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Cell walls in the coenocytic green seaweed Codium
vermilara (Olivi) Chiaje (Bryopsidales, Chlorophyta)
are composed of ~32% (w/w) B-(1 — 4)-p-mannans,
~12% sulfated polysaccharides (SPs), and small
amounts of hydroxyproline-rich glycoprotein-like
(HRGP-L) compounds of the arabinogalactan pro-
teins (AGPs) and arabinosides (extensins). Similar
quantities of mannans and SPs were reported previ-
ously in the related seaweed C. fragile (Suringar) Ha-
riot. Overall, both seaweed cell walls comprise
~40%-44% of their dry weights. Within the SP
group, a variety of polysaccharide structures from
pyruvylated arabinogalactan sulfate and pyruvylated
galactan sulfate to pyranosic arabinan sulfate are
present in Codium cell walls. In this paper, the in
situ distribution of the main cell-wall polymers in
the green seaweed C. vermilara was studied, compar-
ing their arrangements with those observed in cell
walls from C. fragile. The utricle cell wall in C. vermi-
lara showed by TEM a sandwich structure of two
fibrillar-like layers of similar width delimiting a mid-
dle amorphous-like zone. By immuno- and chemical
imaging, the in situ distribution of f-(1 — 4)-b-
mannans and HRGP-like epitopes was shown to con-
sist of two distinct cell-wall layers, whereas SPs are
distributed in the middle area of the wall. The
overall cell-wall polymer arrangement of the SPs,
HRGP-like epitopes, and mannans in the utricles of
C. vermilara is different from the ubiquitous green
algae C. fragile, in spite of both being phylogeneti-
cally very close. In addition, a preliminary cell-wall
model of the utricle moiety is proposed for both
seaweeds, C. fragile and C. vermilara.
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Most siphonous green seaweeds, such as Codium,
Bryopsis, and so forth, are macroalgae belonging to
the order Bryopsidales (Chlorophyta). The seaweeds
in the Bryopsidales group are also called ‘‘giant sin-
gle cell’” algae because the habit comprises continu-
ous siphons, which lack cross cell walls, and septa
are formed only at the time of differentiation of
reproductive structures. These taxa constitute a vital
component of coral reefs throughout the world and
have successfully maintained their ecological niches
and persisted for >150 million years (Hay 1997).
The genus Codium is very diverse, comprising ~156
taxonomically accepted species (Guiry and Guiry
2009) with a variety of morphologies that span the
temperate and tropical zones of the globe (Verbrug-
gen et al. 2007). Four species of Codium grow in the
Argentine littoral: Codium fragile subsp. novae-zelan-
diae, C. vermilara, C. decorticatum, and C. subantarcticum
(Boraso de Zaixso 2004).

Cell walls in all macroalgae and especially in the
coenocytic seaweeds are the first means of defense
against variety of factors, such as wave action, water
currents, pressure changes, osmotic changes,
epiphytic load, herbivore attack, and invasion by
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pathogens (Ram and Babbar 2002). Codium has
developed completely different cell walls when com-
pared with all cellulose-rich walls present in land
plants and in other green algae (Bilan et al. 2007,
Ciancia et al. 2007, Farias et al. 2008, Popper 2008,
Estevez et al. 2009). It was shown previously that
C. fragile and C. vermilara from Argentinian coasts
biosynthesize major amounts of B-(1 — 4)-p-mann-
ans and intermediate percentages of SPs (Ciancia
et al. 2007, Estevez et al. 2009). SP in both seaweeds
comprises several diverse polysaccharide structures:
(1) pyruvylated arabinogalactan sulfates, containing
sulfated groups at G2 and/or C-4 of the 3-linked
B-L-Arap units and at C-4 and/or C-6 of the 3-linked
B-np-Galp residues (in addition, high levels of ketals
of pyruvic acid were found mainly linked to C-3 and
C-4 of some terminal B-D-Galp units forming a five-
membered ring); (2) pyruvylated galactan sulfates
composed of 3-linked B-p-Galp residues with sulfated
groups on C-4 or substituted at C4 and C-6 and
4,6-pyruvylated; and (3) pyranosic arabinan sulfates
with  3-linked p-L-Arap 2,4-disulfate units and
3-linked p-1-Arap 4-sulfate residues. The ratio
between these structures is variable according to the
species (Bilan et al. 2007, Ciancia et al. 2007, Farias
etal. 2008, Estevez etal. 2009). In addition,
small amounts of HRGP-L epitopes were shown in
C. fragile cell walls (Estevez et al. 2009). Recently, it
was shown that C. isthmocladum and C. yezoense
biosynthesize pyruvylated galactan sulfates with
similar structural features (Bilan et al. 2007, Farias
et al. 2008).

The spatial arrangement of the cell-wall poly-
mers in green algae remains mostly uncharacter-
ized, with the exception of simple models, such as
those of volvocacean and desmid algae, and also
the more complex walls of the green seaweed
Ulva (Domozych and Domozych 1993, Bobin-Dubi-
geon etal. 1997, Ender etal. 2002, Hallmann
2006, Domozych et al. 2009). Taking advantage of
the existing detailed knowledge on the chemistry
of cell-wall polymers present in Codium in recent
years (Bilan et al. 2007, Ciancia et al. 2007, Farias
et al. 2008, Estevez et al. 2009), the in situ distri-
bution of B-(1 — 4)-p-mannans and SPs together
with HRGP-L epitopes in C. vermilara was further
characterized and compared with their arrange-
ments in the walls from C. fragile. In addition, a
preliminary model of the wutricle cell wall is
proposed for both C. vermilara and C. fragile.

MATERIALS AND METHODS

All chemicals were purchased from Sigma Inc. (St. Louis,
MO, USA), unless otherwise stated. JIM11, JIM16, JIM20, LMI,
and MAC206 antibodies were purchased from PlantProbes
(Leeds, UK), and a monoclonal antibody against B-(1 — 4)-p-
mannan was purchased from Biosupplies (Parkville, Australia).
Chemical synthesis of B-GlcYR and o-ManYR was carried out as
described in Yariv et al. (1962) and tested against gum arabic in
a dot-blot assay.

Algal sample. Thalli of C. vermilara were collected in Puerto
Madryn, Province of Chubut (42°46” S, 65°03” W). A voucher
material was deposited in the herbarium of the Museo
Bernardino Rivadavia (B.A.), Buenos Aires, Argentina (collec-
tion number 40466).

In situ immunolocalization. The algal material was fixed in
4% formaldehyde, dehydrated in EtOH series, and embedded
in paraplast (Fisher, Pittsburgh, PA, USA). Cross-sections of
10 pm were collected on ProbeOn microscope slides (Fisher),
and after removal of the resin with histoclear, they were
blocked in PBS containing 5% (w/v) fat-free milk powder (5%
modified phosphate-buffered saline, MPBS) for 30 min. Rat
monoclonal antibodies specific for carbohydrate epitopes were
used: arabinosides of the extensin-like type (JIM11 and JIM20,
Smallwood et al. 1994) and AGP-like glycans (JIM16, Knox
et al. 1991; MAC207, Yates et al. 1996). The primary antibody
(dilution 1:50-1:500) was incubated 1 h at room temperature
and washed with PBS (2X). For visualizing the antibody
binding, a secondary antibody antirat-IgG coupled with Alexa
Fluor 488 (Molecular Probes, Carlsbad, CA, USA) (1:1,000) in
5% MPBS was added for 1h at room temperature. After
washing with PBS for 5 min (2X), the samples were observed in
a laser scanning confocal microscope (LSCM, see below). To
localize the B-(1 — 4)-p-Manp units, a specific antimannan
polyclonal antibody (Mab) developed by Handford et al.
(2003) was used (dilution 1:100). As a secondary antibody, an
antirabbit-IgG coupled with Alexa Fluor 565 (Molecular
Probes) (dilution 1:250) was used. Primary antibodies, which
were omitted for labeling procedure, acted as first control for
all the immunolocation probes. Additionally, preextracted
sections, where soluble AGPs and extensins were removed,
were visualized as before. As an additional negative control,
nonextracted and nonlabeled sections were visualized in the
same conditions as before to check the presence of intrinsic
autofluorescence coming from the algal material.

LM and histochemistry. For LM, sections (~10 pm) were
mounted on glass slides and then observed with a Carl Zeiss
Axiolab microscope (Carl Zeiss, Jena, Germany). The staining
procedures used in LM histochemical characterization, based
on Krishnamurthy (1999), were carried out on fixed tissues
described before and included: (1) toluidine blue O (TBO)
(0.05% w/v) in 0.1 M HClI at pH 1.0 that stains SPs (red-purple,
vy metachromasia). As a negative control, the labeling with TBO
on preextracted sections was performed to remove the SPs
using the same conditions as before. (2) Calcofluor white (CW)
(0.1% w/v) in aqueous solution for detection of f-(1 — 3)-and
B-(1 — 4)- polysaccharides. In addition, B-Glc Yariv phenylgly-
coside reagent (B-GIcYR) was used for localized AGPs due to its
specificity, and o-Man Yariv phenylglycoside reagent (a-ManYR)
was used as a negative control. Sections of the thallus were
incubated overnight with 1% Yariv derivatives (w/v) at 4°C in
1% in NaCl (w/v) solutions and then washed three times in 1%
in NaCl (w/v). Preextracted sections were incubated with water
at 90°C for 2 h to remove mostly water-soluble SPs and water-
soluble HRGPs.

TEM. Utricles were fixed in 2% glutaraldehyde in 0.1 M
cacodylate buffer, postfixed in 1% OsO,, dehydrated in an
acetone series, and embedded in Spurr’s low viscosity resin
(Spurr 1969). Sections were cut using a diamond knife
(Diatome Ltd., Bienne, Switzerland) and stained with uranyl
acetate and lead citrate. Sections were observed using a JEOL
100 CX-II electron microscope (JEOL, Akishima, Tokyo,
Japan).

Carbohydrate immunodot-blot assays (IDAs). Two microliters of
the water-diluted cell-wall extracts and residues at different
concentrations from 1 to 4 pg - uL™' was applied into nitro-
cellulose membranes. After drying the membrane for 30 min,
blots were blocked with 5% MPBS for 1-2 h. The primary
antibody was used in variable concentration (1:50 to 1:1,000) in
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5% MPBS during 3 h. After washing with TTBS (tween 0.05%
[v/v] in 1X PBS) twice and once with 1X PBS, blots were
incubated under the secondary antibody antirat IgG coupled to
AP (alkaline phosphatase) for 1 h. After washing as described
before, the blots were developed in 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and nitroblue tetrazolium (NBT) for
<10 min at room temperature until color reaction was
observed. The experiment was repeated twice. See Estevez
et al. (2009) for specificity of antibodies. Gum arabic was used
as a positive control for the anti-HRGP antibodies used in this
study.

Electrophoresis and Western blot analysis. Agarose gel electro-
phoresis was performed in a 1% (w/v) gel poured in 1X TBE
buffer (0.045 M Tris-borate, 0.001 M EDTA). Eighty micro-
grams of each sample was loaded in the gel, and constant
current (40 mV) was applied for 60 min. For Western blot
analysis, 200-300 pg of sample was solubilized in 50 uL of 2X
Laemmli buffer (125 mM Tris-Cl, pH. 6.8, 4% [w/v] SDS, 20%
[v/v] glycerol, 2% [v/v] B-mercaptoethanol, 0.001% [w/v]
bromophenol blue) containing 10 pL protease inhibitor cock-
tail (Sigma) and immediately transferred to ice. The samples
were boiled for 5 min, and 15-20 pL was loaded on 4%-20%
SDS-PAGE. In all the cases, the HRGP-L epitopes were
separated by electrophoresis and transferred to nitrocellulose
membranes. Rat IgG antibodies for AGPs (JIM16) and exten-
sins (JIM20) recognition were used at dilutions of 1:500 and
visualized by incubation with antirat IgG secondary antibodies
conjugated to horseradish peroxidase (1:1,000) followed by a
chemiluminescence reaction (Super-Signal; Pierce Chemical,
Rockford, IL, USA). See Estevez et al. (2009) for specificity of
antibodies. The same samples were loaded into 4%—20% SDS-
PAGE and run using the same conditions described before. SPs
were visualized with 1% (w/v) TBO (pH = 1.0). Migration
patterns of SPs and AGP glycans in the SDS-PAGE and
nitrocellulose membranes, respectively, were analyzed using
Image J 1.34 software (http://rsb.info.nih.gov/ij/), and the
images were processed with Adobe Photoshop 7.0 (Adobe
Systems, Mountain View, CA, USA).

Enzymatic treatments. In situ f-mannanase treatments were
performed over semithin sections obtained from C. vermilara
after removal of paraplast resin. Sections were incubated with
an  endo-f-(1 — 4)-D-mannanase (AN3358.2; Bauer et al.
2006) in 50 mM acetate buffer pH 5.5 at 37°C overnight. The
buffer without the enzyme was used as a control. The solution
was carefully recovered from 40 sections, and the content in
mannose units released after the treatment was determined as
alditol acetates and was expressed per cross-section area. Cross-
section area was measured using Image ] 1.36b software.
Analysis of residue obtained after hot-water extractions (RW2)
by carbohydrate gel electrophoresis was performed as
described in Estevez et al. (2009).

Chemical analysis. Chemical analyses were performed as
described in Ciancia et al. (2007) and Estevez et al. (2009). In
addition, the total carbohydrate content of RW2 was analyzed
by a phenol-sulfuric acid method adapted for insoluble
material (Ahmed and Labavitch 1977). To determine the
monosaccharide composition of the RW2 fraction, the sample
(3 mg) was dissolved in 100% trifluoroacetic acid (TFA: 37°C,
1 h), followed by dilution of the acid to 80%, heating at 100°C
for 1 h, and further dilution to 2 M to achieve the regular
hydrolysis conditions, reduction with NaBHy, and acetylation
(Morrison 1988). Sulfate was determined, after hydrolysis of
the sample, by ionic isocratic chromatography on a Dionex DX-
100 apparatus equipped with a Dionex AS4A column (Dionex
Corporation, Sunnyvale, CA, USA) and using a NayCOg
1.8 mM, NaHCOj3 1.7 mM solution as eluant. The pyruvic acid
content was estimated by the method of Koepsell and Sharpe
(1952). To quantify the mannan content present in cell wall,
the total carbohydrate content (T'C), measured in the cell-wall

extracts VI-V2 and W1-W2, and in residue RW2, was corrected
by the amount of mannose determined as alditol acetate. This
estimate was used to quantify the total yield of mannan. In the
same way, the amount of sulfated polymers was estimated by
the sum of TC (including only arabinose and galactose sugars)
plus sulfate and pyruvic acid contents. The value obtained was
used to correct the yield of SP.

Fourier transform infrared (FTIR) and synchotron radiation—
Fourier transform infrared (SR-FTIR) microspectroscopy. Fourier
transforrn infrared spectra were recorded from 4,000 to
250 cm™! with a 510P Nicolet FTIR spectrophotometer (Mad-
ison, WI, USA), using dry samples in KBr. Sixty-four scans were
taken with a resolution of 2 cm™'. For SR-FTIR microspectros-
copy, Codium samples already embedded in paraplast were cut
into thin sections (~10 pm) with a microtome (C. Reichert
Optische Werke, Wien, Austria), and then paraplast resin was
removed with histoclear. Cross-sections were transferred to low
e-microscope slides (MirrIR, Kevley Tech, Chesterland, OH,
USA) and FTIR reflection spectra (also called as “‘double
absorption”” mode) were acquired at the infrared spectromi-
croscopy beamline 1.4.3 at the Advance Light Source (ALS,
Berkeley, CA, USA). The synchrotron light was used as an
external source for a Nicolet 760 FTIR bench and Nic-PlanTM
microscope to perform reflection microscopy with a computer-
controlled xyz sample stage. The beamline only allows light
between 400 and 10,000 cm™ to continue on to the sample
with dlffracuon-llmlted spot (3— 10 um diameter) with high
brightness (1.3 x 1072 mW um2). Brlghtness refers to pho—
ton flux (unit area)™ - (unit bandwidth)™" - (solid angle)
For cell-wall mapping, 96 spectra were recorded over the
reglon from 650 to 4,000 cm™ with a spectral resolution of
4 cm™ ', Happ-Genzel apodlzatlon and 64 scans co-added for
F()urler transform processing to produce one spectrum. A
background spectroscopic image file was collected from an
area free of sample. Stage control, data collection, and
processing were performed on the OMNIC 7.2 (Thermo-
Nicolet, Madison, WI, USA) together with Win-Das software
(Wiley, New York, NY, USA). Spectra were first baseline
corrected and area normalized to compensate for any change
in thickness across the section.

RESULTS AND DISCUSSION

C. vermilara is characterized by the complex inter-
woven multiaxial siphon pattern with a solid and
cylindrical frond, which has a central colorless
medulla with coenocytic filaments and an external
palisade cortex composed of enlarged utricles with
rounded apical endings (Fig. 1, a and b). The utri-
cle cell wall shows an external cuticle and two fibril-
lar-like layers (fl) delimiting a middle amorphous
layer (al) (Fig. Ic). A similar utricle cell-wall struc-
ture was confirmed by TEM, with an external cuti-
cle, two electrodense fibrillarlike layers, and a
central amorphous layer (al) (Fig. 1, d and e). To
reveal the in situ localization of the main polymers
in C. vermilara cell walls (B-mannans, SPs, and
HRGP-like epitopes), both immunolabeling and
chemical imaging approaches were used.

p-(1 = 4)p-mannans. The presence of mannans
with B-(1 — 4)-linkages was previously confirmed by
linkage and NMR analysis made on isolated cell-wall
polymers (Ciancia et al. 2007). Here, we used calco-
fluor white (CW) staining (Krishnamurthy 1999),
birefringence detected by phase contrast, and
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e cuticle
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F1G. 1. General aspect of the thallus of Codium vermilara (a)
Scale bar = lem. (b) Coenocytic structure of a single utricle cell.
Scale bar = 150 pm. (c) Utricle cell wall by LM. Scale
bar = 10 pm. (d) Utricle cell-wall structure is visualized in detail
by TEM. An external cuticle, two electrodense fibrillar-like layers
(f1), and a central amorphous layer (al) are clearly distinguished.
Scale bar = 20 um. (e) Scheme of the utricle cell-wall structure in
C. vermilara.

antibody labeling for B-(1 — 4)-p-mannosyl units to
show the in situ localization of B-(1 — 4)-pD-mann-
ans in the cell walls of C. vermilara (Fig. 2a). This
polymer is localized into two well-defined cell-wall
layers with similar development and separated by
one nonreactive major zone (Fig. 2a).
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Frc. 2. In situ distribution of B-(1 — 4)-p-mannans in Codium
vermilara cell walls. (a) Double two fibrillar (arrows) and amor-
phous (¥) cell-wall strata of the utricle from C. vermilara in longi-
tudinal section observed with light-directed (C) and phase
contrast (PC) microscopy. In addition, calcofluor white staining
(CW) and labeling of p-(1 — 4)-p-mannosyl units with an
antimannan antibody (Mab) were used to localize the p-(1 — 4)-
p-mannans in the cell wall (bottom). Outer and inner cell-wall
limits are indicated with arrowheads. Scale bar = 20 pm. (b) In
situ mannanase treatment of the cell walls. Sugars released per
cross-section area of the whole thalli after in situ B-mannanase
treatment (ng mannose - mm™?) compared with buffer incuba-
tion used as a control (left). Forty cross-sections were used for
each treatment. (c) Algal cell-wall mannan derived from RW2
(~87 mol% mannose) was analyzed by carbohydrate gel electro-
phoresis, using the endomannanase ManbA. The main products
of the digestion were mannose, mannobiose, mannotriose, and
mannotetraose. Two minor bands (*) were also detected suggest-
ing some small degree of substitution on the mannan backbone.
Oligosaccharides released from 1.25 pg of digested cell walls or
0.5 ng standard digested polysaccharides are shown. (d) Phase
contrast microscopy and CW staining after in situ f-mannanase
treatment (PC- and CW-B-man, respectively). Scale bar = 40 um.
The presence (arrowhead) and absence (*) of B-(1 — 4)-p-mann-
ans before and after mannanase treatment is indicated. al, amor-
phous layer; fl, fibrillar layer; RW2, residue obtained after hot-
water extractions.

An in situ enzymatic treatment using a specific
mannanase, which hydrolyzes only B-(1 — 4)-p-
mannosyl units, was performed on cross-sections
and also on the residue obtained after exhaustive
water extraction of the seaweed cell walls with RW2
(Figs. 2, b—d) to confirm the labeling results. The
quantity of mannose units released after enzymatic
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degradation (Fig. 2b) was significantly higher in the
mannanase- -treated sections (480 + 10 ng mannose -
mm’~ ) than in the control (80 +5 ng mannose -
mm 7). After enzymatic treatment on the cross-
sections, CW staining (CW B-ManT, Fig. 2d) was
very low on the cell walls. Furthermore, not only the
ordered fibrillar arrangement was lost (with negative
or weak birefringence), but also some cell-wall areas
were severely damaged, suggesting a possible puta-
tive major structural role for the p-(1 — 4)-pD-mann-
ans as scaffold in these cell walls as it was shown
previously for C. fragile (Estevez et al. 2009).

In addition, an oligosaccharide analysis by carbo-
hydrate gel electrophoresis was carried out on the
product obtained by enzymatic degradation from
RW2 (Fig. 2c). RW2 is composed of 69% carbohy-
drates, from which 87 mol% is mannose and com-
prises 50% (w/w) dry seaweed weight (Table S1 in
the supplementary material). These cell-wall-derived
oligosaccharides were compared to oligosaccharides
obtained from commercial mannans, glucomann-
ans, and galactomannans that had been hydrolyzed
by the same enzyme, used as standards. The main
products from RW2 digestions were mannose,
mannobiose, mannotriose, and mannotetraose that
migrated exactly as those derived from the commer-
cial B-(1 — 4)-p-mannan (Fig. 2c). This finding
indicates that mannans are mostly composed of a
repetitive [ = 4)-f-p-mannosyl-(1 — |  structure,
although some small degree of substitution was sug-
gested by two minor bands in the carbohydrate gel
electrophoresis analysis (Fig. 2c) as it was previously
indicated by chemical methods (Ciancia et al.
2007).

Mannan polysaccharides are widespread among
land plants, where they serve as structural elements
in cell walls and as carbohydrate reserves and poten-
tially perform other important functions (Liepman
et al. 2007). The presence of B-(1 — 4)-D-mannans
as the major structural cell-wall polysaccharide in
Codium and B-(1 — 3)-p-xylans in other close coeno-
cytic green seaweeds (i.e., Bryopsis and Caulerpa)
(Chanzy et al. 1984, Fukushi et al. 1988) instead of
cellulose, shows that this unique group of organisms
has more than one way to develop distinct cell walls
within coenocytic thalli. Likewise, in Bryopsis, where
gametophytic cells have been reported to produce
only fibrillar B-(1 — 3)-p=xylans and the sporophytic
ones biosynthesize B-(1 — 4)-p-mannans (Huizing
et al. 1979), a hybrid protoplast with both gameto-
phytic and sporophytic nucleus synthesizes only
B-(1 — 4)-p-mannans. The gametophytic nucleus
seems to repress the genes coded in the coexisting
sporophytic one that are involved in xylan synthesis
(Yamagishi et al. 2004). Recently, several mannan
synthases were identified as cellulose-synthase-like A
(GslA) gene family of glycosyltransferases that make
B-(1 — 4)-p-mannans in many land plant groups
ranging from mosses to angiosperms (Dhugga et al.
2004, Liepman et al. 2005, 2007). Identification and

expression analysis of CslA- and others Csl-gene fam-
ilies in seaweeds from the Bryopsidales group may
also provide insights into the evolutionary origins of
these complex and unique cell walls.

SPs. Using synchrotron radiation-based midinfra-
red (SR-IR) spectroscopy coupled to a microscope
(SR-FTIR microspectroscopy), it was possible to
map the SPs present on the cell wall of the utricle
tip (Fig. 3a). Absorbance bands at 1,380 Cm_l,
common for all sulfate esters, at 1,230-50 cm ™' that
correspond to the asymmetric stretching of the
0=S=0, together with absorbance at 850 cm™" for
C-O-SO3~ as secondary axial sulfate and 820-
30 cm™' for C-O-SO3~ as primary sulfate were iden-
tified (Prado Fernandez et al. 2003) using as a refer-
ence the FTIR spectrum of VI, the room-
temperature water extract obtained from this sea-
weed (Fig. S1 in the supplementary material). VI
shows a high level of sulfate groups (30% w/w of
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F16. 3. Localization of sulfated polysaccharides (SPs) in the
cell wall from Codium vermilara assessed by synchrotron radiation—
Fourier transform infrared microscopy (SR-FTIR microspectros-
copy) (a) and by histochemistry with toluidine blue O (TBO) (b).
(a) Chemical images using SR-FTIR microspectroscopy of a lon-
gitudinal section of the cell-wall area from the utricle tip. Specific
absorption band intensity map corresponding to ester sulfate
bands (1,380, 1,250, and 1,230 cm_l) and at 850 cm™! associated
to axial C-O-SO3~ (secondary axial sulfate) and at 820-30 cm™!
(C-O-SOg"~, primary sulfate) are shown. All of them showed a
similar pattern with maximum absorbance in the amorphous cen-
tral zone. Arrowheads were included to show the limit of the mid-
dle amorphous cell-wall area. Scale bar = 20 um. (b) Negative-
charged sulfate groups present in the SPs were labeled with TBO
at pH = 1. Preextracted sections, where SPs were mostly removed,
showed much lower labeling with TBO at the same condition
used before (E-TBO). Most reactive cell-wall areas are indicated
with arrowheads. On the other hand, absence of labeling is
shown with asterisks. Scale bar = 30 pm.
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sulfate) and only 2% of mannose (Table S1).
Sulfate groups on the SPs were present in V1 mainly
linked to C-2 and G4 of the 3-linked Arap units and
on C4 of the 3,6-linked Galp residues (Ciancia et al.
2007). These absorbance bands were used to map
the in situ distribution of sulfate groups present in
SPs on the utricle cell wall (Fig. 3a). The pattern of
distribution for most of the sulfate-associated bands
on the SR-FTIR microspectroscopy scanning map
showed a location of SPs on the middle amorphous-
like layer (Fig. 3a). In addition, negatively charged
sulfate groups were labeled with TBO at pH =1
(Krishnamurthy 1999) showing a similar staining
pattern (Fig. 3b). Preextracted sections, where SPs
were mostly removed, showed very low labeling with
TBO on the amorphous-like layer (E-TBO; Fig. 3b).

SPs are widespread in the cell walls from several
marine organisms, including all groups of seaweeds,
marine angiosperms (Les etal. 1997, Stortz and
Cerezo 2000, Ponce et al. 2003, Estevez et al. 2004,
Aquino and Landeira-Fernandez 2005), and also in
extracellular matrices of invertebrate ascidians and
echinoderms (Santos et al. 1992, Vilela-Silva et al.
2002). In all these organisms, the SPs that are
strongly charged in seawater media would act as
ionic and osmotic regulators, providing hydration
by gel formation and mechanical stress resistance in
wave-swept intertidal habitats (Kloareg and Quatr-
ano 1988). Convergent evolution was suggested as a
putative, and the most probable, mechanism to
explain the fact that all these phylogenetically dis-
tant organisms possess structurally related SPs in
their cell-wall intercellular matrices (Aquino and
Landeira-Fernandez 2005).

HRGP-L  polymers. Previously, HRGP-L epitopes
were detected in the cell wall of C. fragile (Estevez
et al. 2009). To determine if HRGP-L epitopes are
also present in C. vermilara, most of the available
antibodies against plant HRGP were tested by
immunodot-blot assay (IDA) on isolated cell-wall
fractions (Fig. S2 in the supplementary material).
Strong reaction was detected in most of these cell-
wall fractions using anti-AGPs (JIM16 and MAC207)
and antiextensin probes (JIM11, JIM20, and LMI)
(Fig. S2). In addition, the amino acid analysis
showed that 30-40 mol% of the proline units were
hydroxylated at C-4, giving Hyp in the room-water
extracts V1-V2 (not shown). These results confirm
the presence of HRGP-L in the cell walls of C. vermi-
lara. Since proteoglycans detected in Codium react
with several monoclonal antibodies generated
against AGPs and extensins from cell walls of higher
plants, we refer to them as ‘“‘HRGP-like.”” The purifi-
cation and characterization of Oglycan structures
and protein backbones present on the HRGP-L of
C. vermilara walls are currently under investigation.

To address if the sulfate groups are present
only in SP or also in the AGP and/or extensin
epitopes, the main water-soluble cell-wall extracts
(V1-V2, Table S1) were analyzed by SDS-PAGE
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F1G. 4. SDS-PAGE and immunolocalization of HRGP-L epi-
topes in the cell walls of Codium vermilara. (a) SDS-PAGE analysis
of the sulfated polysaccharides (SPs) with toluidine blue O (TBO)
staining (left), whereas AGP glycans are visualized by JIM16 label-
ing and extensin epitopes by JIM20 by Western blot on a nitrocel-
lulose membrane (center). Only water-soluble cell-wall
components (extracts V1-V2) are shown. In addition, PAGE and
Western blot profiles of the SP and HRGP-L epitopes from VI,
respectively, were analyzed with Image ] (right). Loading sites of
these samples are shown by an arrowhead (see Materials and
Methods). No detectable overlapping was found between sulfated
groups and HRGP-L epitopes. (b) In situ AGP labeling. Positive
B-glucosyl Yariv-staining (B-Glc-YR) indicates the presence of AGP
epitopes in the cell walls. Preextracted sections were labeled, and
most of the signal was lost (E-B-Glc-YR). In addition, negative
o-mannosyl Yariv-staining (o-Man-YR) was observed in the preex-
tracted sections. Scale bar = 30 pm. (c¢) In situ immunolocaliza-
tion by laser scanning confocal microscopy (LSCM) of AGP-like
epitopes with JIM16 and MAC206 antibodies (Knox et al. 1991
and Yates et al. 1996, respectively) in the cell wall of C. vermilara.
Utricles in longitudinal-section view (middle panels). Scale
bar = 20 um. (d) Extensin-like epitope labeling with JIM11 and
JIM20 antibodies (Smallwood et al. 1994). Scale bar = 20 um. In
all cases, the most reactive cell-wall areas are indicated with arrow-
heads. On the other hand, absence of labeling is shown with
asterisks. HRGP-L, hydroxyproline-rich glycoprotein-like.

(Fig. 4a). Strong TB(labeling bands were detected
(Fig. 4a) in agreement with the high sulfate content
(Ciancia et al. 2007 and Table S1). Based on the
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immunoassays, bands corresponding to AGPs are
also present in most of the cell-wall fractions, but
their SDS-PAGE migration profiles do not overlap
with TBOstaining patterns of the SPs (Fig. 4a).
These results indicate that HRGP-L epitopes and
SPs in VI-V2 are mostly different cell-wall compo-
nents. At least three groups of AGP epitopes were
identified with JIM16 based on the migration on
PAGE gels (Fig. 4a), two of high molecular mass
(>250 and ~110-180 kDa) and another of ~12 kDa.
In addition, an extensin epitope was also detected
(~20 kDa) only in the V2 fraction. An overestima-
tion of molecular mass on Western blots for AGP
epitopes is expected due to the poor mobility of the
highly O-glycosylated proteins in SDS gels due to
the steric hindrance of SDS binding to the polypep-
tide backbone (Hames and Rickwood 1990, Estevez
et al. 2006).

B-Glucosyl ~ Yariv  phenylglycoside  reagent
(B-GlcYR), known to specifically bind AGPs in a
noncovalent manner (Yariv et al. 1962), was used to
localize the entire population of AGPs in the cell
walls of C. vermilara (Fig. 4b). B-GlcYR labeling was
detected in two marginal cell-wall layers, whereas
sections incubated with o-mannosyl Yariv phenylgly-
coside (o-ManYR), which were used as negative con-
trol, remained unreactive (Fig. 4b). In addition,
AGP epitopes were detected with JIM16 and
MAC207 antibodies showing a similar two-layered
wall distribution with broader labeling in the fibril-
lar-like zones for MAC207 (Fig. 4b) as it was shown
with B-GlcYR (Fig. 4b). Preextracted sections, where
most of the soluble HRGP-L epitopes were removed,
showed a much lower signal or no signal when incu-
bated with B-GlcYR (Fig. 4b) or with all the antibod-
ies against HRGP-L epitopes (not shown). JIMI6
and MAC207 antibodies recognize the carbohydrate
moiety of AGP epitopes on molecules that are
largely uncharacterized (Knox etal. 1991, Yates
et al. 1996). It is likely that either similar AGP epi-
topes are present on many AGPs with different pro-
tein backbones, or only a few epitopes restricted to
specific AGPs were recognized with these two anti-
bodies. Arabinoside epitope (extensins) localization,
shown by JIMI11 and JIM20 labeling (Fig. 4c), fol-
lowed a pattern similar to that observed for the
AGP molecules. Results obtained using these anti-
bodies (Smallwood et al. 1994) indicate that both
C. vermilara and C. fragile (Estevez et al. 2009) con-
tain extensin-like epitopes as do higher plants
(Knox etal. 1991) and the green alga Chlamydo-
monas (Hicks et al. 2001), whereas these same epi-
topes were absent in the cell walls of Micrasterias
(Eder et al. 2008).

Immunocytochemical and chemical evidence sug-
gests that the cell-wall AGPs occur not only in most
land plants but are also widespread among diverse
groups of green algae, including phylogenetically
distant marine seaweeds (Codium) and fresh-
water micro- and macroalgae groups (Chara,

Chlamydomonas, Micrasterias, Oedogonium, Pleurotaeni-
um Négeli) (Lutz-Meindl and Brosch-Salomon 2000,
Ender et al. 2002, Popper and Fry 2003, Hallmann
2006, Domozych 2007, Ender etal. 2008, Estevez
et al. 2008, 2009). The presence of AGPs in green
algae and land plants suggests at least some putative
essential biological roles possibly associated with a
well-conserved carbohydrate domain present on
these (O-glycans. The apical high concentration of
AGP epitopes in the utricles of C. fragile and C. ver-
milara (Estevez et al. 2009 and this study, respec-
tively) suggests a relationship with apical cell
expansion in the tip growing cells, as was demon-
strated for the moss AGP1 in Physcomitrella protone-
mal growth (Lee etal. 2005). Experiments
regarding the biological function of HRGP-like poly-
mers in Codium cell walls are in progress to test the
effect of the addition of AGP-binding probes on the
utricle growth.

Proposed cell-wall model. Based on the preliminary
analysis of cell-wall fractions obtained previously
from the coenocytic green seaweed C. vermilara
(Ciancia et al. 2007) together with the carbohydrate
analysis of the final residue RW2 (Table S1 and
Fig. ba), it was possible to estimate the total
amounts of B-(1 — 4)-pD-mannans and SPs (see
Materials and Methods for details). In C. vermilara,
SPs include several polysaccharides with a variety of
structures ranging from pyruvylated arabinogalactan
sulfates and pyruvylated galactan sulfates to pyrano-
sic arabinan sulfates (Ciancia et al. 2007). Overall,
cell walls in C. vermilara are composed of ~32%
(w/w) of B-(1 — 4)-D-mannans and ~12% (w/w) of
sulfated polymers (Table S1 and Fig. 5a). In C. frag-
ile, these values were 31% and 9% (w/w), respec-
tively (Estevez et al. 2009), showing similar mannan
content and somewhat lower SP content (Table S1
and Fig. 5a). The total estimated amount of cell wall
per dry weight is similar in both C. fragile (40%
w/w) and C. vermilara (44% w/w).

Based on the immunolabeling and chemical
imaging results (Figs. 2—4), a preliminary model for
the utricle cell walls in C. vermilara is proposed
(Fig. bb). A sandwich structure with two boundary
zones of B-(1 — 4)-p-mannans and HRGP-L epi-
topes, comprising AGPs and extensins, and a central
layer rich in SPs were detected. Based on the results
from Estevez etal. (2009), a cell-wall model for
C. fragile is also included (Figs. bc and S3, in the
supplementary material). The overall cell-wall poly-
mer arrangement of the SPs, HRGP-L epitopes, and
B-mannans in C. vermilara utricles is different from
those present in C. fragile, in spite of being phylo-
genetically very close. In the walls of C. fragile,
mannans and HRGPs are distributed in a very wide
internal layer, and only a narrow external layer was
observed, whereas in both seaweeds, SPs form an
amorphous middle layer (Fig. 5, b and c).

Until now, there has been no other cell-wall
model for any coenocytic algae, and a detailed
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F16. 5. Cell-wall polymer content and proposed models for
Codium vermilara and C. fragile. (a) Polymer content in both
C. fragile and C. vermilara walls based on chemical analysis made
on cell-wall fractions (Table S1, see supplementary material
for analysis of C. wvermilara and Estevez et al. 2009 for analysis
of C. fragile). (b) Proposed model of the utricle cell wall for
C. wvermilara including the in situ distribution of B-(1 — 4)-p-
mannans, SPs, and HRGP-L epitopes. A comparison with C. fragile
utricle cell wall is included in (c). Mucron cell-wall structure in
C. fragile is described in Figure S3 (see supplementary material).

picture is available only for the cosmopolitan green
macroalga Ulva (Bobin-Dubigeon et al. 1997). Even
though it is difficult to make a fair comparison
between laminar Ulva and coenocytic Codium thalli
structures, certain homologies are shared in their
cell-wall polymer properties. Cell-wall polysaccha-
rides in Ulva consist of the following: (1) water-solu-
ble xylo-glucurono-rhamnan sulfates (called ulvans)
and glucuronan polymers homologous to the nega-
tively charged SPs present in Codium walls, and (2)
alkali-soluble glucoxylan and amorphous a-cellulose
(Lahaye et al. 1994, 1996) that are comparable to
B-mannans described previously as both share a
B-(1 — 4) backbone with a putative structural role
in these cell walls. Ulvans and SPs are both concen-
trated in the intercellular spaces and middle zone
of the cell wall, respectively, whereas neutral
B-(1 — 4) polysaccharides are located in the inner
part of the cell walls and in the cell surface (Fig. 5,
b—c, and Bobin-Dubigeon et al. 1997).

CONCLUSION

Based on this and on previous studies (Bilan et al.
2007, Ciancia et al. 2007, Farias et al. 2008, Estevez
et al. 2009), it is evident that Codium has developed a
unique cell-wall chemistry and architecture when
compared with the cellulose-rich cell walls present in
land plants and in other green algae (Popper 2008).
Codium lacks the major polymers typically found in
the plant cell walls, such as cellulose, mixed glucans,
pectins, xylans, and xyloglucans (Bilan et al. 2007,
Ciancia et al. 2007, Farias et al. 2008, Estevez et al.
2009). This green seaweed only shares with some
groups of land plants the presence of high quantities
of B-mannans (e.g., eusporangiate pteridophytes)
and HRGP-L in their cell walls (Ciancia et al. 2007,
Popper 2008, Estevez et al. 2009). More seaweed cell-
wall models are needed to understand the biological
relevance of the polymer chemistry and their
arrangements on the cell walls in different thalli types
(e.g., uni- or multiseriate filaments, cylindrical, lami-
nar, coenocytic, and massive structures, etc.) in terms
of biomechanical properties, fitness and survival,
reproduction strategies, and so forth.
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Figure S2. Immunodot-blot screening of
HRGP-L epitopes (AGPs and extensins) on cell-
wall fractions V1 and V2 isolated from Codium
vermilara (see also Table SI in the supplementary
material). Only positive labeling of antibodies
against HRGP-L epitopes present in V1-V2 were
included in the figure. AGPs, arabinogalactan
proteins; HRGP-L, hydroxyproline-rich glycopro-
tein-like.

Figure S3. Proposed cell-wall model at the utri-
cle tip (named as mucron) for Codium fragile.

Table S1. Mannan and sulfated polymer con-
tents in the cell walls of Codium vermilara.
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