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Abstract The exopolysaccharide-producing fungus Penicil-
lium purpurogenum JS03-21 from the acidic purple clay was
screened to develop greater insights into microbial
exopolysaccharide resources from extremophilic microorgan-
isms. An exopolysaccharide JS1-1 was purified from the
fermented broth of the aciduric fungus using a combination
of ethanol precipitation, anion-exchange and size-exclusion
chromatography. JS1-1 was found to be a neutral
heteropolysaccharide composed of galactose, mannose and
glucose in the ratio of 7.9:2.1:1.0, with a molecular weight
of about 26 kDa. JS1-1 was subjected to a series of methyla-
tion and partial acid hydrolysis reactions, as well as being
analyzed by one- and two-dimensional nuclear magnetic res-
onance, and the results of these analyses revealed JS1-1 to be a
galactofuranose-rich polysaccharide. The main chain of JS1-1
contained two regions, including a galactose part composed of
a repeating trisaccharide unit [i.e., →5)-β-D-Galf(1→5)-β-
D-Galf(1→6)-β-D-Galf(1→], and a mannose section
consisting of (1→6)-linked α-D-Manp residues. Two further
segments [i.e., α-D-Glcp(1→2)-α-D-Galf (1→and α-D-
Galf(1→2)-α-D-Manp(1→] existed as branches that were
linked to the O-2 atoms of the (1→6)-β-D-Galf and (1→
6)-α-D-Manp regions of the main chain, respectively. The
results of the current study demonstrate that JS1-1 is a unique

polysaccharide that is rich in both α and β galactofuranose
units and therefore different from most of the other known
extracellular polysaccharides. The function of this polysac-
charide is currently being researched in our laboratory.
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Introduction

Organisms that live at the extremes of pH (pH >8.5, pH <5.0),
temperature (>45 °C, <15 °C), pressure (>500 atmospheres),
salinity (>1.0 M NaCl) and in high concentrations of recalci-
trant substances or heavy metals are known as extremophiles
[1]. Extremophiles are well known to be an impeccable source
of biomaterials such as polysaccharides, proteins and other
industrially important biomolecules, and therefore represent a
rich resource of materials for biotechnological and industrial
discovery [2–4]. Most applications involving extremophiles
are based on their biomolecules, with particular interest in
their enzymes, although some of their other proteins have also
been reported to reach their optimal activities under extreme
temperature and pH conditions, and these proteins have been
used extensively in the food, textile, pulp and chemical indus-
tries. One of the most well-known examples of the successful
application of the extremophile is that of Taq DNA polymer-
ase, which was derived from a geothermal spring [5]

Besides enzymes and proteins, extremophilic microorgan-
isms also produce and secrete exopolysaccharides (EPSs),
which protect them from the pressures of the harsh environ-
ment in which they live and make up a substantial compo-
nent of their extracellular polymers. Some extremophilic mi-
croorganisms can produce EPSs with novel structures, unusu-
al properties and functional activities under extreme condi-
tions, and some of these materials have potential applications
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in other areas of research [6, 7]. For example, biocompatible
nanofibers based on the extremophilic bacterial polysaccha-
ride Mauran (MR), which is an extremophilic sulfated
exopolysaccharide isolated from Halomonas maura, have
been reported to enhance cell growth in vitro. These materials
could also be used in a variety of other biomedical applica-
tions, such as tissue engineering and drug delivery [8].

Compared with prokaryotic life, much less is known about
the EPSs produced by eukaryotic organisms under extreme
conditions, and fungal species from extreme environments
represent an underexploited resource. In certain acidic envi-
ronments, eukaryotes have a higher level of biodiversity than
prokaryotes [9]. In this study, the exopolysaccharide-
producing fungus Penicillium purpurogenum JS03-21 was
isolated from the acidic purple clay, which is used for the
production of the famous purple pottery in Jianshui, Yunnan
Province, China. This material was subsequently analyzed
and its primary structure elucidated to allow for the develop-
ment of a deeper understanding of the biological properties of
EPS resources from extreme environments and the potential
use of these materials in industrial and medical applications.

Materials and methods

Growth of the microorganism The aciduric fungus Penicilli-
um purpurogenum JS03-21 was isolated from the acidic pur-
ple clay, which is a kaolinite-rich type of high-quality pottery
clay, and purified through gradual dilution and the spread
plate method on potato dextrose-agar (PDA) medium (pH=
2). The fungus was identified using traditional colony mor-
phology, Internal Transcribed Spacer (ITS) and 18 s rRNA
sequence analyses. Working stocks were prepared on PDA
slants and stored at 4 °C. The fungus was activated to inocu-
late the correct amount of fungus to fresh PDA slants, as
mentioned above, and cultured for 3 days at 28 °C. After
activation, the mycelia were inoculated into conical flasks
(1000 mL) containing 300 mL of the culture medium (i.e.,
maltose (20 g), mannitol (20 g), glucose (10 g), monosodium
glutamate (10 g), KH2PO4 (0.5 g), MgSO4 (0.3 g), yeast-
extract paste (3 g) and maize paste (1 g) dissolved in 1 L water
(pH 2.0)). Penicillium purpurogenum JS03-21 was grown
under static conditions at 22 °C for 35 days in the culture
medium. The whole fermented broth (40 L) was obtained.

I so la t ion and pur i f ica t ion of the ex trace l lu lar
polysaccharide The fermented broth was filtered through
cheese cloth to separate the supernatant from the mycelia.
The supernatant was concentrated to 1/20 original volume
under reduced pressure at 40 °C. The protein in the concen-
trated solution was removed by the method of Sevag [10] and
a threefold of the volume of 95 % (v/v) cold ethanol was
added to the aqueous phase to precipitate the EPS. The

resulting precipitate was recovered by centrifugation at
3600 g for 10 min. Then, the precipitate was resuspended with
distilled water and dialyzed in a cellulose dialysis membrane
(flat width 44 mm, molecular weight cut off 3500) against
distilled water for 2 days, changed four times a day. After
vacuum-dried of the retained fraction, the crude polysaccha-
rides were obtained.

The fractions eluted with water were pooled and further
purified on a SuperdexTM 75 column (GE, USA, 70×2 cm)
eluted with 0.2 mol/L aqueous NH4HCO3 at a flow rate of
0.3 mL/min. The major polysaccharide fractions were pooled,
freeze-dried, and designated JS1-1.

Composition analysis Total sugar content was determined
by the phenol–sulfuric acid method using a mixture of
mannose and galactose as the standard [11]. The protein
content was assayed using the method described by Lowry
[12]. Phosphate content was determined after hydrolysis by
ammonium molybdate spectrophotometric method [13].
Sulfate ester content was estimated according to the method
of Therho and Hartiala [14]. After totally hydrolysis with
2 mol/L trifluoroacetic acid (TFA) (1 mg/ml) at 105 °C for
6 h in a sealed tube, the monosaccharide compositions were
determined by reversed-phase high performance liquid
chromatography (HPLC) coupled with Eclipse XDB-C18
column (Agilent Technologies, USA, 4.6 μm×250 mm)
after pre-column derivatization with PMP (1-phenyl-3-
methyl-5-pyrazolone) and UV detection [15]. Sugar identi-
fication was done by comparison with reference sugars (L-
rhamnose, L-arabinose, L-fucose, D-xylose, D-mannose, D-
galactose, D-glucose, D-glucuronic acid, D-galacturonic ac-
id, D-mannuronic acid and N-acetyl-β-D-glucosamine; Ul-
tra Pure, Sigma). Calculation of the molar ratio of the
monosaccharides was carried out on the basis of the peak
area of each monosaccharide.

Homogeneity and Mw determination The homogeneity and
Mw was determined by high-performance size-exclusion
chromatography (HPSEC) [16], which was performed on
a Agilent HPLC system fitted with one Shodex Ohpak
SB-804 HQ column (7.8 mm ID×30.0 cm L, Shodex,
Japan) and a Agilent RID-10A detector. The mobile
phase was 0.2 % Na2SO4, and the flow rate was
0.5 mL min−1 at 40 °C. The samples were applied in
1 % solutions in the mobile phase, and the injected
volume was 20 μL.

The molecular mass was estimated by reference to a cali-
bration curve made from a set of Dextran T-series standards of
known molecular mass (Mw: 788, 404, 112, 47.3, 22.8, 11.8
and 5.9 kDa; Ultra Pure, Fluka).

Infrared spectrum (IR) analysis The polysaccharide was
mixed with KBr powder, grounded and then pressed into a
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1mm pellets for FTIRmeasurement on the Nicolet Nexus 470
instrument in the frequency range of 4000–500 cm−1 at the
resolution of 4.0 cm−1 with background scanning frequency of
32. FTIR spectrum of the polysaccharide was measured by
using the Nicolet Omnic software.

Methylation analysis Methylation analysis was performed
according to a modified version of the method described
by Hakomori [17]. Briefly, the polysaccharide in dimethyl
sulfoxide was methylated using NaH and iodomethane.
The completeness of methylation was confirmed by Fou-
rier transform infrared (FTIR) spectroscopy. After total
hydrolysis with 2 mol/L trifluoroacetic acid at 105 °C for
6 h, the methylated sugar residues were converted to par-
tially methylated alditol acetates by reduction with NaBH4,
followed by acetylation with acetic anhydride. The deriv-
ative sugar residues were extracted into dichloromethane
and evaporated to dryness, dissolved again in 100 μL
dichloromethane, and then analyzed by gas chromatogra-
phy–mass spectrometric (GC–MS) on a HP6890II/5973
instrument using a DB 225 fused silica capillary column
(0.25 mm×30 m) (Agilent Technologies, USA). The par-
tially methylated alditol acetates were separated using a
temperature program from 100 °C, 5 °C /min up to 220 °C,
and then 20 min at 220 °C. The injector temperature was
set to 250 °C.

Identification of partially methylated alditol acetates was
carried out on the basis of the retention time and its mass
fragmentation patterns [18].

Partial acid hydrolysis The partial acid hydrolysis of
heteropolysaccharide JS1-1 was performed to determine the
distribution of monosaccharides and the linkages between the
main chain and the branches. The exopolysaccharide was
degraded with 0.01 mol/L aqueous trifluoroacetic acid at
105 °C for 2.0 h, and the resulting hydrolysate was dialyzed,
separated by centrifugation and dried under vacuum at 40 °C.
The dried sample was subjected to monosaccharide and meth-
ylation analysis [19].

NMR spectroscopy analysis Following deuterium exchange
by two successive freeze-drying steps in 99.98 % D2O, the
resulting polysaccharide (70 mg) was analyzed by nuclear
magnetic resonance (NMR) in 99.98 % D2O solution at
23 °C using a JEOL JNM-ECP 600 MHz spectrometer
(JEOL, Japan).

Results

Preparation and purification of the exopolysaccharides The
acid-tolerant fungus P. purpurogenum JS03-21 can also exist in

neutral culture medium, although it tends to produce larger
amounts of the more prominent exopolysaccharides under
acidic cul ture condi t ions. The concentrat ion of
exopolysaccharides was found to be about 0.6 g/L in the acidic
fermented broth (pH=2). The crude exopolysaccharides were
purified by Q Sepharose Fast Flow column chromatography
and fractionated into three fractions (Fig. 1a). Preliminary
analysis of the three fractions, which were named JS1, JS2
and JS3, revealed that they all had similar characteristics, and
that they were all composed of galactose (D-Gal), mannose (D-
Man) and glucose (D-Glc). Galactose was determined to be the
major monosaccharide component in all three of the fractions,
although the ratio of this material to the other monosaccharides
varied considerably across the three different fractions. JS1
possessed the highest amount of D-Gal of all three fractions,
and the average molecular weights of JS2 and JS3 were smaller
than that of JS1 at about 12 kDa. Analysis of the three different
fractions revealed that they were composed of similar linkage
styles, and that the only major difference between the three
fractions was their protein contents. For example, the protein
content of JS1 was found to be 3 %, where the protein content
of JS3 was two-fold higher at 6 %. This difference in the
protein content of the fractions provided some explanation as
to why the crude exopolysaccharides had been separated into
three fractions by anion-exchange chromatography. JS1 was
the largest of the three fractions, and gave a yield of 65 %
following purification of the crude polysaccharides over a
Superdex 75 column. The major peak was collected as shown
in Fig. 1b and afforded the polysaccharide fraction JS1-1,
which gave a yield of 45 % of the crude polysaccharides and
was used for the structural analysis experiments.

Homogeneity and chemical composition of JS1-1 Good puri-
ty and homogeneity characteristics are crucial for effective
structure elucidation. Pleasingly, JS1-1 gave a single and
symmetrical peak in its high performance gel chromatogram
(Fig. 1c), which indicated its high homogeneity. Its average
molecular weight was estimated to be about 26.0 kDa, and
therefore similar to most other fungal exopolysaccharides,
which generally have molecular weights of less than
100.0 kDa.

JS1-1 contained 90.8 % total carbohydrate and several
other minor proteins (2.14 %), and did not contain any other
substituent groups, such as sulfate esters. Reversed-phase
HPLC analysis showed that JS1-1 consisted of D-Gal, D-
Man and D-Glc in a molar ratio of 7.9:2.1:1.0. Based on the
monosaccharide composition results, JS1-1 was determined to
be composed of neutral monosaccharides, with Gal being
identified as the predominant component. No acidic or amino
sugars were detected in JS1-1, which indicated that JS1-1 was
a neu t ra l he te ropo lysaccha r ide r i ch in D-Ga l .
Exopolysaccharides composed of D-Man, D-Glc and D-Gal
were very common. Especially D-Man was usually the major
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monosaccharide. But D-Gal as the predominant component
was relatively rare [20, 21].

Methylation analysis JS1-1 was subjected to methylation
analysis to determine the linkage patterns of the sugar
residues. Data pertaining to the types of linkage and the
proportion of methylated alditol acetate residues were ob-
tained by comparing the retention times of the samples with
specific standards, analyzing the breakage modes of the MS
using reference data from the Complex Carbohydrate Re-
search Center’s Spectral Database for Partially Methylated
Alditol Acetates and peak area integration. The linkage
patterns of the different monosaccharides are shown in
Table 1. Gal was the main monosaccharide found in JS1-
1. All of the Gal existed as (1→)-linked, (1→2)–, (1→5)-
and (1→2,6)-linked galactofuranose residue in a molar
ratio of 1.0:2.3:4.3:2.1. The mannose portion of JS1-1
was composed of (1→2)–, (1→6)- and (1→2,6)-linked
mannopyranose residues in a molar ratio of 1.1:1.0:1.0.
The Glc in the JS1-1 only existed in the form of (1→)-
linked glucopyranose units. Glc was therefore located at the
terminal of the polysaccharide. Based on these data, it is
clear that JS1-1 is a unique heteropolysaccharide that is rich
in galactofuranose units.

IR spectroscopy IR spectroscopy is a convenient method that
can be used to develop a deeper understanding of the basic
structural features of polysaccharides, including their confor-
mation and the presence of unusual functional groups. As
shown in Supplemental Fig. S1, the FTIR spectrum of JS1-1
was typical of that of a polysaccharide. The broad and intense
band at 3385 cm−1 was attributed to the stretching vibrations
of the O–H groups, whereas the signal at 2933 cm−1 was
attributed to the stretching vibrations of the C–H bonds. The
band at 1648 cm−1 was assigned to the bending vibration of
the O–H groups, and the signal at 1537 cm−1 was attributed to
the vibrations of the C–O bonds. The band at 1412 cm−1 was
assigned to C–H bending vibrations, and the signal at
1053 cm−1 was attributed to the stretching vibrations of the
C–O–C linkages of Mannan. The characteristic absorption
band at 871 cm−1 suggested the presence of a furanose ring.
Furthermore, the absorption at 814 cm−1 was indicative of the
mannose units existing in the α-anomeric configuration
[22–25].

IR spectroscopy can also be used as a characterization tool
during methylation procedures, where it can provide an indi-
cation as to whether a methylation process has progressed to
completion. These data can also be related to the correctness

Fig. 1 Isolation and HPGPC chromatograms of the exopolysaccharide
produced by aciduric fungus Penicillium purpurogenum JS03-21. a The
crude polysaccharides obtained from the aciduric fungus were applied to
a Q Sepharose Fast Flow column. The fractions eluted with water were

pooled and denoted JS1, b The fraction JS1 was further purified over a
SuperdexTM 75 column. The purified fraction was named JS1-1 and c
HPGPC chromatogram of JS1-1 on a Shodex Ohpak SB804 column
(0.8×30 cm) with a standard molecular weight curve
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of the methylation analysis. After methylation, the stretching
vibrations of the O–H bonds at 3385 cm−1 disappeared
completely, whereas the intensity of the signal at 2933 cm−1,
which was attributed to the stretching vibrations of the C–H
bonds, increased significantly. This result indicated that the
methylation reaction had proceeded to a significant extent.

Partial acid hydrolysis The fraction JS1-1 was subjected to
partial acid hydrolysis. After partial acid hydrolysis and
dialyzation, the still retained part of the polysaccharide was
used to analyze. Analysis of the monosaccharide composition
following the partial acid hydrolysis of the polysaccharide
revealed that the composition of the hydrolysate was very
different from that of the original polysaccharide JS1-1. Anal-
ysis of the hydrolysate after dialyzation revealed that it was
composed almost entirely of Man, whereas JS1-1 was rich in
Gal. From the results of the methylation analysis, it was clear
that the Gal in JS1-1 existed in its furanose ring form, which
can be readily hydrolyzed under acidic conditions. This pro-
vided some explanation as to why the hydrolysate of JS1-1
was composed almost exclusively of Man, and also suggested
that Gal and Man were located on independent domains of the
polysaccharide chain. The results of the methylation analysis
also revealed similar variations. The materials in the hydroly-
sate were predominantly (1→2,6)- and (1→6)-linked Manp,
together with some smaller amounts of (1→2)- and (1→)-
linked Manp. These results indicated that the Man in JS1-1
had a backbone composed of the following linkage structure:
→6)-Manp(1→, the side chains that were composed of→2)-
Manp(1→branched at the O-2 of the backbone.

NMR analysis The 1H NMR spectrum of JS1-1 was recorded
at 600 MHz (Fig. 2a) and revealed seven signals in the
anomeric proton region in the range of 5.0–5.4 ppm. These
signals were designatedA–G in decreasing order according to
their chemical shifts. The signals of the other protons were
observed in the range of 3.5–4.4 ppm. The 13C spectrum of
JS1-1 (Fig. 2b) revealed numerous signals in the range of 60–
110 ppm. Compared with the seriously overlapping signals in
the corresponding 1H NMR spectrum, it was possible to

acquire more useful information from the 13C spectrum. The
signals at 109.3 and 106.9 ppm were characteristic of the
anomeric carbons of a β-galactofuranose moiety because of
their extremely low field shifts. Only the anomeric carbon
signals of galactofuranose and arabinofuranose can typically
reach up to 105 ppm. Based on the same reasoning, the signals
at 88.39 and 83.21 ppm could be attributed to the C2 and C4
positions of β-galactofuranose, because the carbon signals of
normal sugar residues would not normally exceed 82.1 ppm.

The structure of JS1-1 was subsequently elucidated using a
mixture of 2D homo- and hetero-NMR experiments (Fig. S2a,
H-H COSY; Fig. S2b, HMQC), which allowed for almost all of
the proton and carbon signals in the main residues of the JS1-1
polysaccharide to be assigned (Table 2). Furthermore, a com-
parison of the chemical shift values of JS1-1with those ofmodel
polysaccharides bearing similar linkages, as well as consider-
ation of the methylation results, allowed for the glycosylation
sites of the residues to be determined: A, (1→2)-linked α-D-
Galf [26], the furanoid ring form was confirmed by the three-
bond correlations observed in the 1H-13C HMBC spectrum
between H1 and C4 of the residue. The configuration of the
anomeric protons of the furanosides can be determined from
their 13C chemical shifts and homonuclear coupling constants.
The 13C chemical shift of the anomeric carbon at 100.2 ppm and
the small coupling constant of the anomeric proton (i.e., JH1,H2=
4.14 Hz) proved that Awas in the α configuration. Anomeric
signalBwas assigned to (1→2,6)-linkedβ-D-Galf based on the
higher chemical shifts of the C2 and C6 carbons, which had
moved to 88 and 70 ppm, respectively, compared with the
corresponding monosaccharide [27]. Anomeric signal C was
determined to be (1→2)-linked α-D-Manp because the signal
for C2 had shifted downfield (δ 78 ppm) of the resonance of C-2
compared with the parent α-D-Manp (δ 70–72 ppm). Signal D
was assigned to (1→)-linked α-D-Galf based on the 4.14 Hz
coupling constant of the anomeric proton [28, 29]. Anomeric
signal E was determined to be that of a (1→2,6)-linked α-D-
Manp residue because of the downfield shift of the C-2 (δ
78 ppm) and C-6 (δ 67 ppm) carbons compared with those of
the parent α-D-Manp residue (C-2, δ 70–72 ppm; C-6, δ
61 ppm). Signal F was assigned to (1→5)-linked β-D-Galf

Table 1 GC–MS analysis result of partial O-methylated alditol acetates of JS1-1

Methylated alditol acetate MS (m/z) Linkage type Molar ratio

1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-d-glucitol 87,101,117,145,161,205 Glcp-(1→ 1.8

1,4-di-O-acetyl-2,3,5,6-tetra-O-methyl-d-galactitol 89,101,117, 161,205,277 Galf-(1→ 1.2

1,2,5-tri-O-acetyl-3,4,6-tri-O-methyl-d-mannitol 129,161,189 →2)-Manp-(→ 1.1

1,2,4-tri-O-acetyl-3,5,6-tri-O-methyl-d-galactitol 89,101,129,139,189,305 →2)-Galf-(1→ 2.8

1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-d-galactitol 87,101,113,117,131,161,173,233 →5)-Galf-(1→ 5.1

1,5,6-tri-O-acetyl-2,3,4-tri-O-methyl-d-mannitol 87,101,117,129,161,189,233 →6)-Manp-(1→ 1.0

1,2,5,6-tetra-O-acetyl-3,4-di-O-methyl-d-mannitol 129,189 →2,6)-Manp-(1→ 1.0

1,2,4,6-tetra-O-acetyl-3,5-di-O-methyl-d-galactitol 101,117,129,189,233 →2,6)-Galf-(1→ 2.5
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based on the shift of the anomeric carbon at 109 ppm and the
downfield shift of the C-5 carbon to 76.6 ppm [30]. Anomeric
signal G was determined to represent a (1→)-linked α-D-Glcp
based on the H2 chemical shift, which gave the smallest cou-
pling constant of all of the anomeric protons at 3.54 Hz [31].

The sequence of the sugar residues in the repeating units of
JS1-1 was determined by 1H-13C HMBC (Fig. S2c) and
NOESY (Fig. S2d) analyses. The strong inter-residue H1(A)/
C2(B) cross peak in the HMBC spectrum of JS1-1, as well as
the H1(A)/H2(B) signal in its NOESY spectrum, indicated that
the (1→2)-linked α-D-Galf was linked to the C2 of the (1→

2,6)-linked β-D-Galf. Furthermore, the H1(F)/H6(B) signals
in the NOESY spectrum of JS1-1 indicated that the (1→5)-
linked β-D-Galfwas linked to C6 of the (1→2,6)-linked β-D-
Galf, whereas the H1/H5 signal in F confirmed the presence of
an→5)-β-D-Galf(1→5)-β-D-Galf (1→segment. The H1(G)/
H2(A) signal confirmed that the terminal α-D-Glcp unit was
linked to C2 of the (1→2)-linked α-D-Galf unit. The H1(C)/
C2(E) and H1(D)/H2(C) cross signals confirmed that the (1→
2)-linked α-D-Manp was linked to C2 of the (1→2,6)-linked
α-D-Manp and that the terminal α-D-Galf was linked to C2 of
the (1→2)-linked α-D-Manp, respectively.

Taken together with the results above, these data suggest
that the structure of the exopolysaccharide JS1-1 from
P. purpurogenum JS03-21 was composed of two parts. One
of these parts was the backbone structure, which consisted of
the following repeating trisaccharide unit:→5)-β-D-Galf(1→
5)-β-D-Galf(1→6)-β-D-Galf(1→, branching occurred atO-2
of the (1→6)-β-D-Galf unit and was composed of a α-D-
Glcp(1→2)-α-D-Galf (1→segment. The second part was
composed predominantly of Man, and had a backbone struc-
ture consisting of (1→6)-linked α-D-Manp residues, where
the O-2 position was substituted with the following branch
segment: α-D-Galf(1→2)-α-D-Manp(1→. It was envisaged
that these two parts could be linked together through the O-2
position of the (1→2,6)-linked α-D-Manp residue. The pro-
posed repeating structure of JS1-1 is shown in Fig. 3.

Discussion

Several galactofuranose-containing polysaccharides have also
been isolated from the fermented broths and cell walls of
different fungi [32, 33]. Several species of Penicillium, in

Fig. 2 NMR spectra of JS1-1. a 13C NMR, b 1HNMR spectrum, a: (1→
2)-α-D-Galf; b: (1→2,6)-β-D-Galf; c: (1→2)-α-D-Manp; d: α-D-
Galf(1→; e: (1→2,6)-α-D-Manp; f: (1→5)-β-Galf; G: α-D-Glcp(1→

Table 2 1H and 13C NMR data
for the residues of JS1-1 Sugar residue 1H/13C

1 2 3 4 5 6

→2)-α-D-Galf(1→A 5.41 4.29 4.40 3.89 3.80 –

100.23 82.1 73.1 72.0 – –

→2,6)-β-D-Galf(→ B 5.37 4.30 4.28 4.12 3.78 3.67/3.83

106.92 88.39 76.38 83.21 72.11 70.29

→2)-α-D-Manp(1→C 5.26 4.12 4.03 3.70 3.86 3.93/3.77

101.6 78.0 70.6 68.2 72.22 62.4

α-D-Galf(1→D 5.24 4.22 4.25 – – –

104.2 78.21 74.4 82.3 – –

→2,6)-α-D-Manp(1→E 5.20 4.22 3.99 3.70 3.83 3.79/3.71

99.7 78.7 70.25 68.2 – 67.27

→5)-β-D-Galf(→ F 5.08 4.18 4.12 4.17 3.88 3.71/3.84

109.3 82.5 77.4 82.5 76.6 63.4

α-D-Glcp(1→G 5.05 3.61 3.82 3.49 3.86 3.78/3.67

98.76 72.14 74.11 70.40 72.37 61.88
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particular, possess the necessary characteristics to produce
water-soluble polysaccharides containing galactofuranose
with different linkages and configurations. The types of struc-
ture formed in these cases can be divided into six major groups
based on their structural characteristics. Based on their struc-
tural diversity, it has been proposed that polysaccharides could
be distinguished on the basis of their chemotaxonomic char-
acteristics [34]. One of the most remarkable features of the
heteropolysaccharide JS1-1 from P. purpurogenum JS03-21
was the presence of galactofuranose as the major component.
The observation that both the α and β configurations of
galactofuranose are present in this structure is also very rare.
Although the structure of JS1-1 is complex, it also belongs to
the same structural class of polysaccharides derived from
Penicillium species that contain galactofuranose units. How-
ever, the exopolysaccharide compounds derived from the
same group were different because they had a different ratio
of monosaccharides. JS1-1 had a higher Gal content than any
of the other polysaccharides belonging to this group and had
more (1→5)-β-D-Galf and (1→2)-α-D-Manp type linkages.
Based on this result, it was determined that although
heteropolysaccharides rich in galactofuranose from the same
group may have similar structure characteristics, their struc-
tures may vary in terms of their chain-length monosaccharide
composition, degree of branching and the ratio of their differ-
ent linkage styles. It is possible that genetic factors may have
played a role in production of similar polysaccharides by
different fungal species, but further work would be needed
to thoroughly explore this possibility. The significance of the
link between the nature of the different linkages and configu-
rations of the galactofuranose units and the different types of
Penicillium species also needs to be explored in greater detail.

Although galactofuranose-containing glycoconjugates
have been found in various microorganisms, they have never
been reported to exist in mammals. Galactofuranose residues
with a variety of linkages are highly immunogenic [35] and
essential for the survival or virulence of some pathogenic
microorganisms. The absence of galactofuranose residues
and galactofuranosidases in mammalian host cells makes
these molecules potentially useful as specific targets for the
treatment of parasitic and fungal diseases [36, 37]. The addi-
tion of a monoclonal antibody to structures of this type could
also be useful for the design of effective tools for the diagnosis
of Aspergillus infections [38]. Furthermore, it has been report-
ed that some lectin has a high affinity for galactofuranose

residues as well as terminal galactofuranose units [26, 39].
There is therefore a possibility that these galactofuranose-
binding lectins or receptors could possess some innate immu-
nity function. Galactofuranose-containing glycoconjugates are
highly potent hydrogen-bonding compounds with a high level of
stereodiversity. Compounds of this type could therefore also be
used as antimycobacterial or antitumor agents [40].
Galactofuranosyltransferases involved in biosynthesis of
galactofuranose of Galactofuranose-containing glycoconjugates.
Disruption of the genes of galactofuranosyltransferases, the cells
of microorganisms exhibited an abnormal morphology charac-
terized by poor hyphal extension, hyphal curvature and limited
formation of conidia [41]. Themodified products could explored
as microbial inhibitors through inhibiting the bioactivity of
galactofuranosyltransferases.

The exopolysaccharide JS1-1, which is produced by the
aciduric fungus Penicillium purpurogenum JS03-21, is a
unique heteropolysaccharide that contains large amounts of
galactofuranose with different configurations. Although the
structure of JS1-1 has been elucidated in the current study,
the function of galactofuranose has not yet been studied. JS1-1
may be a potential source of galactofuranose oligosaccharides
with novel structures, and further investigations aimed at better
understanding the characteristics of galactofuranose oligosac-
charides derived from the controlled acid hydrolysis of JS1-1
are currently underway in our laboratory. It is envisaged that
the potential biological functions of these unique
galactofuranose oligosaccharides from JS1-1 will attract con-
siderable interest from researchers working in numerous fields.
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