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Abstract In order to develop novel glycolipid biosurfac-
tants, Pseudozyma parantarctica JCM 11752T, which is
known as a producer of mannosylerythritol lipids (MEL),
was cultivated using different sugar alcohols with the pres-
ence of vegetable oil. When cultivated in a medium con-
taining 4 % (w/v) olive oil and 4 % D-ribitol or D-arabitol,
the yeast strain provided different glycolipids, compared to
the case of no sugar alcohol. On TLC, both of the extracted
glycolipid fractions gave two major spots corresponding to
MEL-A (di-acetylated MEL) and MEL-B (mono-acetylated
MEL). Based on 1H NMR analysis, one glycolipid was
identified as MEL-A, but the other was not MEL-B. On
high-performance liquid chromatography after acid hydro-
lysis, the unknown glycolipid from the D-ribitol culture
provided mainly two peaks identical to D-mannose and D-
ribitol, and the other unknown glycolipid from the D-arabitol
culture did two peaks identical to D-mannose and D-arabitol.
Accordingly, the two unknown glycolipids were identified
as mannosylribitol lipid (MRL) and mannosylarabitol lipid
(MAL), respectively. The observed critical micelle concen-
tration (CMC) and surface tension at CMC of MRL were
1.6×10−6 M and 23.7 mN/m, and those of MAL were 1.5×
10−6 M and 24.2 mN/m, respectively. These surface-
tension-lowering activities were significantly higher com-
pared to conventional MEL. Furthermore, on a water-
penetration scan, MRL and MAL efficiently formed not
only the lamella phase (Lα) but also the myelins at a wide

range of concentrations, indicating their excellent self-
assembling properties and high hydrophilicity. The present
two glycolipids should thus facilitate the application of
biosurfactants as new functional materials.

Keywords Mannosylarabitol lipid . Mannosylribitol lipid .

Biosurfactant . Glycolipid . Yeast . Pseudozyma

Introduction

Biosurfactants are surface-active compounds produced by
various microorganisms and have attracted considerable
interest in recent years due to their unique properties (Lang
2002; Kitamoto et al. 2002). Mannosylerythritol lipids
(MEL) are abundantly produced more than 100 g/l from
vegetable oils by yeast strains belonging to the genus Pseu-
dozyma and are thus one of the most promising biosurfac-
tants known (Kitamoto et al. 2002; Morita et al. 2007,
2009a). Pseudozyma antarctica (Kitamoto et al. 1990),
Pseudozyma aphidis (Rau et al. 2005), and Pseudozyma
rugulosa (Morita et al. 2006) are high-level producers, and
secrete mainly MEL-A, together with MEL-B and MEL-C
as minor components (Fig. 1a).

MEL exhibits not only excellent surface- and interfacial-
tension-lowering activities (Kitamoto et al. 1993) but also
distinctive self-assembling properties generating different
lyotropic liquid crystalline structures, such as sponge (L3),
bicontinuous (V2), and lamella (Lα) phases, in the broad
range of the glycolipid concentrations (Imura et al. 2004,
2006, 2007a). Moreover, MEL-A shows versatile biochem-
ical actions including differentiation induction with respect
to human leukemia (Isoda et al. 1997), rat pheochromocy-
toma (Wakamatsu et al. 2001), and mouse melanoma cells
(Zhao et al. 2001) as well as high affinity binding towards
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different immunoglobulins (Imura et al. 2007b; Ito et al.
2007) and lectins (Konishi et al. 2007).

We previously reported the production of different MEL
derivatives, such as tri-acylated MEL (Fukuoka et al. 2007a;
Morita et al. 2008a) and mono-acylated MEL (Fukuoka et al.
2007b), in addition to di-acylated MEL (MEL-A, MEL-B,
and MEL-C) with various lengths of fatty acids (Morita et al.
2009a). Moreover, Pseudozyma parantarctica JCM 11752T

was recently reported to produce mannosylmannitol lipid
(MML) possessing mannitol (C6) as the hydrophilic part
instead of erythritol (C4) when cultivated in a medium con-
taining an excess amount of D-mannitol (Morita et al. 2009b)
(Fig. 1b). MML provided the similar critical micelle concen-
tration (CMC) and surface tension at CMC (γcmc) to those of
MEL-A, which has a “di-acetylated mannose”moiety. On the
other hand, the liquid crystalline structures of MML in water
were similar to those of MEL-B, which has a “mono-acety-
lated mannose” moiety. Therefore, the presence of a mannitol
moiety instead of erythritol was assumed to provide the high
hydrophilicity and/or water solubility compared to MEL-A.

These MEL derivatives have the difference in the surface
activities and the self-assembling properties generating dif-
ferent lyotropic liquid crystalline structures. Increase of the
structural variety of the glycolipid biosurfactants not only
expands the industrial application but also facilitates a better
understanding of the structure–function relationship. We
thus focused our attention on the control of the hydrophilic
part of MEL by the introduction of different sugar alcohols
other than erythritol and mannitol.

Here, we investigated the supplementation of C5 sugar
alcohols with the presence of vegetable oil using P. para-
ntarctica and succeeded in obtaining two novel glycolipid
biosurfactants; mannosylribitol lipid (MRL) bearing ribitol
as the sugar moiety, and mannosylarabitol lipid (MAL)
bearing arabitol as the sugar moiety. We also describe their
surface-active and self-assembling properties. This is the
first report on the microbial formation of MRL and MAL.

Materials and methods

Microorganism

P. parantarctica JCM 11752Twas obtained from the RIKEN
BioResource Center. Stock cultures were cultivated for
3 days at 25 °C on an agar medium containing 4 % glucose,
0.3 % NaNO3, 0.03 % MgSO4, 0.03 % KH2PO4, and 0.1 %
yeast extract. They were stored at 4 °C and renewed every
2 weeks.

Media preparation and culture condition

Seed cultures were prepared by inoculating cells grown on
slants into test tubes containing a growth medium [4 %
glucose, 0.3 % NaNO3, 0.03 % MgSO4, 0.03 % KH2PO4,
0.1 % yeast extract (pH 6.0)] at 30 °C on a reciprocal
shaker (200 strokes/min) for 2 days. Seed cultures
(0.1 ml) were transferred to a flask containing 20 ml of a
basal medium [4 % (w/v) olive oil, 0.3 % NaNO3, 0.03 %
MgSO4, 0.03 % KH2PO4, 0.1 % yeast extract (pH 6.0)],
and then incubated at 35 °C on a rotary shaker (300 rpm)
for 7 days.

Isolation of glycolipids

The produced glycolipids were extracted from the culture
medium with an equal amount of ethyl acetate. The extracts
were analyzed by thin-layer chromatography (TLC) on sil-
ica plates (Silica gel 60F; Wako, Osaka, Japan) with a
solvent system consisting of chloroform/methanol/7 N am-
monium hydroxide (65:15:2, v/v/v). The compounds on the
plates were located by charring at 110 °C for 5 min after
spraying the anthrone reagent (Kitamoto et al. 1990). The
purified MEL fraction including MEL-A, MEL-B, and
MEL-C was used as a standard as reported previously
(Morita et al. 2006).

Mannosylerythritol lipids (MEL)

MEL-A: R1 = R2 = Ac
MEL-B: R1 = Ac, R2 = H
MEL-C: R1 = H,  R2 = Ac
(n = 6 – 12)
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Purification of glycolipids

The above ethyl acetate fractions were evaporated. The
concentrated glycolipids were dissolved in chloroform and
then purified by silica-gel (Wako-gel C-200) column chro-
matography using a gradient elution of chloroform/acetone
(10:0 to 0:10, v/v) mixtures as solvent systems (Morita et al.
2006). The purified glycolipids were used in the following
experiments.

Structural analysis

The structure of the partially purified glycolipids was
characterized by 1H and 13C nuclear magnetic resonance
(NMR) with a Varian INOVA 400 (400 MHz) at 30 °C
using the CD3OD solution (Table 1). In NMR study, the
purified MEL-A was used as a reference. The chemical
shifts of the hydrophilic moiety of MEL-A produced by
P. parantarctica is as follows (Morita et al. 2006): 1H
NMR (CDCl3, 400 MHz): δ 5.51 (d, H-2′), 5.24 (t, H-
4′), 5.06 (dd, H-3′), 4.71 (d, H-1′), 4.23 (m, H-6′), 3.99
(dd, H-4b), 3.86 (dd, H-4a), 3.75 (m, H-1), 3.74 (m, H-
3), 3.71 (m, H-5′), 3.68 (m, H-2), 2.43 (m, –CH2C0O at
the C-2′ position), 2.22 (m, –CH2C0O at the C-3′ posi-
tion), 2.10 (s, CH3C0O at the C-6′ position), 2.03 (s,

CH3C0O at the C-4′ position), 1.26–1.40 (br, –CH2–),
0.87 (t, –CH3). The chemical shifts of the hydrophilic
moiety of MEL-A produced by Pseudozyma tsukubaensis
is as follows (Fukuoka et al. 2008): 1H NMR (CDCl3,
400 MHz): δ 5.48 (dd, H-2′), 4.94 (dd, H-3′), 4.76 (d, H-
1′), 4.36–4.49 (m, H-6′), 3.99 (dd, H-4b), 3.87 (dd, H-
4a), 3.70–3.82 (m, H-3 and H-4′), 3.57–3.82 (m, H-1),
3.57–3.64 (m, H-2 and H-5′), 2.40 (m, –CH2C0O at the
C-2′ position), 2.30 (m, –CH2C0O at the C-3′ position),
2.13 (s, CH3C0O at the C-6′ position), 1.20–1.40 (br, –
CH2–), 0.85–0.93 (br, –CH3).

Acid degradation was performed by mixing the purified
glycolipids (10 mg) with 1 ml of 5 % HCl–methanol
reagent (Wako) overnight at room temperature. After the
reaction was quenched with water (1 ml), the methyl ester
derivatives of the fatty acids were removed with n-hexane.
After the water-soluble fraction was neutralized through
the Amberlite column pretreated with NaOH, the fraction
was supplied to HPLC on a SUGAR SH1011 column
(Shoko, Tokyo, Japan) with a differential refractive index
detector (RI-8020) using 0.01 N H2SO4 as the solvent
system.

The fatty acid profile were analyzed by gas chromatog-
raphy–mass spectrometry (GC–MS) (Hewlett Packard 6890
and 5973N) with a TC-WAX (GL-science, Tokyo, Japan)
with the temperature programmed from 90 °C (held for
3 min) to 240 °C at 5 °C/min.

The molecular weight of glycolipids was measured
by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF/MS) (Voyager-
DE PRO) with an α-cyano-4-hydroxycinnamic acid
matrix.

Determination of surface tension

The surface tension of the partially purified glycolipids was
determined by the Whilhelmy method at 25 °C, which was
performed using the apparatus consisting of an automatic
Whilhelmy-type automatic tensiometer (CBVP-A3; Kyowa
Interface Science, Saitama, Japan).

Water-penetration scan technique

To examine the lyotropic-liquid-crystalline phase behav-
ior of the partially purified glycolipids, the water-
penetration scan technique was used as reported previ-
ously (Imura et al. 2006). A polarized optical microscope
(ECLIPSE E-600; Nikon, Tokyo, Japan) with crossed
polarizing filters equipped with a charge-coupled-device
camera (DS-SM; Nikon) was used for the scan. Birefrin-
gent textures from the optical microscopy allowed the
assignment of the particular lyotropic phase types to the
samples.

Table 1 1H NMR data of two glycolipids produced by P. parantarc-
tica JCM 11752T from D-ribitol and D-arabitol (CD3OD, 400 MHz)

Functional
groups

Glycolipid from
D-ribitol δ (ppm)

Glycolipid from
D-arabitol δ (ppm)

D-Mannose

H-1′ 4.93 dd 4.92 dd

H-2′ 5.51 dd 5.51 dd

H-3′ 5.22 dd 5.16 dd

H-4′ 5.26 dd 5.24 dd

H-5′ 3.91 m 3.83 m

H-6′ a 4.19 dd 4.14 dd

H-6′ b 4.27 dd 4.29 dd

Sugar alcohol

H-1–5 3.56–4.09 m 3.48–4.10 m

Acetyl group(s)

–CH3

(C-4′) 2.04 s 2.02 s

(C-6′) 2.11 s 2.07 s

Acyl groups

–CO–CH2–

(C-2′) 2.40 m 2.43 m

(C-3′) 2.23 m 2.22 m

–CO–CH2–CH2– 1.49–1.70 b 1.49–1.72 b

–(CH2)n– 1.20–1.40 b 1.20–1.45 b
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Results

Production of glycolipids with C5 sugar alcohol

P. parantarctica JCM 11752T, an excellent producer of
MELs, was recently found to produce mannosylmannitol
lipid (MML) from vegetable oil and D-mannitol (Morita
et al. 2009b). Aiming to obtain novel glycolipid biosur-
factants, the yeast strain was thus cultivated in the basal
medium containing 4 % (w/v) of D-xylitol, D-ribitol, D-
arabitol, or L-arabitol for 7 days at 35 °C. The cultures
were extracted with ethyl acetate, and the ethyl acetate
fractions were spotted on a TLC plate. A mixture of
purified MEL-A, MEL-B, and MEL-C was used as the
standard, and the glycolipids were detected with the
anthrone reagent.

The glycolipid pattern of the control without sugar
alcohol was mainly MEL-A together with MEL-C as the
minor product (Fig. 2). In case of D-xylitol, the fraction

gave the similar glycolipid pattern as the control. L-

Arabitol gave only a small amount of glycolipids. In-
terestingly, the fraction from the D-ribitol culture
(272.0 mg from 20 ml of culture medium) showed
two main spots corresponding to MEL-A and MEL-B,
while the fraction from D-arabitol (350.4 mg from 20 ml
of culture medium) did the major spot corresponding to
MEL-B, together with the minor spot corresponding to
MEL-A.

Structural determination of the glycolipids from D-ribitol
and D-arabitol

To confirm the structure of these four glycolipids, the ethyl
acetate fractions were partially purified and then studied by
1H NMR spectroscopy. Based on 1H NMR study, two gly-
colipids with the higher Rf value on TLC were identified as
previously reported MEL-A (Kitamoto et al. 2000) (data not
shown). Two other glycolipids with the lower Rf value on
TLC (indicated by a white arrow in Fig. 2) showed a very
similar spectrum to that of MEL-A, but the spectrum was
clearly different from that of MEL-B (Table 1). Unfortu-
nately, the carbon number of the two glycolipids was ob-
scured on 13C NMR analysis because of the contamination
of significant amount of MEL-B. We tried to completely
separate the present glycolipid and MEL-B by the column
chromatography, but failed to do it. According to the 1H
NMR study, these two glycolipids were estimated to contain
at least 20 % of MEL-B.

To identify the sugar composition of the two glycolipids,
they were subjected to HPLC analysis after acid hydrolysis.
As we expected, the acid-hydrolyzed fraction prepared from
the D-ribitol culture showed the two peaks corresponding to

D-mannose (6.07 min) and D-ribitol (7.56 min) (Fig. 3a).
Likewise, the fraction from the D-arabitol culture gave the
two peaks corresponding to D-mannose (6.07 min) and D-

arabitol (7.71 min) (Fig. 3b). The small erythritol peak in

MEL-A

MEL-B

MEL-C

Fig. 2 Production of glycolipids by Pseudozyma parantarctica JCM
11752T. Samples were extracted from the culture medium with ethyl
acetate, and the organic solvent fraction was spotted on to a TLC plate.
The spots were visualized with the anthrone reagent. White arrows
show the spots of the unknown glycolipids. Control is an extract from
the culture without supplementation of any sugar alcohols

A

Standard

D-Ribitol

Mannosylerythritol 
(6.45)

meso -Erythritol 
(8.18) 

D-Ribitol 
(7.56)

Mannose 
(6.07)

B

D-Arabitol

Standard

D-Arabitol 
(7.71) Mannose

Mannosylerythritol   meso -Erythritol

Fig. 3 HPLC analysis of sugar
moiety of the two glycolipids.
The glycolipids produced from
olive oil and D-ribitol (a) and
D-arabitol (b) were treated with
acid solution, and the obtained
water-soluble fraction was sub-
jected to HPLC analysis (lower
chart). The mixture of manno-
sylerythritol, D-mannose, meso-
erythritol, and D-ribitol or
D-arabitol was used as the stan-
dard solution (upper chart).
Mannosylerythritol used as the
standard was obtained by the
deacylated treatment of MEL.
The retention time (minutes) of
each peak is given in
parentheses
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each fraction is probably due to the contaminated MEL-B.
The two glycolipids should thus be composed of mannose
and D-ribitol or D-arabitol as the hydrophilic part.

The molecular weight of the glycolipid from the

D-ribitol culture was 678.8 (C8 and C10 acids) as deter-
mined from the main peak (701.8 [M+Na]+) on
MALDI-TOF/MS analysis. Likewise, that of the glyco-
lipid from the D-arabitol culture was 678.9 (C8 and C10

acids) as determined from the main peak (701.9 [M+
Na]+). These results are well consistent with the above
structures. Consequently, the new glycolipid produced
from olive oil and D-ribitol was identified as 1-O-alka
(e)noyl-4-O-[(4′,6′-di-O-acetyl-2′,3′-di-O-alka(e)noyl)-β-

D-mannopyranosyl]-D-ribitol, mannosylribitol lipid
(MRL, Fig. 4a). The other new glycolipid produced
from olive oil and D-arabitol was identified as 1-O-
alka(e)noyl-4-O-[(4′,6′-di-O-acetyl-2′,3′-di-O-alka(e)
noyl)-β-D-mannopyranosyl]-D-arabitol, mannosylarabitol
lipid (MAL, Fig. 4b).

In both of MRL and MAL, the fatty acids were
mainly composed of C8 and C10 as well as that of MML
(Table 2).

Surface-active properties of MRL and MAL

As MRL and MAL consist of C5 sugar alcohol as the
hydrophilic moiety, they were expected to show different
surface activities and interfacial properties compared to
conventional MEL consisting of erythritol as C4 sugar al-
cohol. We thus evaluated the surface tension of the partially
purified MRL and MAL by the Whilhelmy method.

Figure 5a shows the surface (air–water) tension vs. con-
centration plot of the partially purified MRL in distilled
water. The estimated critical micelle concentration (CMC)
and surface tension at CMC (γcmc) of the MRL were 1.6×
10−6 M and 23.7 mN/m, respectively. Figure 5b shows
the surface tension vs. concentration plot of the partially
purified MAL in distilled water. The estimated CMC and
γcmc of the MRL were 1.5×10−6 M and 24.2 mN/m,
respectively. On the other hand, those of MEL-A and
MEL-B produced by P. antarctica T-34 were 2.7×10−6 M
(γcmc028.4 mN/m) and 4.5×10−6 M (γcmc028.2 mN/m),
respectively (Kitamoto et al. 1993). Therefore, both of the
new glycolipids generate an excellent surface-tension-
lowering activity besides the presence of more hydrophilic
sugar alcohol than erythritol.

Formation of lyotropic liquid crystals from MRL and MAL

We further tentatively investigated the self-assembly prop-
erties of MRL and MAL in aqueous solutions. Here, we
examine the formation of lyotropic-liquid-crystalline phases
from the partially purified MRL and MAL by the water-
penetration technique.

Figure 6 shows water-penetration scans of the partially
purified MRL and MAL viewed with (bottoms, POL) and
without (upper, DIC) crossed polarizing filters. In both
cases, the photographs clearly indicate four different regions
that should represent water (W), myelins, the lamellar phase
(Lα), and the neat surfactant phase (S). Interestingly, the
observed lamellar phase spreads over a wide concentration
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Table 2 Fatty acid profiles of MRL, MAL, and MML produced by P.
parantarctica JCM 11752T

Fatty acid type Composition (%)

MRL MAL MMLa

C8:0 39.2 31.5 28.2

C10:0 50.0 60.5 40.2

C10:1 4.8 5.5 11.0

C10:2 0.3 – –

C12:0 1.9 2.5 12.0

C12:1 0.4 – 1.3

Unknown 3.4 0 7.3

aMorita et al. 2009b
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range. Based on our previous study, MEL-B, which has
significantly higher hydrophilicity than MEL-A, efficiently
forms the lamellar phase (Lα) and myelins, while MEL-A
forms mainly the sponge phase (L3) (Imura et al. 2006).
Similar to MEL-B, MRL and MAL are also very likely to
show higher hydrophilicity compared to MEL-A.

Consequently, the present new glycolipid biosurfactants
produced by P. parantarctica have excellent surface-active
and self-assembling properties, reflecting the unique hydro-
philic part consisting of C5 sugar alcohol.

Discussion

Here, we reported the formation of two new glycolipid
biosurfactants, namely MRL and MAL by P. parantarctica
JCM 11752T known as a MEL producer. As mentioned,
these glycolipids were obtained when the strain JCM
11752T was grown in the medium containing olive oil and

D-ribitol and D-arabitol, respectively.

Conventional MEL hitherto reported (MEL-A, MEL-B,
and MEL-C) show significant differences in the structure as
to the number and position of acetyl group at the mannose
moiety and/or to the fatty acid composition (Fig. 1). How-
ever, mannosylerythritol as the hydrophilic part is the same
among them all. MML bearing C6 sugar alcohol as the
hydrophilic part was the first MEL derivative with a differ-
ent sugar backbone. The present MRL and MAL bearing C5
sugar alcohol showed different surface-active and self-
assembling properties, and would thus allow us to obtain a
better understanding for the structure–function relationship
of glycolipid biosurfactants.

Recently, the biosynthetic pathway of MEL was deduced
in Ustilago maydis, which is also known as a MEL producer
(Hewald et al. 2006). Although the substrate specificity of a
mannosyl transferase, which catalyzes the synthesis of man-
nosylerythritol by transfer of GDP-mannose to erythritol,
still remains unknown, we succeeded in obtaining MML
from olive oil with P. parantarctica by supplementation of
mannitol in the culture medium (Morita et al. 2009b). In this
study, we found that C5 sugar alcohols such as D-ribitol and
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D-arabitol also serve as the donor to create new glycolipids,
but D-xylose and L-arabitol do not. Interestingly, D-mannitol
(at C4 and C5), D-ribitol (at C3 and C4), and D-arabitol (at
C3 and C4) have the same diol configuration as meso-
erythritol (at C2 and C3), but D-xylose and L-arabitol do
not. These results may suggest that sugar alcohols bearing
the similar alcohol configuration as meso-erythritol are di-
rectly utilized by the mannosyl transferase to form new
mannose derivatives other than mannosylerythritol. Never-
theless, detailed biochemical studies should be done on the
transferase to shed light on the mechanism generating a
“new hydrophilic part”.

Generally, on glycolipid surfactants, the structure of a sugar
backbone gives a critical effect not only on the hydrophilicity
but also on the physiochemical properties including its man-
ner of self-assembly (Imura et al. 2006). Indeed, MEL-B
consisting of “mono-acetylated mannose” shows higher
hydrophilicity than MEL-A consisting of “di-acetylated man-
nose” and efficiently forms the lamellar structures in water at a
wide concentration range. Furthermore, MEL-C consisting of
“mono-acetylated mannose” shows higher hydrophilicity
compared MEL-A and MEL-B, and provides various self-
assembling properties depending on the chain length of fatty
acids (Morita et al. 2008b, c; Konishi et al. 2008).

In our previous study, we investigated the modification of
the sugar backbone of MEL by supplementation of sugar
alcohols other than meso-erythritol, and obtained MML by
P. parantarctica using D-mannitol and olive oil. MML bear-
ing mannosylmannitol showed the similar CMC (2.6×
10−6 M) but lower γcmc (24.2 mN/m) to that of MEL-A
(2.7×10−6 M and 28.4 mN/m, respectively). As we
expected, the present MRL and MAL showed higher surface
activities compared to conventional MEL. Although the
reason why the present glycolipids shows very high surface
activities is not clear, the number and configuration of the
hydroxyl group at the sugar alcohol moiety should play an
important role on the adsorption at air–water interface.

On a water-penetration scan, MAL and MRL immediately
formedmyelin and lamellar phase as well asMML, in contrast
to the case of MEL-A. These results strongly support that the
presence of longer-chain sugar alcohol than erythritol (C4)
should contribute to provide higher hydrophilicity and/or
water solubility compared to conventional MEL.

In conclusion, we investigated the production of new
MEL derivatives using different sugar alcohols and vegeta-
ble oil, and obtained two new glycolipids, namely MRL and
MAL from D-ribitol and D-arabitol, respectively. Both of the
glycolipids were identified to possess C5 sugar alcohol as
the hydrophilic part, and exhibited excellent surface activi-
ties and unique self-assembling properties. Thus, the present
glycolipids would enable us to obtain a better understanding
of the structure–function relationship of glycolipid biosur-
factants and facilitate a broad range of their applications.
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