively, to

limit the dissolved O2 concentration (DO). DO is

a key variable in this process for conversion of

fructose to mannitol (Song et al. 2002). Simulta-

neously with the limitation of DO, the carbon

source, the mixed solution of fructose (250 g l–1)

and glucose (30 g l–1), was fed.

Enzyme assay of mannitol dehydrogenase

(MDH)

Washed cells from the culture broth were resus-

pended in disruption buffer containing 20 mM

Tris/HCl (pH 7.8), 10 mM MgCl2, 1 mM EDTA,

1 mM dithiothreitol, and 1 mM PMSF, and

ground with glass beads (0.5 mm diam). The

MDH assay (Lee et al. 2003) mixture (1 ml)

consisted of 0.25 mM NADPH, 0.1 M fructose,

and cell extract (1.2 g protein/ml and 10%) in

20 mM Tris/HCl (pH 7.8). One unit of enzyme

activity represents 1 lmol NADPH consumed per

min (monitored at 340 nm).

Analytical methods

The concentration of DO in the liquid phase was

monitored with an Ingold polarographic elec-

trode. Optical density (OD) was measured at

660 nm, and dry cell weight was determined after

the culture broth was centrifuged at 6,000 · g,

Table 1 Comparison of mannitol production with various
concentrations (mg l–1) of minerals in flask cultures by
Candida magnoliae

Mineral 0 1 5 10 20 50 100 200
Mannitol (g l–1 )

CaCl2 Æ 2H2O 66 67 68 71 75 79 76 67
CoCl2 Æ 2H2O 66 65 55 39 32 22 12 5
CrCl2 Æ H2O 66 66 56 42 34 25 17 11
CuSO4 Æ 5H2O 66 68 78 85 85 67 43 28
FeSO4 Æ 7H2O 66 63 57 52 45 39 36 34
MgSO4 Æ 7H2O 66 65 59 56 55 55 54 54
MnSO4 Æ 4H2O 66 66 65 64 65 64 61 55
NaMoO4 Æ 2H2O 66 66 64 60 58 57 57 56
ZnSO4 Æ 7H2O 66 63 58 51 38 34 33 30

Experiments were performed at 35�C, initial pH 6.5, and
shaking at 220 rpm for 120 h without pH control. Data are
means of five separate experiments
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washed with distilled water, and dried overnight

at 105�C. One OD unit was found to be equiv-

alent to 0.41 ± 0.03 g (dry cell wt) l–1. The

concentrations of mannitol, fructose, and glucose

were determined by HPLC coupled to a refrac-

tive index detector. The column (Carbohydrate

Column, 4.6 mm · 250 mm, WATO44355,

Waters, MA, USA) was eluted with acetonitrile/

H2O (85:15, v/v) at 30�C and at 1.5 ml/min.

Protein was determined by the Lowry method

using bovine serum albumin as the standard.

Results and discussion

Effect of minerals on mannitol production

The effect of various metal ions on mannitol

production, by C. magnoliae is shown in Table 1.

Ca2+ and Cu2+ increased production and also

had a synergistic effect when added together

(Table 2). Mannitol was maximal at 96.5 g l–1

when both Ca2+ and Cu2+ were added together.

Increased mannitol production

with supplemental Ca2+ and Cu2+

To investigate in more detail the effects of Ca2+

and Cu2+ on mannitol production, the metal ions

were added to a culture growing in a stirred tank

reactor. There were no marked differences in

cellular growth between the control and the

supplemented cultures, but the supplemental

Ca2+ and Cu2+ significantly enhanced mannitol

production as shown in Figure 1. After culture for

130 h, the final mannitol concentration in the

control was 172 g l–1. This increased to 197 g l–1

with supplemental Ca2+, 204 g l–1 with supple-

mental Cu2+ and 223 g l–1 with the combination of

both Ca2+ and Cu2+. The volumetric rate of

Table 2 Effects of Ca2+ and Cu2+ on the intracellular and
extracellular concentration of mannitol and the activity of
mannitol dehydrogenase in Candida magnoliae. Ca-
Cl2 Æ 2H2O (50 mg l–1) and CuSO4 Æ 5H2O (10 mg l–1)
were added separately or together

Culture Intracellular
mannitol
(mg mg-
protein–1)

Extracellular
mannitol
(g l–1)

Mannitol
dehydrogenase
(U mg
protein–1)a

Control 1.4 173 0.51
Ca2+ 1.0 197 0.53
Cu2+ 1.4 204 0.82
Ca2+and

Cu2+
1.0 223 0.86

a One unit is defined as the amount of the enzyme
catalyzing the oxidation of 1 lmol NADPH per min. under
the condition described in materials and methods. Data
are the means of five separate experiments
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Fig.1 A Cell growth and sugar consumption during
mannitol formation by C. magnoliae. Cell growth in
culture without mineral (r), culture with Ca2+ (n), culture
with Cu2+ (.), and culture with Ca2+ and Cu2+ (d); sugar
consumption in culture without minerals (e), culture with
Ca2+ (h), culture with Cu2+ (O), and culture with Ca2+ and
Cu2+ (s). B. Mannitol production by C. magnoliae.
Mannitol production in culture without mineral (r),
culture with Ca2+ (n), culture with Cu2+ (.), and culture
with Ca2+ and Cu2+ (d). CaCl2 Æ 2H2O (50 mg l–1) and
CuSO4 Æ 5H2O (10 mg l–1) were added separately or
together
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mannitol production of control culture was

1.32 g l–1 h–1, compared with 1.52 g l–1 h–1 with

Ca2+ supplementation, 1.57 g l–1 h–1 with Cu2+

supplementation, and 1.72 g l–1 h–1 with com-

bined Ca2+ and Cu2+ supplementation.

To investigate the roles of Ca2+ and Cu2+ in

mannitol production, the intracellular mannitol

concentration and the activity of MDH were

measured. The intracellular mannitol concentra-

tion in the culture with supplemental Ca2+

decreased 30%, but remained unchanged with

supplemental Cu2+. MDH activity was 1.6 times

more with supplemental Cu2+ than in control, but

was not affected by supplemental Ca2+ (Table 2).

Divalent ions such as Ca2+ and Cu2+ have been

reported to influence the permeability of mem-

brane (Zhao et al. 1987) and the production of

some polyols (Kim and Oh 2003, Lee et al. 2000).

Similar stimulatory effect of Cu2+ ion on the

activity of erythrose reductase, a key enzyme for

erythritol production, was reported (Lee et al.

2002).

Conclusion

These results suggest that whereas Ca2+ alters the

permeability of C. magnoliae to mannitol, Cu2+

does not. Cu2+ increases the activity of MDH in

cells, whereas Ca2+ has no effect on enzyme

activity. Thus Ca2+ increased the egress of intra-

cellular mannitol, while Cu2+ increased the activ-

ity of intracellular MDH. The highest production

of mannitol resulted from the synergistic effect of

Ca2+ on cell permeability and that of Cu2+ on

biosynthetic enzyme activity. The mannitol yield

with C. magnoliae HH-01, from a total of 250 g

fructose/L, was 89% when Ca2+ and Cu2+ were

added together. No other paper has reported such

a high mannitol yield. Our results improve the

understanding of mannitol biosynthesis in

C. magnoliae and should contribute to better

industrial production of mannitol by biological

processes.
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