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Abs trac t To deve lop a s t r uc tu r a l homo log o f
mannosylerythritol lipids (MELs), Pseudozyma tsukubaensis
JCM16987 (known to be a specific producer of the diastereo-
mer type of mono-acetylated MEL (MEL-B)) was cultivated
in medium containing 4 % (w/v) olive oil as the primary car-
bon source and 4 % L-arabitol as the supplemental sugar alco-
hol. Based on thin-layer chromatography (TLC), the glycolip-
id extract showed two major spots corresponding to MEL-B
and an unknown glycolipid (GL1). Based on high-
performance liquid chromatography after acid hydrolysis,
GL1 from the L-arabitol culture showed two primary peaks
identical to mannose and arabitol using the sugar analysis
column, and one peak identical to L-arabitol was detected
using the chiral resolution column. Based on NMR analysis,
GL1 was identified as mono-acetylated mannosyl-L-arabitol
lipid (MLAL-B) consisting of mannose, with L-arabitol as the
sugar moiety. The observed critical micelle concentration
(CMC) and surface tension at the CMC (γCMC) of MLAL-
Bwere 1.2×10−5 M and 32.8 mN/m, which were significantly
higher than MEL-B (CMC=3.1×10−6 M and γcmc=
26.1 mN/m). Furthermore, based on a water-penetration scan,
MLAL-B efficiently formed lamellar phase (Lα) and myelins
at a broad concentration range. Thus, the present glycolipid
showed higher hydrophilicity and/or water solubility and

increased our understanding of environmentally advanced
biosurfactants.
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Introduction

Biosurfactants are surface-active compounds produced by
various microorganisms and have attracted considerable inter-
est in recent years due to their unique properties (Lang 2002;
Kitamoto et al. 2002, 2009). Mannosylerythritol lipids
(MELs) are abundantly produced from vegetable oils by yeast
strains of the genus Pseudozyma (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 pro-
ducers that secrete mainly MEL-A, together with MEL-B and
MEL-C as minor components (Fig. 1a). The interfacial and
self-assemble properties of the MELs depend on structural
differences, i.e., the number of acetyl groups cause significant
differences in critical micelle concentrations (CMCs) and im-
mediate formation of liquid-crystalline phases (Kitamoto et al.
1993; Imura et al. 2006; Morita et al. 2008a, b). The hydro-
philicity of mono-acetylated MELs (MEL-B and MEL-C) is
higher than those of di-acetylated MELs (MEL-A).

We previously reported the production of various MEL
homologs, such as tri-acylated MEL (Fukuoka et al. 2007a;
Morita et al. 2008c) and mono-acylated MEL (Fukuoka et al.
2007b), as well as di-acylated MEL (MEL-A, MEL-B, and
MEL-C) with various fatty acid lengths (Morita et al. 2009a).
Pseudozyma parantarctica JCM 11752Twas further shown to
produce three di-acetylated type mannosyl-alditol lipids, e.g.,
mannosyl-D-mannitol lipid (MDML-A, Fig. 1b), mannosyl-
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ribitol lipid (MRL-A, Fig. 1c), and mannosyl-D-arabitol lipid
(MDAL-A, Fig. 1d), in which the hydrophilic part was con-
verted from erythritol (C4 sugar alcohol) to D-mannitol (C6),
ribitol (C5), or D-arabitol (C5) when yeast cells were cultivat-
ed in medium containing an excess amount of each sugar
alcohol (Morita et al. 2009b, 2012). The critical micelle con-
centration (CMC) and surface tension at the CMC (γCMC) of
MDML-A, MRL-A, and MDAL-A were slightly lower than
those of MEL-A. On the other hand, the liquid crystalline
structures ofMDML-A,MRL-A, andMDAL-A inwater were
similar to those of MEL-B, which showed more hydrophilic-
ity and contained a mono-acetylated mannose moiety.
Therefore, elongation of the sugar alcohol component should
increase the hydrophilicity of these MEL homologs, despite
maintaining their excellent surface-tension-lowering activity.

On the other hand, Pseudozyma tsukubaensis produces on-
ly a diastereomer type of MEL-B (Fig. 1e), 4-O-[6′-O-acetyl-
2′,3′-di-O-alka(e)noyl-β-D-mannopyranosyl]-(2R,3S)-
erythritol (Fukuoka et al. 2008, 2012). Interestingly, the sugar
moiety of the diastereomer type of MEL-B, 4-O-β-D-
mannopyranosyl-(2R,3S)-erythritol, is difficult to crystallize
and shows good hygroscopic properties, whereas convention-
al MELs, 4-O-β-D-mannopyranosyl-(2S,3R)-erythritol, crys-
tallizes easily (Fukuoka et al. 2008). In addition, the diaste-
reomer type of MELs showed a higher CMC and hydrophi-
licity compared to the corresponding MELs (Fukuoka et al.
2012). Moreover, these diastereomers efficiently formed rela-
tively large vesicles and the one-phase lamellar structure at a
broader concentration range than the corresponding MELs
due to maintaining more water between the polar layers
(Fukuoka et al. 2012). These results indicate that differences

in MEL carbohydrate configurations significantly affect inter-
facial properties, self-assembly, and hydration ability.

Based on these results, hydrophilicity of the glyco-
lipids is affected by the characteristics of the hydrophil-
ic domain, such as de-acetylated mannose, elongated
sugar alcohol, and/or a different carbohydrate configura-
tion. However, the diastereomer type of mono-acetylated
(or non-acetylated) mannosyl-alditol lipids has not been
identified, except for MELs.

In this report, we explored the formation of a novel struc-
tural homolog of MEL with different carbohydrate configura-
tions from P. tsukubaensis by cultivation in medium contain-
ing an excess amount of optical isomers of sugar alcohols.
Here, we investigated the supplementation of L-arabitol with
vegetable oil using P. tsukubaensis and obtained a novel gly-
colipid, namely, mono-acetylated mannosyl-L-arabitol lipid
(MLAL-B). We also describe its surface-active and self-
assembling properties. This is the first report on the microbial
formation of mannosyl-arabitol lipid possessing L-arabitol as
the sugar component.

Materials and methods

Materials

All reagents and solvents were commercially available and
used as received. Mannosyl-D-arabitol lipid (MDAL) was pro-
duced by Pseudozyma parantarctica JCM 11752T in our lab-
oratory, as described previously (Morita et al. 2012).

Mannosyl-D-mannitol lipid-A (MDML-A)

(n = 6 – 12)

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

A

(n = 6 – 12)

C

D E

Mannosylribitol lipid-A (MRL-A)

Mannosyl-D-arabitol lipid-A (MDAL-A)

(n = 6 – 12)

(n = 6 – 12)

Mannosylerythritol lipid (MEL)

Diastereomer type of MEL-B

B

Fig. 1 Chemical structures of mannosylerythritol lipids (a), mannosyl-D-mannitol lipid-A (b), mannosyl-ribitol lipid-A (c), mannosyl-D-arabitol lipid-A
(d), and a diastereomer type of mannosylerythritol lipid-B (e)
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Microorganism

P. tsukubaensis JCM 16987 was obtained from the RIKEN
BioResource Center. Stock cultures were cultivated for 3 days
at 25 °C on 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 conditions

Seed cultures were prepared by inoculating cells grown on
slants into test tubes containing growth medium [4 % glucose,
0.3 % NaNO3, 0.03 % MgSO4, 0.03 % KH2PO4, 0.1 % yeast
extract (pH 6.0)] at 25 °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 8 % D-arabitol or L-arabitol, and then
incubated at 25 °C on a rotary shaker (250 rpm) for 7 days.

Glycolipid isolation

The produced glycolipids were extracted from culture medi-
um with an equal amount of ethyl acetate. The extracts were
analyzed using thin-layer chromatography (TLC) on silica
plates (silica gel 60F; Wako, Osaka, Japan) with a solvent
system consisting of chloroform/methanol/7 N ammonium
hydroxide (65:15:2, v/v/v). The compounds on the plates were
located by charring at 110 °C for 5 min after applying 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).

Glycolipid purification

The above ethyl acetate fractions were evaporated. The con-
centrated glycolipids were dissolved in chloroform and puri-
fied using silica gel (Wako-gel C-200) column chromatogra-
phy with 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.

Synthesis of MA by alkaline hydrolysis of MALs

NaOMe (8mg, ca. 150μmol) in dryMeOH (2mL)was added
to a mixture of mannosyl-arabitol lipids (MALs) (250 mg, ca.
0.35 mmol) in dry MeOH (2 mL). After stirring at room tem-
perature for 1 h, cation exchange resin (DOWEX H+ form,
>400mg) was added and the mixture was stirred further. After
stirring for 15 min, the resin was removed by filtration and the
filtrate was evaporated. A small amount of water (1 mL) and
ethyl acetate (10 mL) was added to this residue, after which

fatty acids were extracted using ethyl acetate. The resulting
aqueous layer containing the sugar moiety was concentrated
to a colorless syrup (ca. 70 mg).

Structural determination of glycolipids and sugars

Structural determination of the partially purified glycolipids
(MALs) and sugars (mannosyl-arabitol (MA)) dissolved in
CDCl3 or D2O was performed using 1H, 13C nuclear magnetic
resonance (NMR) and two-dimensional NMR analysis, such
as 1H-1H correlation spectroscopy (COSY) or heteronuclear
multiple quantum correlation (HMQC) using a Btruker AVAN
CE 400 (400 MHz). Acid degradation was performed by
mixing the purified glycolipids (10 mg) with 1 ml of 5 %
HCl-methanol reagent (Wako, Osaka, Japan) overnight at
room temperature. After the reactionwas quenchedwith 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 applied 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. D-Arabitol and L-arabitol were separately
detected using HPLC on a CHIRALPAK IF column (Daicel,
Tokyo, Japan) with a differential refractive index detector (RI-
8020) using acetonitrile as the solvent system.

The fatty acid profi le was analyzed using gas
chromatography-mass spectrometry (GC-MS) (Hewlett
Packard 6890 and 5973 N) with a TC-WAX (GL-science,
Tokyo, Japan) and temperature program from 90 °C (held
for 3 min) to 240 °C at 5 °C/min.

The molecular weight of glycolipids was measured using
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF/MS) (autoflex speed TOF/TOF,
Bruker Daltonics Inc.) with 2,5-dihydroxybenzoic acid.

Determination of surface tension

The surface tension of the partially purified glycolipids was
determined using the Whilhelmy method at 25 °C, which was
performed using an apparatus consisting of an automatic
Whilhelmy-type automatic tensionmeter (DY-500; Kyowa
Interface Science, Saitama, Japan).

Water-penetration scan technique

To examine the lyotropic-liquid-crystalline phase behavior of
the partially purified glycolipids, the water-penetration scan
technique was used as reported previously (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. Birefringent textures from the optical microscopy
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allowed for the assignment of particular lyotropic phase types
to the samples.

Results

Production of glycolipids with L-arabitol
by P. tsukubaensis

P. tsukubaensis JCM 16987 was recently isolated as an excel-
lent producer of the diastereomer type of mono-acetylated
MEL (MEL-B) (Morita et al. 2010). To obtain novel structural
homologs of MEL-B, the yeast strain was cultivated in basal
medium containing 8 % D-arabitol or L-arabitol for 7 days at
25 °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 anthrone
reagent.

Interestingly, the fraction from the culture with L-arabitol
showed two main spots corresponding to MEL-B and an un-
known glycolipid (GL1), while the fraction from D-arabitol
showed no spot. The control culture without sugar alcohol
provided MEL-B as the main product (Fig. 2).

Structural determination of glycolipids derived
from culture using L-arabitol

To confirm the structure of GL1, glycolipids were partially
purified from the ethyl acetate extracts (0.48 g of purified
GL1 was obtained from 330 mL of culture medium, corre-
sponding to a production yield of 1.45 g/L) and were analyzed
using NMR. Based on 1H and 13CNMR analyses, a glycolipid

with a higher Rf value on TLC was identified as the diastereo-
mer type of MEL-B, as described previously (Fukuoka et al.
2008). In the same manner, GL1 with the lower Rf value on
TLC showed a similar 1H NMR spectrum asMEL-B (data not
shown). Particularly, the two resonances arising from H-5a
and 5b at 3.96 and 3.98 ppm overlapped, which is a primary
feature of the carbohydrate configuration similar to the diaste-
reomer type MEL. On the other hand, the spectrum of 13C
NMR was clearly different between GL1 and MEL-B (data
not shown). There were ten peaks at between 60 and 75 ppm
in the 13C NMR chart of GL1, whereas there are nine peaks at
the same range in the chart of MEL-B. Five peaks derived
from mannose (C2∼5) almost correspond to each other.
Therefore, GL1 was presumed to have a C5 sugar alcohol as
substitute for erythritol. From these results, GL1 was estimat-
ed to be a mannosyl-alditol lipid with C5 sugar alcohol having
a carbohydrate configuration similar to the diastereomer of
MEL-B (Table 1).

To identify the sugar composition of GL1, the acid-
hydrolyzed fraction prepared from GL1 was subjected to
HPLC analysis. As expected, the fraction showed the two
peaks corresponding to mannose (9.48 min) and arabitol
(12.08min) (Fig. 3a), although D- and L-arabitol were detected
at the same retention time with the sugar analysis column. As
the control, purified MEL-B yielded three peaks correspond-
ing to mannosyl-erythritol (8.75 min), mannose (9.49 min),
and erythritol (10.90 min).

Subsequently, to detect D- and L-arabitol (9.51 and
8.79 min, respectively) independently, we screened var-
ious columns and separation conditions, and found for
the first time a chiral resolution column, CHIRALPAC
IF, allowing for separation of peaks corresponding to D-
and L-arabitol. The acid-hydrolyzed fraction was sub-
jected to the HPLC system equipped with chiral resolu-
tion column, and a peak corresponding to L-arabitol
(8.76 min) was observed (Fig. 3b). Furthermore, the
sugar moiety obtained by alkaline hydrolysis of GL1
was analyzed using the same HPLC system after acid
hydrolysis, and L-arabitol was detected (8.78 min).
Consequently, GL1 consisted of D-mannose and L-
arabitol as the sugar moiety in place of erythritol.

In addition, to clarify the difference in the carbohydrate
configuration between GL1 and MDAL (Fig. 1d), we pre-
pared MA using alkaline hydrolysis. Figure 4 shows the par-
tial 1H NMR spectra of two types of MA from GL1 and
MDAL, and the chemical shifts of these MAs are summarized
in Table 2. Both peak patterns were similar. However, the
peaks at H-5a and H-5bwere separated and the chemical shifts
of H-1′ were slightly different. These results were similar to
the difference in the spectra of two diastereomers of MEL and
mannosylerythritol (ME), as reported previously (Fukuoka
et al. 2008). Although the absolute configuration has not been
confirmed using X-ray diffraction, these results were most

MEL-A

MEL-B

MEL-C

GL1

Fig. 2 Formation of glycolipids by Pseudozyma tsukubaensis JCM
16987. Samples were extracted from culture medium with ethyl acetate,
and the organic solvent fraction was spotted on a TLC plate. Spots were
visualized with anthrone reagent. Control was an extract from the culture
without supplementation of any sugar alcohols.MEL mannosylerythritol
lipid, GL1 unknown glycolipid
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likely attributed to a difference in the configuration of D- and
L-arabitol in these MALs.

As mentioned above, P. tsukubaensis is known to
produce the MEL diastereomer containing the 4-O-β-D-
mannopyranosyl-(2R,3S)-erythritol moiety, which has a
different chirality than conventional MELs. Based on
this fact and the above results, GL1 was predicted to
be 5-O - (6 ′ -O -acetyl -2 ′ ,3 ′ -di -O -a lka(e)noyl-β -D-
mannopyranosyl)-L-arabitol (MLAL-B, Fig. 5). The fatty
acids were mainly composed of C8, C12, and C14, as
well as MEL-B (Table 3).

The molecular weights of the main components of GL1
were 664.4 (C8 and C12 acids) and 690.5 (C8 and C14), as
determined from the main peaks (687.4 and 713.5 [M+Na]+)
on MALDI-TOF/MS analysis. This result is consistent with
the above structure.

Surface-active properties of MLAL-B (GL1)

Since MLAL-B consists of the C5 sugar alcohol as the hydro-
philic moiety, it was expected to show different surface

activities and interfacial properties compared to MEL-B
consisting of erythritol as the C4 sugar alcohol. Thus, we
evaluated the surface tension of the purified MLAL-B using
the Whilhelmy method.

The estimated CMC and γCMC of MLAL-B were 1.2×
10−5M and 32.8 mN/m, respectively. On the other hand, those
of MEL-B produced by P. tsukubaensis was reported to be
3.1×10−6 M (γCMC=26.1 mN/m) (Fukuoka et al. 2012).
These results indicated thatMLAL-B ismore hydrophilic than
MEL-B and maintains excellent interfacial properties, while
its surface-tension-lowering activity is lower than that of
MEL-B.

Formation of lyotropic liquid crystals from MLAL-B
(GL1)

We further explored the self-assembling properties of MLAL-
B in aqueous solutions. Here, we examined the formation of
lyotropic-liquid-crystalline phases from partially purified
MLAL-B using the water-penetration technique. The water
penetration scan of the MLAL-B viewed with crossed-

Table 1 NMR data for MEL-B
and GL-1 produced by
P. tsukubaensis JCM16987

13C NMR 1H NMR

MEL-B d (ppm) GL1 d (ppm) MEL-B d (ppm) GL1 d (ppm)

Mannose

C-1′ 99.2 99.2 H-1′ 4.73 d 4.74 d

C-2′ 68.7 68.8 H-2′ 5.49 d 5.49 d

C-3′ 73.2 73.2 H-3′ 4.92 dd 4.93 dd

C-4′ 65.7 65.7 H-4′ 3.78 m 3.78 m

C-5′ 74.5 74.6 H-5′ 3.58 m 3.57 m

C-6′ 63.1 63.2 H-6′ 4.44 d 4.44 d

Sugar alcohol

C-1′ 63.8 64.9 H-1′ 3.75 m 3.75 m

C-2′ 71.8 70.6 H-2′ 3.64 m 3.90 m

C-3′ 71.5 72.4 H-3′ 3.76 m 3.58 m

C-4′ 72.3 71.1 H-4′ 3.89 dd, 3.95 dd 3.85 m

C-5′ 72.4 H-5′ 3.96 dd, 3.98 dd

Acetyl groups

–C=O 171.6 171.6

–CH3 20.8 20.8 2.13 s 2.13 s

Acyl groups

–C=O (C-2′) 173.3 173.4

(C-3′) 173.3 173.4

–COCH2– (C-2′) 34.2 34.2 2.40 t 2.40 t

(C-3′) 33.5 34.0 2.31 m 2.30 m

–COCH2CH2– (C-2′)

(C-3′) 24.7, 25.1 24.7, 25.1 1.54–1.72 m 1.54–1.72 m

–(CH2)n– 22.6–31.9 22.6–31.9 1.26 b 1.26 b

–CH3 14.1 14.1 0.88 m 0.88 m

s singlet, d doublet, dd double doublet, t triplet, m multiplet, b broad
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polarizing filter clearly showed four different regions that
should represent water (W), myelins, the lamellar phase
(Lα), and the neat surfactant phase (S). The observed lamellar
phase spreads over a wide concentration 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,

Mannosyl

-erythritol

(8.70)

Mannose

(9.48)
Erythritol

(10.87)

Arabitol

(12.08 min)

Ribitol

(10.90)

MEL-B

GL1

Standard

L-Arabitol

(8.79)

D-Arabitol

(9.51)

GL1

Sugar 

moiety 

Standard

BA

(8.76)

(8.78)

(10.90)

(9.49)
(8.75)

(12.08)

(9.48)

Fig. 3 HPLC analysis of the sugar moiety of GL1. Glycolipids produced
from olive oil and L-arabitol were degraded with acid solution, and the
obtained water-soluble fraction was subjected to HPLC analysis using the
sugar analysis column (a). The mixture of mannosylerythritol, D-
mannose, meso-erythritol, ribitol, and L-arabitol was used as stan-
dard solution. Mannosylerythritol used as the standard was obtained by
acid hydrolysis of MEL. The retention time (minutes) of each peak was

provided in parentheses. The retention time of D-arabitol was identical to

L-arabitol (data not shown). The water-soluble fraction of GL1 and its
sugar component derived by alkaline hydrolysis were subjected to HPLC
analysis using the chiral resolution column (b). The mixture of D-arabitol
and L-arabitol was used as the standard. The retention time (minutes) of
each peak was given in parentheses

MA from GL1

MA from MDAL

a5-Hb5-H

H-5b H-5a

A

B

Fig. 4 Partial 1H NMR spectra of
mannosyl-arabitol from GL1 (a)
and MDAL (b)
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MLAL-B is also likely to show higher hydrophilicity com-
pared to MEL-A.

Consequently, the present novel glycolipid biosurfactants
produced from L-arabitol by P. tsukubaensis have excellent
surface-active and self-assembling properties, reflecting the
unique structure of the sugar moiety including chirality, chain
length, and the degree of acetylation.

Discussion

Here, for the first time, we report the generation of a mono-
acetylated mannosyl-L-arabitol lipid (MLAL-B) by
P. tsukubaensis JCM 16987 known to be a specific product
of the diastereomer type of MEL-B.

Recently, a gene cluster responsible for MEL biosynthesis
has been reported for conventional MEL producers,
P. antarctica, and Ustilago maydis (Morita et al. 2013, 2014;
Hewald et al. 2006). The formation of mannosyl-erythritol,

the sugar moiety of MELs, is catalyzed by the reaction of a
mannosyl transferase encoded by the gene, emt1. Therefore,
the substrate specificity and affinity of this transferase is im-
portant to determine the structure of its sugar moiety. Hence,
we hypothesized that enzymatic properties of this transferase
strongly contribute to structural differences in the sugar
moiety.

Previously, three mannosyl-alditol lipids possessing D-
mannose, D-arabitol, or ribitol were produced by
P. parantarctica using each sugar alcohol as the supplemental
source (Fig. 1b–d). However, L-arabitol and xylitol were not
suitable as a substrate for converting erythritol into L-arabitol
and xylitol, respectively (Morita et al. 2012). In this study, in

Table 2 NMR data for
mannosyl-arabitol (MA) of
MDAL and GL1 produced by
P. parantarctica JCM11752 and
P. tsukubaensis JCM16987

MA from 13C NMR 1H NMR

MEL-B d (ppm) GL1 d (ppm) MEL-B d (ppm) GL1 d (ppm)

Mannose

C-1′ 100.6 100.0 H-1′ 4.59 d 4.61 d

C-2′ 70.5 70.4 H-2′ 3.94 d 3.94 d

C-3′ 72.9 72.8 H-3′ 3.55 m 3.55 m

C-4′ 66.9 66.8 H-4′ 3.46 t 3.47 m

C-5′ 76.2 76.2 H-5′ 3.28 heptet 3.29 heptet

C-6′ 61.1 61.0 H-6′a 3.63 dd 3.63 dd

H-6′b 3.83 dd 3.83 dd

Arabitol

C-1 63.0 63.0 H-1 3.52–3.57 m 3.56–3.59 m

C-2 70.6 69.8 H-2 3.84 m 3.83 m

C-3 69.9 70.1 H-3 3.53 m 3.56 m

C-4 69.4 70.3 H-4 3.75–3.79 m 3.75–3.79 m

C-5 70.1 71.1 H-5a 3.69 m 3.81 m

H-5b 4.03 dd 3.93 dd

d doublet, dd double doublet, t triplet, m multiplet

Mannosyl-L-arabitol lipid-B (MLAL-B)

(n = 6 – 12)

Fig. 5 Predicted chemical structure of mannosyl-L-arabitol lipid-B

Table 3 Fatty acid profiles of MEL-B and GL-1 by P. tsukubaensis
JCM16987

Composition (%)

MEL-B GL1
Carbon source
- Olive oil

Carbon source
- Olive oil
- L-Arabitol

C8:0 29.2 30.0

C10:0 7.4 5.9

C12:0 17.6 23.4

C12:1 2.8 8.9

C14:0 26.0 22.9

C14:1 8.2 8.9

Unknown 8.8 –

100 100
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P. tsukubaensis, L-arabitol was available as the substrate to
swap erythritol with L-arabitol, and D-arabitol was not used
as a substrate. Xylitol was also not a substrate in
P. parantarctica and L-mannitol has not been tested due to
its high cost. Based on the configuration of two asymmetric
carbons of the sugar alcohol component attached to mannose
in P. parantarctica, D-mannitol (4S,5R configuration) and D-
arabitol (3S,4R) have the same diol configuration as 4-O-β-D-
mannopyranosyl-(2S,3R)-erythritol in conventional MELs,
but D-xylose and L-arabitol do not. On the other hand, in
P. tsukubaensis, L-arabitol (3R,4S) has the same diol configu-
ration as 4-O-β-D-mannopyranosyl-(2R,3S)-erythritol in the
MEL diastereomers, while D-xylose and D-arabitol do not
(Fig. 6). These results suggest that sugar alcohols bearing
the similar alcohol configuration as erythritol are directly uti-
lized by mannosyl transferase to form each sugar moiety.
Further biochemical and genetic studies on P. tsukubaensis
would uncover the molecular mechanisms, including the
transferase.

On glycolipid surfactants, the structure of the sugar moiety
has a critical effect not only on the hydrophilicity but also on
the physiochemical properties including self-assembly (Imura
et al. 2006). MEL-B consisting of mono-acetylated mannose
shows higher hydrophilicity than MEL-A (consisting of di-
acetylated mannose) and efficiently forms lamellar structures
in water at a broad concentration range. On the other hand,
MDML-A shows higher hydrophilicity compared with MEL-

A and MEL-B, which consists of mono-acetylated mannose
(Morita et al. 2008a, b; Konishi et al. 2008). In this study,
MLAL-B showed higher CMC (1.2×10−5 M) and γCMC
(32.8 mN/m) values than the diastereomer type of MEL-B
(3.1×10−6 M and 26.1 mN/m, respectively). On the other
hand, as reported previously, MDML-A and MDAL-A
showed lower CMC and γCMC (2.6×10−6 M and 24.2 mN/
m, and 1.5×10−6 M and 24.2 mN/m, respectively) values than
conventional MEL-A (2.7×10−6 M and 28.4 mN/m, respec-
tively). Therefore, elongation of the sugar moiety is likely to
have a more significant impact on the diastereomer type of
mannosyl-alditol lipids compared with conventional
mannosyl-alditol lipids. Although detailed effects of the sugar
moiety on interfacial and self-assembling properties remain
unclear, the number and configuration of the hydroxyl group
at the sugar alcohol moiety may play an important role in
adsorption at the air-water interface.

In conclusion, we generated a novel MEL derivative,
MLAL-B, using L-arabitol, and explored the substrate speci-
ficity of the mannosyl-transferase generating the sugar moiety
of glycolipids. Furthermore, based on HPLC analysis, we sep-
arated peaks between D- and L-arabitol by screening various
chiral resolution columns and separation conditions.
Consequently, combined with structural analysis, MLAL-B
was shown to possess L-arabitol as the hydrophilic compo-
nent. MLAL-B showed excellent surface activities and unique
self-assembling properties, besides increasing the

P. parantarctica P. tsukubaensis

L-arabitolD-arabitol L-arabitolD-arabitolS
up

pl
em

en
te

d
su

ga
r a

lc
oh

ol

S
ub

st
itu

tio
n 

of
  

er
yt

hr
ito

l (
C

4)
 

to
 a

ra
bi

to
l (

C
5)

4-O- -D-mannopyranosyl
-(2R,3S)-erythritol

4-O- -D-mannopyranosyl
-(2S,3R)-erythritol

mannosyl-L-arabitolmannosyl-D-arabitol

S

R

S

R

S

R

S

R

Fig. 6 Hypothetical scheme of
the selective substitution of
erythritol by D- or L-arabitol on
P. parantarctica and
P. tsukubaensis
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hydrophilicity. Analysis of these glycolipids increases our un-
derstanding of the structure-function relationship of glycolipid
biosurfactants, and may have a broad range of applications.
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