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Abstract—Two homogeneous galactomannan fractions were isolated from the lichen, Roccella decipiens, one (FP) containing Man

and Gal in an 81:19 molar ratio and the other (RFS), having Man, Gal, and Glc in a 43:56:1 molar ratio. FP consisted of a main

chain with (1!4)-linked a-DD-Manp units, most of which were substituted at O-2 with side chains consisting of nonreducing end-,
2-O- and 6-O-substituted a-Manp units. The latter appeared to be substituted by single-unit b-DD-Galf nonreducing ends. RFS con-
tained a similar a-DD-Manp core structure, but with side chains containing nonreducing end, 5-O-, 6-O-, and 5,6-di-O-substituted
b-DD-Galf units. Such polysaccharide structures have not been previously reported.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Lichens are slow-growing symbiotic organisms consist-
ing of a fungus and one or more algae: about 13,500 spe-

cies grow worldwide. The chemistry of their secondary

metabolism has been more extensively investigated,

and over 200 different secondary compounds have been

reported.1,2 However, fewer than 100 species of lichens

have been investigated for their polysaccharide constitu-

ents, and these have been divided into three main struc-

tural types, namely linear or lightly substituted a- and
b-glucans and branched galactomannans.3–6 Recently,
new complex heteroglycans, such as rhamnogalactofura-

nan7 and galactomannoglucans, have been described.8,9
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The main chain of the galactomannans already

investigated have generally consisted of (1!6)-linked
a-Manp units, their structural differences arising from
the degree and sequence in which these are unsubsti-

tuted, or substituted at O-2, O-4, and O-2,4 by various

side chains containing units of a- or b-Galp, a-Manp,
or Glcp, and more rarely b-Galf. The ratio of Man:
Gal:Glc is variable.3–5,10 These heteropolysaccharides

have been isolated from a number of lichen species,

belonging mainly only to the families Cladoniaceae, Par-

meliaceae, Umbilicariaceae, Ramalinaceae, and Stereo-
caulaceae,5,11 thus leaving a large research field to be

exploited.

Lichen polysaccharides, which can be isolated in high

yield, such as the glucans and galactomannans, are

generally expected to have a fungal origin.4 Cordeiro

et al.12 found for the cultured mycobiont of a Rama-

lina sp., that nigeran- and laminaran-type glucans and
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galactomannans were present, whereas the water-solu-

ble isolichenan-type glucan was found only in the native
thallus. Moreover, the cell-wall polysaccharides of

lichen-forming fungi can be more complex than those

of free-living fungi, due to their co-evolution with algal

symbionts and their longevity.13,14 The majority of

lichens investigated so far for their polysaccharide com-

ponents are lichenized with trebouxioid photobionts,

despite 32 genera of alga having been identified to date

as photobionts.15,16 The influence of the nature of the
photobiont on the overall polysaccharide content of

the lichen thallus is still unknown.

Galactomannans from the lichen Roccella decipiens,

which has a Trentepohlia sp. as photobiont, have now

been characterized. These have structures which have

not been previously reported in lichens or other biolog-

ical material.
2. Results and discussion

In order to remove lipids, pigments, and hydrophobic

material, the lichen thallus (13 g) was extracted succes-

sively with CHCl3–MeOH and MeOH–H2O. The defat-

ted lichen was then submitted to successive extraction

with water and 2% aqueous KOH, both at 100 �C
(Fig. 1), and after neutralization (HOAc) the extracted

polysaccharides (fractions W and K, respectively) were

recovered by ethanol precipitation. Fractions K and W

both contained Man, Gal, and Glc in the same molar

ratio 45:46:9, but fraction K was obtained in 8.1% yield,
CHCl3-MeOH (2:1) then MeOH-H2O (4:1) 

Aq. 2% KOH at 100ºC for 3 h (x3)

Treatment with Fehling solution
Centrifugation

Fehling supernatant 
(FS)

Fehling precipitate 
(FP)

Roccella decipiens 
Cleaned, dried and powdered

Lichen residue I Extract of low 
molecular mass 

Alkaline extract (K) Lichen residue III 

H2O at 100ºC for 3 h (x3)

Aqueous extract (W) Lichen residue II 

Freeze-thawing
Centrifugation

Soluble fraction (SK)Insoluble fraction
(IK)

Ultrafiltration with 10 kDa Mr

cut-offm embranes

Retained fraction
(RFS)

Eluted fraction
(EFS)

Figure 1. Scheme of extraction and purification of polysaccharides

from the lichen, Roccella decipiens.
while that of fraction W was 2.5%, the former was cho-

sen for further investigation. Fraction W was submitted
to freeze-thawing treatment, resulting in a cold-water

insoluble fraction (IK, 1.7% yield) and a soluble fraction

(SK, 5.4% yield). SK was then treated with Fehling�s
solution, giving rise to a precipitate (FP, 3.4% overall

yield) and supernatant (FS, 2.0% overall yield).

FP consisted of Man and Gal in an 81:19 molar ratio

(Table 1) and gave a single peak on HPSEC analysis

(Fig. 2a), withMw of 20.5 · 104 (dn/dc 0.114). However,
FS gave a heterogeneous elution profile (Fig. 2b), so it

was then purified by ultrafiltration (10 kDa Mr cut-off

membrane), giving rise to eluted (EFS) and retained

(RFS) material. Comparison of their respective Man,

Gal to Glc ratios (46:53:1 and 43:56:1; Table 1) and their

identical 13C NMR spectra, showed that they contained

the same structural components, but with different

molar masses (EFS: Mw 27.8 · 103; RFS: Mw 46.4 · 103;
dn/dc 0.132 (Fig. 2c and d, respectively). Such mass dif-

ferences can be explained as a result of the severe envi-

ronmental conditions to which thalli are exposed

during their long life, which can promote a partial deg-

radation of their components.14

Methylation analysis of FP showed it to have a highly

branched structure. Units of Galf were detected as being

mainly nonreducing ends, with small proportions of
5-O-, 6-O-, and 5,6-di-O-substituted units. The core

contained nonreducing end, 2-O-, 4-O, 6-O-, and 2,4-

di-O-substituted Manp units (Table 2).

The main-chain structure of FP was determined via a

controlled Smith degradation, which gave rise to SmFP,

sparingly soluble in water but soluble in dimethyl sulfox-

ide, and composed entirely of mannose (Table 1). Meth-

ylation analysis indicated a mannan with nonreducing
end- (2%), 4-O- (96%), and 2,4-di-O-substituted units

(2%) (Table 2). This linear structure was consistent with

its 13C NMR spectrum (Fig. 3c) with signals at d 101.5,
73.8 (two overlapping), 71.9, 71.4, and 62.1 (C-6). For

their assignment, incomplete connectivity was found in

the COSY spectrum of the mannan (its a-configuration
was shown by its low-field H-1 signal at d 5.32).
However, it occurred between H-1 (d 5.32) and H-2
Table 1. Monosaccharide composition of polysaccharide fractions

obtained from Roccella decipiens

Fraction Monosaccharide compositiona (mol %)

Mannose Galactose Glucose

FP 81 19 —

HFP 96 3 1

SmFP 100 — —

EFS 46 53 1

RFS 43 56 1

HRFS 98 2 —

SmRFS 100 — —

aAlditol acetates obtained on successive hydrolysis, reduction, and

acetylation, analyzed by GC–MS (column DB-225).



Figure 2. HPSEC elution profiles of FP (a), FS (b), EFS (c), and RFS (d), using a refractive index (RI) detector.

Table 2. Analysis of partially O-methylated alditol acetates obtained from methylated carbohydrate fractions isolated from the lichen Roccella

decipiens

OMe-alditol acetatea Fractions (% values)b Linkage typec

FP HFP SmFP RFS HRFS SmRFS

2,3,5,6-Me4Gal 14 2 — 19 1 — Galf-(1!
3,5,6-Me3Gal 1 — — Tr — — !2)-Galf-(1!
2,3,6-Me3Gal 1 — — 24 — — !5)-Galf-(1!
2,3,5-Me3Gal 1 — — 8 — — !6)-Galf-(1!
2,3-Me2Gal 1 — — 11 — — !5,6)-Galf-(1!
2-MeGal — — — Tr — — !3,5,6)-Galf-(1!
2,3,4,6-Me4Man 16 29 2 8 35 8 Manp-(1!
3,4,6-Me3Man 11 11 — 5 15 — !2)-Manp-(1!
2,3,6-Me3Man 8 18 96 2 14 92 !4)-Manp-(1!
2,3,4-Me3Man 12 3 — 5 3 — !6)-Manp-(1!
4,6-Me2Man Tr — — — — — !2,3)-Manp-(1!
2,6-Me2Man — — — Tr — — !3,4)-Manp-(1!
3,6-Me2Man 33 37 2 16 31 — !2,4)-Manp-(1!
2,3-Me2Man Tr — — Tr — — !4,6)-Manp-(1!
3,4-Me2Man 1 — — 1 1 — !2,6)-Manp-(1!
3-MeMan 1 — — Tr Tr — !2,4,6)-Manp-(1!

Tr = trace.
a OMe-alditol acetates obtained on methylation analysis, followed by successive hydrolysis, reduction and acetylation, and analyzed by GC–MS

(column DB-225).
b % of peak area relative to total peak area.
c Based on derived O-methylalditol acetates.
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(d 4.10), and H-6 (d 3.89 and 3.94) and H-5 (d 3.83),
which was sufficient, with the aid of its HMQC spec-
trum, to correlate the H-2 and H-5 resonances with

C-2 at d 71.4 and C-5 at d 73.8, respectively. Since the
C-4 signal of Me a-DD-Manp is at d 68.4,17 part of the
overlapping mannan signal at d 73.8 arose from 4-
O-substituted units, due to an downfield a-shift of
�5 ppm (different solvents and temperatures were used).
The 13C NMR spectrum of FP contained several

signals in the C-1 region, consistent with a complex



Figure 3. 13C NMR spectra of FP obtained at 50 �C in D2O (a), HFP
in D2O (b) and SmFP in Me2SO-d6 (c).

Figure 4. 13C NMR spectra of FS obtained at 50 �C in D2O (a), HRFS
in D2O (b) and SmRFS in Me2SO-d6 (c).

β-D-Galf  109.1                                             α-D-Manp
1 1 
↓ ↓
6 2 

α-D-Manp- →4)-α-D-Manp-(1→4)-α-D-Manp(1→4)→→
102.2 100.2

1 2
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structure (Fig. 3a). The C-1 signals of nonreducing end

units of Galf units in a coupled spectrum had JC-1,H-1 =

175.5 Hz, consistent with a b-DD-glycosidic configuration,
whereas Manp units from d 99.6 to 102.2 had JC-1,H-1 =
172.7 Hz from an a-DD configuration.18

The C-1 signal of b-DD-Galf units at d 109.1 (Fig. 3a) is
probably from nonreducing end-units (14% by methyla-
tion analysis, Table 2) attached to O-6 of a-DD-Manp
units as in structure 1 (12% by methylation analysis,

Table 2), since b-DD-Galf-(1!6)-Me a-DD-Manp gave, in
D2O at 70 �C, a C-1 0 signal at d 109.7, lower than the
more shielded 2-O- (d 107.7) and 3-O-linked isomers (d
106.5).19 Two C-1 signals in the FP spectrum (Fig. 3a)

can be assigned. One is the major a-DD-Manp C-1 signal
of d 100.2, which is from 2,4-di-O-substituted units
(structure 2), based on the major 33% fragment obtained

on methylation analysis (Table 2). This agrees with the

shift of a signal at d 100.3 found for an a-mannan from
Sporothrix schenckii, having a (1!4)-linked main-chain
partly substituted at O-2 with single-unit side chains.20

The other is the small signal at d 102.2 whose shift is
close to those obtained for nonreducing units of

(1!4)-linked a-mannotriose (C-1 0 and C-100 d 102.5
and 102.8).20 In an attempt to characterize sequences

in FP by 2D NMR spectroscopy, its HMQC (Fig. 5a),

COSY (Fig. 5b), and TOCSY spectra (Fig. 5c) were

obtained. However, staring from H-1s of a-Manp and
b-Galf units, connectivity beyond H-2 was not detected,
so that further ROESY or HMBC examination was not

possible, due to the lack of assignable signals.



β-D-Galf-(1→5)-[β-D-Galf-(1→5)]n-    107.9 > 108.0

3

Figure 6. Partial HMQC (a), COSY (b), and TOCSY (c) NMR spectra

of b-Galf-rich RFS.

Figure 5. Partial HMQC (a), COSY (b), and TOCSY (c) NMR spectra

of FP.
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A partial acid hydrolysis eliminated almost all Galf

units from FP, as shown by monosaccharide (Table 1)

and methylation data (Table 2). The C-1 region of the
product (Fig. 3b) contained the same a-DD-Manp signals
as those of FP (Fig. 3a).

Fraction RFS had a higher Gal content than the galac-

tomannan FP (Table 1). Methylation analysis (Table 2)

showed a variety of Galf structures in its side chains with

nonreducing end- (19%), 5-O- (24%), 6-O- (8%), and 5,6-

di-O-substituted units (11%). The Manp structures were

the same as for FP, with predominant nonreducing
(35%) and 2,4-di-O-substituted units (31%). RFS gave

HMQC signals containing only signals of b-Galf units
(Fig. 6a) and in its COSY (Fig. 6b) and TOCSY spectra

(Fig. 6c), the limit of connectivity from H-1 was H-2.

RFS also gave a (1!4)-linked a-DD-mannan (SmRFS)
on controlled Smith degradation, as shown by its mono-

saccharide composition (Table 1), and methylation (Ta-

ble 2) and 13C NMR data (Fig. 4c).
The C-1 portion of the 13C spectrum of RFS (Fig. 4a)

had signals at d 108.8 > 109.0, and that of the latter that
arise from some of the b-DD-Galf (19%: methylation data)
could be linked to O-6 of a-DD-Manp units (6%; methyl-
ation data), that at d 108.8 could be from units linked
(1!6)- to b-DD-Galf (8%: methylation data). The signals
at d 107.9 > 108.0, obtained at 50 �C, may be associated
with 5,6-di-O-substituted (11%: methylation data) and/

or consecutive (1!5)-linked b-DD-Galf as in structure 3
(24%: methylation data) and their nonreducing end

units, by analogy with the oligosaccharide of Penicillium

charlesii (d 108.0 at 33 �C)21 and the galactomannan of
Aspergillus niger (d 108.3 at 70 �C).22
The partial hydrolysis product (HRFS) of RFS con-

tained Man and Gal in a 98:2 molar ratio (Table 1),

and methylation analysis showed the same structures

as those present in HFP (Table 2) with nonreducing

end- (35%) and 2,4-di-O-substituted Manp units (31%),

as main components.
3. Conclusions

Although an a-DD-mannan with a main chain of (1!4)-
linked a-Manp units, partially substituted at O-2 with
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single-unit Manp side chains, has been isolated from the

pathogenic fungus S. schenckii,20 we have not found any
basic similarities of FP and RFS with other heteropoly-

saccharides previously isolated from lichens, which usu-

ally have main chains of (1!6)-linked a-Manp units,
substituted mainly at O-2, O-4, or O-2,4 by units of

a- or b-Galp, a-Manp or Glcp, and more rarely by
b-Galf.3–5,10 Mannose-containing heteropolysaccharides
have been isolated from some species of lichens, mainly

from the families Cladoniaceae, Parmeliaceae, Umbili-
cariaceae, Ramalinaceae, and Stereocaulaceae,4,5,11 which

are lichenized with a trebouxioid alga as primary

photobionts.15,23

On the other hand, R. decipiens contains galacto-

mannans with previously unreported structures, and it

is lichenized with a photobiont of the genus Trentepoh-

lia, a green filamentous alga.

Whether the nature of the photobiont exerts any influ-
ence on the polysaccharide components of the lichen

thallus is still unknown. An extension of the present

study to other genera having different photobionts could

be useful to establish the relationship of polysaccharide

structure and the nature of the mycobiont–photobiont

association.
4. Experimental

4.1. General experimental procedures

Gas–liquid chromatography–mass spectrometry (GC–

MS) was performed using a Varian model 3300 gas

chromatograph linked to a Finnigan Ion-Trap model

810 R-12 mass spectrometer, with He as carrier gas. A
capillary column (30 m · 0.25 mm i.d.) of DB–225, held
at 50 �C during injection and then programmed at
40 �C min�1 to 220 �C (constant temperature) was used
for quantitative analysis of alditol acetates and partially

O-methylated alditol acetates.
13C NMR spectra were obtained using a Bruker DRX

400 or Bruker AvanceTM 500 spectrometer incorporating

Fourier transform. Analyses were performed at 50 �C,
samples being dissolved in D2O or in Me2SO-d6. Chem-

ical shifts of water-soluble samples are expressed in d
ppm relative to acetone at d 30.20 and 2.22 for 13C
and 1H signals, respectively, and at d 39.70 (13C) and
2.40 (1H) for those soluble in Me2SO-d6. 1D (

1H and
13C) and 2D NMR spectra (1H (obsd.) 13C, COSY,

and TOCSY) were obtained by following the Bruker

manual.

4.2. Collection of lichenized fungi

The foliose thalli of R. decipiens were collected by Dr. E.

Stocker-Wörgötter in the Baja California peninsula

(Mexico) in May of 2002. A voucher sample is deposited
in the private collection of E. Stocker-Wörgötter, num-

ber 526, and a duplicate voucher sample in the UPCB
(Herbarium name follows Holmgren et al.24), registra-

tion number 49052.

4.3. Extraction and purification of polysaccharides

The lichen thallus of R. decipiens was first extracted

with 2:1 (v/v) CHCl3–MeOH at 60 �C for 2 h (·3,
250 mL each) and then with 4:1 (v/v) MeOH–H2O at
60 �C for 2 h (·3, 250 mL each), to remove low-molec-
ular-weight material. The residue was submitted to

sequential extraction (Fig. 1) with water at 100 �C for
3 h (·3, 300 mL each) and 2% aq KOH at 100 �C for
3 h (·3, 300 mL each). Each combined extract was
neutralized (HOAc), added to ethanol (3 vol), and

the resulting polysaccharide precipitates were dissolved

in water and dialyzed, giving rise to fractions W and
K, respectively. Fraction K was frozen and then

allowed to thaw slowly, and the resulting insoluble

material (fraction IK) was centrifuged off. The super-

natant (SK) was treated with Fehling�s solution,25

and precipitated material (FP) centrifuged off. Both

FP (precipitate) and FS (supernatant) fractions, were

neutralized with HOAc, dialyzed against tap water,

deionized with mixed ion-exchange resins, and then
freeze dried.

Fraction FS was further purified by ultrafiltration

through a membrane of 10 kDa Mr cut-off (Millipore-

regenerated cellulose), giving rise to eluted (EFS) and re-

tained (RFS) material.

4.4. Monosaccharide composition

Monosaccharide components of the polysaccharides

and their ratios were determined by hydrolysis with

2 M TFA for 8 h at 100 �C, followed by conversion to
alditol acetates (GC–MS) by successive NaBH4 reduc-

tion and acetylation with 1:1 Ac2O–pyridine for 12 h

at room temperature.26,27

4.5. Determination of hetero- or homogeneity of poly-
saccharides and their molecular weight

The homogeneity and molar mass (Mw) of water-

soluble polysaccharides were determined by high-

performance steric-exclusion chromatography (HPSEC),

using a refractive index (RI) detector. The eluent was

0.1 M NaNO3, containing 0.5 g/L NaN3. The polysac-

charide solution was filtered through a membrane with
pores of 0.2 lm diameter (Millipore). The specific

refractive index increment (dn/dc) was determined,

the samples being dissolved in 50 mM NaNO3, and

five increasing concentrations, ranging from 0.2 to

1.0 mg/mL, were used to determine the slope of the

increment.
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4.6. Methylation analysis of polysaccharides

Samples were O-methylated using NaOH–Me2SO–

MeI.28 The per-O-methylated derivatives were hydro-

lyzed with 50% v/v H2SO4 (1 h, 0 �C), followed by dilu-
tion to 5.5% v/v (14 h, 100 �C), neutralization (BaCO3),
and filtration.29 The resulting mixture of O-methylal-

doses was reduced with NaBD4 and acetylated as cited

above to give a mixture of partially O-methylated alditol

acetates, which was analyzed by GC–MS.

4.7. Partial acid hydrolysis of galactomannans

Fractions FP and RFS were submitted to partial acid

hydrolysis with aq trifluoroacetic acid, pH 2.0, for 18 h

at 100 �C. The neutralized solutions containing HFP
and HRFS, respectively, were dialyzed (2 kDa cut-off

membrane), and the retained material was freeze dried.

4.8. Isolation of the mannan main chains

FP and RFS (150 mg) were oxidized in 0.05 M NaIO4
(20 mL) at room temperature, in the dark for 96 h. To

stop the reaction, 1,2-ethanediol was added, the solution

dialyzed, and the resulting polyaldehydes reduced with

sodium borohydride.30 After neutralization with HOAc
followed by dialysis, the materials were partially hydro-

lyzed with aq trifluoroacetic acid, pH 2.0, for 30 min at

100 �C.31 The neutralized solutions were dialyzed
(2 kDa cut-off membranes), and the polysaccharide

main chains were recovered by freeze drying (SmFP

and SmRFS, respectively).
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Araucária for the financial support.
References

1. Culberson, C. F.; Elix, J. A.Methods Plant Biochem. 1989,
1, 509–535.

2. Huneck, S.; Yoshimura, I. Identification of lichen sub-
stances; Springer: Berlin, 1934.

3. Gorin, P. A. J.; Baron, M.; Iacomini, M. Storage products
of lichens. In CRC Handbook of Lichenology; Galun, M.,
Ed.; CRC Press: Boca Raton, 1988; Vol. 2, pp 9–23.

4. Gorin, P. A. J.; Baron, M.; da Silva, M. L. C.; Teixeira, A.
Z. A.; Iacomini, M. Ciência e Cultura (Brazil) 1993, 45,
27–36.
5. Olafsdottir, E. S.; Ingólfsdottir, K. Planta Med. 2001, 67,
199–208.

6. Sassaki, G. L.; Reis, R. A.; Gorin, P. A. J.; Iacomini, M.
Mitt. Inst. Allg. Bot. Hamburg 2002, 30, 195–211.

7. Olafsdottir, E. S.; Omarsdottir, S.; Paulsen, B. S.; Jurcick,
K.; Wagner, H. Phytomedicine 1999, 6, 273–279.

8. Woranovicz-Barreira, S. M.; Gorin, P. A. J.; Sassaki, P.
L.; Marcelli, M.; Iacomini, M. FEMS Microbiol. Lett.
1999, 181, 313–317.

9. Carbonero, E. R.; Montai, A. V.; Woranovicz-Barreira, S.
M.; Gorin, P. A. J.; Iacomini, M. Phytochemistry 2002, 61,
681–686.

10. Gorin, P. A. J.; Iacomini, M. Carbohydr. Res. 1985, 142,
253–267.

11. Cordeiro, L. M. C.; Stocker-Wörgötter, E.; Gorin, P. A.
J.; Iacomini, M. Phytochemistry 2003, 63, 967–975.

12. Cordeiro, L. M. C.; Stocker-Wörgötter, E.; Gorin, P. A.
J.; Iacomini, M. FEMS Microbiol. Lett. 2004, 238, 79–
84.

13. Lutzoni, F. M.; Pagel, M. Proc. Natl. Acad. Sci. U.S.A.
1997, 94, 11422–11427.

14. Pereyra, M. T.; Prieto, A.; Bernabé, M.; Leal, J. A.
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