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Abstract—The resistant ‘polymer’ in the trilaminar sheath of Coelastrum sphaericum is a complex formed by
three different types of biopolymers, a hydrophobic aliphatic network mainly composed of polymethylenic chains
with amido groups, together with smaller amounts of cellulose and proteins. The composition of the hydrophobic
polymer is close to that of algaenan of other trilaminar layer-containing species. Copyright © 1996 Elsevier

Science Ltd

INTRODUCTION

Algaenans, i.e. macromolecular, non-hydrolysable com-
pounds, are reported in the outer trilaminar layer (TLS)
of the cell walls in several marine and freshwater
chlorophycean microalgae [1-13], as well as in ul-
tralaminae-containing lacustrine and marine kerogens
[14—18]. These highly resistant materials consist of a
macramolecular network based on long polymethylenic
chains associated with amide groups and minor
amounts of N-alkyl substituted pyrroles [18]. The
present paper presents an analysis of the resistant
biopolymer in cell walls of Coelastrum sphaericum,
which appears to be closely associated with fibrillar
polysaccharides in the trilaminar layer. In addition, a
small amount of protein could be detected within the
macromolecular domain.

RESULTS AND DISCUSSION

Solid state '’C NMR spectroscopy was carried out
on the residue resistant to phosphoric acid hydrolysis
(PARR) and the subsequently obtained acetolysis-resis-
tant material (ARM) (Fig. 1). PARR and ARM, to-
gether with the insoluble residue obtained after ex-
traction of the cell walls with 4-methylmorpholine N-
oxide (MMNO) (MOIR) and its hydrolysed residue
(MOIR-AH), were also submitted to FT-IR spectro-
scopy.

Major peaks appeared in PARR (Fig. 1A) at § 102.3,
85.8, 81.6, 72.0, 62.1, 59.8 and 27.4. Resonances
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between & 105 and 60 usually derive from anomeric
plus ring carbohydrate carbons in polysaccharides,
while the one at § 27.4 would correspond to methylenic
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Fig. 1. CP-MAS "“C NMR spectra (A) residue resistant to
phosphonic acid hydrolysis and (B) acetolysis-resistant materi-
al from cell walls of Coelastrum sphaericum.
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carbon atoms. A small signal also appeared at § 127.3
(olefinic and/or aromatic carbon atoms), together with a
weak peak from the carbonyl in amide groups (8 172—
174), in agreement with the low intensity resonance of
carbon atoms linked to nitrogen [19]. The spectrum of
ARM was characterized by a lower signal-to-noise ratio
and only showed a peak at & 27.4 (Fig. 1B). This
spectrum was identical to those obtained for the non-
hydrolysable constituents of Chlorella fusca, Nanoch-
lorum eucaryotum [11, 16] and Scenedesmus quadri-
cauda [15].

The CP-MAS spectrum of cellulose IV showed bands
at 8§ 103.3 (C-1), 72.3 (C-2, C-3, C-5), 82.2 (C-4) and
62.3 (C-6) [20]; anomeric carbon resonances shifted to
6 105.0 (cellulose T) and & 107.9 and 106.2 (cellulose
II) [20]. When cellulose was dissolved in dimethyl
sulphoxide containing 20% MMNO, the anomeric
carbon peak appeared at § 102.5 [21]. The C-1 reso-
nance for a (1 —4) linked B-D-glucopyranose residue
in a xyloglucan backbone was observed at § 102.7 [22].
It has been reported [13] that strong acid treatment in
alghumin eliminated NMR signals beyond & 40, in
agreement with the assignation of these bands to non-
crystalline cellulose. Signals at § 101.7 were also
assigned to the anomeric carbon in (1 — 4)-B-D-man-
nan [23], while those at 6 69.9, 72.1, 81.0, 75.9 and
61.9 would correspond to C-2, C-3, C-4, C-5 and C-6,
respectively.

The FT-IR spectrum of PARR showed a broad and
strong band centred at 3439 cm ™' with a shoulder at
3231 cm™" (OH with polymeric intermolecular hydro-
gen bonds). Sharp and strong peaks at 2924 and
2853cm™' (3, CH, and »,CH,), together with a wide
720cm™' band, indicate the presence of poly-
methylenic chains with n=4. The lack of significant
amounts of methyl groups was shown by the absence of
peaks or shoulders at 2960 and 2870 cm™'; besides, no
absorptions were found at 1340 and 1255 cm ™' indica-
tive of tertiary or quaternary carbon atoms. Neither
aromatic nor unsaturated groups were detected. A
strong band at 1160-970 cm ™' was present (6§ OH and
vC-0), corresponding to non-localized, highly coupled
vibrational modes of polysaccharide backbones, in the
fingerprint region for these macromolecules [24]. A
wide band at 1180cm ™' (P-O-C bond, alkyl sub-
stituents) suggested the formation of organic phosphates
during phosphoric acid treatment [25]. The FT-IR
spectrum after direct acetolysis of the original cells
lacked the 1180 cm ™' band.

The IR spectrum of ARM showed the above men-
tioned absorptions at 3445, 2926, 2853, 1098 and
724 cm” ', together with that corresponding to organic
phosphates (1180 cm™'). New bands could be assigned
to the partial acetylation of hydroxyl groups (-O-CO-
CH,), i.e. 1735, 1460 and 1380 cm ™' {25]. The intensi-
ty of bands in the fingerprint region for carbohydrates
(1160-970cm™") decreased and wide amide I
(1657cm™") and amide II (1547cm™') bands ap-
peared.

Though much has been discussed about the altera-
tions introduced in the resistant polymers by acetylation
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[7-9], CP-MAS and FT-IR spectra demonstrate that a
product richer in the hydrophobic polymer was ob-
tained after acetolysis. Transmission electron micro-
scope (TEM) observations revealed that the decrease in
carbohydrate content after acetolysis was associated
with the disappearance of the electronlucent band in the
trilaminar layer.

MOIR, obtained after a milder treatment, showed a
similar FT-IR spectrum, namely, absorptions at 3441
(hydrogen-bonded OH), 2924 and 2853 (»,, CH, and
v,CH,), 1377 (6 CH) and 1316 (CH,-wagging), to-
gether with bands at 1156, 1065 and 1026 cm ™', arising
from the fingerprint region for polysaccharides. After
acid hydrolysis of MOIR (MOIR-AH), the hydroxyl
absorption sharpened and the polysaccharide fingerprint
overlapped bands (1160-970cm™ ') were reduced in
intensity by 50%.

PARR accounted for ca 8-10% of the dry weight of
the algal cells, while MOIR comprised ca 2%. ARM
(obtained after acetolysis of PARR) yielded 0.1-0.2%
of algaenan. The trilaminar layer was completely
degraded with CrO,, but remained unaffected by
ethanolamine and was insoluble in dioxane. No signifi-
cant addition of bromine was observed.

PARR, ARM and MOIR were shown to contain 20,
1.5 and 14 wt% of carbohydrates, respectively. The
decrease in carbohydrate contents from PARR (20%) to
ARM (1.5%), show that only after acetolysis could the
bulk of the remaining polysaccharides be eliminated.
Moreover, the hydrophobic network also reduced the
efficiency of extraction with MMNO. This is one of the
few indicated solvents for cellulose; in fact, it has been
used to solubilize entire cell walls in TLS-devoid
species [26]. Sulphuric acid hydrolysis of ARM yielded
only glucose. For PARR, a mixture of mannose and
glucose (molar ratio 5.4:94.6) was obtained, while
MOIR-AH afforded a mixture of glucose, mannose and
galactose (molar ratio 70.5:21.3:8.2). It is interesting
to note that, during autospore formation in TLS-con-
taining Chlorococcales, the internal microfibrillar layer
is degraded [27] and the resulting remains of the
mother cell walls left in the culture media only consist
of the TLS. When comparing the monosaccharide
composition of mother cell walls (TLS), which have
undergone no extraction procedure [28], a higher molar
percentage of mannose is obtained. Cell walls of
Chlorococcales contain S-mannan [28-30]). Moreover,
in PARR, for instance, the monosaccharide composition
and some NMR signals suggest the presence of man-
nan, together with cellulose. According to monosac-
charide analyses of PARR, MOIR and ARM, mannan is
more readily removed. This might suggest that the
hydrophobic polymer is more closely related to cellu-
lose than to mannan.

Colorimetric measurement for protein contents of
1.3, 1.6 and 2.5% were obtained for PARR, ARM and
MOIR, respectively. Nitrogen microanalyses gave val-
ues of 6.30% (PARR), 1.90% (ARM) and 7.02%
(MOIR), which would correspond to significantly high-
er percentages of proteins than those determined
colorimetrically, viz. 39.4% (PARR), 11.9% (ARM)
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and 44.0% (MOIR). These resuits suggest that there
might be other sources of nitrogen, different from
protein. High nitrogen contents have been frequently
observed for TLS-containing material [13]. It is highly
probable that faint FT-IR amide I (1657cm ') or
amide I (1550 cm™ ') bands in ARM and MOIR are
due to non-protein amide groups, such as those recently
described for algaenan from S. quadricauda [18] and C.
fusca [16]. The existence of hydrophobic protection
also explains why the amide groups could not be
removed completely by the alkaline~acid treatment
[18].

Microscopical examination revealed that Aniline
Blue was completely excluded from the algal cells.
Neither phloroglucinol nor Sudan IV stained the cell
wall significantly. Both native cells, as well as PARR
and ARM, showed autofluorescence when illuminated
with UV light; secondary fluorescence was also evident
after application of primuline. Neutral red produced a
bright red fluorescence in the cell walls, especially
noticeable at the species-typical cell-wall protuber-
ances. In order to quench the orange autofluorescence
of the cells, these were pretreated with Toluidine Blue
[31]. Even so, cell walls still showed fluorescence with
Neutral red [31], indicating the presence of hydro-
phobic domains within it. Untreated material, as well as
PARR and MOIR, showed fluorescence in the cell walls
with Calcofluor White, a fluorescent brightener which
binds preferentially to B-1,4-hexapyranosyl polysac-
charides [32], showing the presence of fibrillar polysac-
charides coexisting with the hydrophobic polymer in
the cell wall. TEM observations indicated that the TLS
(20-30 nm) withstands saponification and phosphoric
acid digestion, though trilaminar morphology became
less distinct in PARR. Only curled electron opaque
residues remained visible after acetolysis (ARM) and
MMNO extraction (MOIR).

In summary, the hydrophobic polymer of C.
sphaericum resembles the algaenans of other TLS-
comprising species [11-13, 15, 16]. This ‘polymer’ is
neither a unique substance nor a mixture of closely
related products, but a complex formed by three
different types of biopolymers, with the predominance
of a hydrophobic aliphatic one consisting of poly-
methylenic chains, together with non-hydrolysable
amide moieties (algaenan) [18] and smaller quantities
of cellulose and possibly mannan and protein. This
composition explains the remarkable resistance of the
cell walls in TLS-containing algal species. These walls
are refractory to natural biodegradation [13], thus
contributing through selective preservation to the for-
mation of kerogens [14]. This hydrophobic coating of
fibrillar polysaccharides [13] or a network trapping
polysaccharides and nitrogen-containing compounds
[14] are responsible for the difficulties encountered in
the isolation and degradation of these products.

EXPERIMENTAL

Algal material. Coelastrum sphaericum var. di-
latatum Bohlin et Vischer was grown axenically in
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Detmer-glucose 1% (w/v) media [33] at room temp.
under continuous illumination and agitation. Cells were
harvested by filtration.

Isolation of non-hydrolysable residue. Algal cells
were extracted in a Soxhlet apparatus with boiling
EtOH and Et,O. The resulting dry residue was re-
suspended in 6% aq. KOH and heated under reflux for
6 hr with vigorous mechanical stirring. The soln was
then neutralized. The insoluble residue was thoroughly
washed in H,O0, EtOH and Et,O until dry. The re-
suiting powder was vigorously and continuously agi-
tated in 85% H,PO, at room temp. for I week. The
solid residue was isolated by centrifugation and re-
peatedly washed with H,O, EtOH and Et,O. A light
grey material was obtained (PARR).

Acetolysis. This procedure was carried out both on
lyophilized cells and the residue after H,PO, digestion.
In both cases, the material was first washed in HOAc
and the pellet, after centrifugation, resuspended in
Ac,0-H,SO, (9:1) and heated at 100° for 10 min [3].
The solid residue was washed with HOAc, EtOH and
Et,0 and kept under vacuum in a desiccator until dry
(ARM).

MMNQ treatment [26]. Cells were sonicated in
0.4 ml 60% MMNO and heated at 120° during 30 min;
this procedure was repeated X3. After centrifugation,
soluble and insoluble frs were sepd. MMNO was
eliminated by repeated washing of the insoluble fr.
(MOIR). Part of MOIR was hydrolysed first in 72%
H,SO, at room temp. for 30 min. The acid was then
diluted to 0.5 M and the material heated at 100° during
6 hr. The acid was pptd with BaSO, and eliminated by
centrifugation, obtaining MOIR-AH.

Microscopical analyses. Phloroglucinol test for lig-
nin: samples were suspended in 2% phloroglucinol in
EtOH and drops of 50% HCl were added after several
min. The lignin-containing ref. stained red—violet [34].
Aniline Blue staining: cells were mounted in Aniline
Blue (0.05% aq. soln) and observed after 5-10 min and
again after 1 hr [9]. Sudan IV was prepd in 70% EtOH
[34]. Epifluorescence microscopy was carried out using
UV excitation at ca 365 nm. For the study of secondary
fluorescence, samples were first treated for 5 min in an
ag. soln of primuline (0.005%) [10]. Calcofluor White
0.01% was prepd in 80% EtOH. Toluidine Blue
(0.05%) was prepd in 0.1 M NaOAc buffer (pH 4) and
0.1% Neutral Red in 0.1 M K-Pi buffer (pH 6.5-7)
[31]. Toluidine Blue treatment was carried out for at
least 45 min before observation. Samples after each
extraction step were fixed in 1% glutaraldehyde for
TEM observation. After embedding in Spurr’s resin,
ultramicrotome sections were stained with uranyl ace-
tate and lead citrate [34].

Analytical methods. Total carbohydrates were de-
termined by the PhOH-H,SO, method {35] and pro-
teins by the procedure of ref. [36]. Determination of N
was performed as per ref. [37] and protein content was
calculated after muitiplication by a factor of 6.25.

Bromination of algaenan [8). Extracted product
(100 mg) was resuspended in 8 ml CCl,. Br, (2 g) was
added and the soln kept in the dark at room temp. for 6



734

days. The reaction mixt. was dild with Et,O, the
algaenan sepd, washed by centrifugation and dried in
vacuo to constant wt.

Insolubility in dioxane and ethanolamine [8]. These
were observed after stirring under reflux during at least
24 hr.

Oxidative degradation [8). Both entire cells and
extracted product were completely degraded after 7
days at room temp. in a soln of CrO, (2g in 4ml
H,0-HOAc, 1:1).

Sugar analysis. Products were hydrolysed with
H,SO, [26] and the acetylated alditols analysed by GC
on a Supelco SP 2330 capillary column, run isothermal-
ly at 220° (FID and injection temps 240°) using N, as
carrier gas at 1 ml min~" with a split ratio of 100:1.

Spectroscopic analyses. FTIR spectra were obtained
from KBr discs between 4000 and 400 cm™'. Solid
state '°C NMR [11-13] were recorded at 75 MHz. All
spectra were acquired using cross-polarization, dipolar
decoupling and magic-angle spinning (CP-MAS). Sam-
ples (50-200 mg) were spun in 7 mm zirconia rotor
tubes at 3 kHz. ">C signals were generated by single
1 msec contact cross-polarization from protons and
high-power 'H decoupling was carried out during
acquisition of the 'C free induction decay. Pulse
4.5 usec 'H 90° the recycle time for H relaxation was
1 sec. Spectra were accumulated for 8—24 hr. TMS was
used as int. standard.
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