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Abstract

Zygotes from Fucus species have been used extensively to study cell polarization and rhizoid outgrowth, and in this
model system cell wall deposition aligns with the establishment of polarity. Monoclonal antibodies are essential tools
for the in situ analysis of cell wall glycans, and here we report the characteristics of six monoclonal antibodies to
alginates (BAM6-BAM11). The use of these, in conjunction with monoclonal antibodies to brown algal sulfated fucans,
has enabled the study of the developmental dynamics of the Fucus zygote cell walls. Young zygotes are spherical
and all alginate epitopes are deposited uniformly following cellulose deposition. At germination, sulfated fucans are
secreted in the growing rhizoid wall. The redistribution of cell wall epitopes was investigated during treatments that
cause reorientation of the growth axis (change in light direction) or disrupt rhizoid development (arabinogalactan-
protein-reactive Yariv reagent). Alginate modeling was drastically impaired in the latter, and both treatments cause a
redistribution of highly sulfated fucan epitopes. The dynamics of cell wall glycans in this system have been visualized
in situ for the first time, leading to an enhanced understanding of the early developmental mechanisms of Fucus spe-
cies. These sets of monoclonal antibodies significantly extend the available molecular tools for brown algal cell wall
studies.
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Introduction

Brown algae are a large and diverse class of marine organ-
isms ubiquitous to coastal environments. These photosyn-
thetic eukaryotes exhibit complex multicellularity and have
cells surrounded by a cell wall, two features that they share
with land plants and also with green and red algae (Popper
et al., 2011). However, their evolutionary origin is not related

to these other groups, and the brown algae have evolved both
multicellularity and cell walls independently from the other
multicellular photosynthetic lineages. Brown algae belong
to the stramenopiles, a phylum which also contains unicel-
lular (e.g. various protists and diatoms) and filamentous
(e.g. oomycetes) members. Through the course of evolution,

Abbreviations: AF, after fertilization; AGP, arabinogalactan-protein; ASC, axis-stabilizing complex; BAM, brown alga monoclonal antibody; DP, degree of polymeriza-
tion; M, B-b-mannuronic acid; MAb, monoclonal antibody; ManC5-E, mannuronan C5-epimerase; G, a-L-guluronic acid; pGalY, -galactosyl-Yariv reagent.
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this lineage gained new biosynthetic capabilities for cell wall
components (Michel ez al., 2010), allowing the evolution of
cell walls/extracellular matrices that were certainly critical
for the generation of complex multicellularity (Michel et al.,
2010; Deniaud-Bouét et al., 2014).

Brown algal cell walls are composed predominantly of pol-
ysaccharides together with lower amounts of phenols, pro-
teins, and halide compounds (Deniaud-Bouét et al., 2014).
Sulfated fucans and the alginates are the major sets of matrix
polysaccharides, which are by far prevalent over crystalline
polymers including cellulose. Sulfated fucans encompass a
highly diverse spectrum of sulfated polysaccharides con-
taining a-L-fucose residues. Heterofucans may also contain
galactose, mannose, xylose, and uronic acids. Alginate is a
linear co-polymer of 1,4-linked uronic acid epimers differ-
ing only at C5: f-p-mannuronic acid (M) and a-L-guluronic
acid (G). These residues are arranged in homopolymeric
regions of MM- and GG-blocks, interspaced with random
arrangements of both monomers (MG-blocks). While the
MM-block regions do not associate in the presence of diva-
lent cations, GG-block regions will form ‘egg-box’ junctions
with calcium (Grant et al., 1973), bridging two antiparallel
chains and leading to gel formation. The alginate polysac-
charide in brown algae is first produced as a pure mannuro-
nate structure. Subsequently this alginate is modified at the
polymer level by the action of mannuronan C5-epimerases
(ManC5-Es), which catalyze the conversion of M residues
into G residues. This enzymatic activity allows the fine-tuning
of the alginate structure, with the generation of variants hav-
ing distinct chemical and rheological properties.

Additional cell wall components in brown algae are shared
with land plants, including cellulose, although it is a minor
fraction of brown algal walls (from 0% to 10%). A p-1,3-
glucan, known as callose in land plants, is also present in
brown algal walls (Raimundo ez al., 2015), where it can be
transiently expressed upon infection (Tsirigoti et al., 2014).
Arabinogalactan-proteins (AGPs) are also cell surface com-
ponents in brown algae (Hervé et al., 2016). AGPs are a
complex family of proteoglycans that have been known for
decades to be present at cell surfaces in land plants. Although
they are reported to play key roles in a number of cellular
and developmental processes in these organisms, the detailed
molecular mechanisms involved remain elusive (Siefert and
Roberts, 2007).

In the Fucales order of brown algae, zygotes have long
served as an important developmental biology model system
to study the mechanisms by which cells acquire polarity and
regulate asymmetric cell division (Bisgrove and Kropf, 2008).
In the case of Fucus spp. zygotes, cell wall deposition has been
demonstrated to be an absolute requirement for polar axis
fixation (Kropf et al, 1988) and cell fate selection (Berger
etal., 1994). Past studies, conducted to locate the main classes
of polymers tentatively at the cell surface of developing Fucus
zygotes, have suggested that cellulose and alginates are the
first polysaccharides to be deposited uniformly into the wall
after fertilization (Quatrano and Stevens, 1976; Quatrano,
1982). Sulfated fucans are proposed to be deposited at a later
stage during polar axis establishment, and specifically at the

rhizoid pole featuring apical growth (Quatrano and Stevens,
1976; Bisgrove and Kropf, 2001), where they were suggested
to be involved in the formation of an axis-stabilizing com-
plex (ASC) (Quatrano et al., 1991). Recent work has demon-
strated that AGPs are expressed in the early wall, along with
alginates and cellulose, before being spatially restricted to the
wall opposite the rhizoid pole (Hervé ez al., 2016). Although
cell wall components have been shown to play major roles in
early embryogenesis in Fucus species, there were few acces-
sible molecular tools at the time to investigate selectively the
detailed distribution of polysaccharide motifs. Most attempts
to map cell wall polymers at the cell surface of Fucus zygotes
used labor-intensive chemical extractions and/or colorimet-
ric methods (Quatrano and Stevens, 1976; Quatrano et al.,
1985), birefringence assays (Bisgrove and Kropf, 2001), or
general stains which are not specific enough to ascertain the
exact nature of the targeted polymer (Quatrano and Stevens,
1976; Bisgrove and Kropf, 2001). Such methods do not read-
ily allow the cell-based location of polymers or their interac-
tions during wall assembly and modeling or in response to
environmental cues. It could be argued that this drawback has
played a part in the arrest of studies in this developmental
model system in recent decades.

We recently isolated four monoclonal antibodies (MAbs)
named the brown alga monoclonal (BAM) antibodies
(BAMI1 to BAM4) that bind to sulfated fucans and hetero-
fucan preparations (Torode et al., 2015). Here we report the
generation of six MAbs (BAM6-BAMI11) directed towards
different block structures of alginate. We have now used these
two sets of molecular probes to investigate cell wall deposi-
tion during the development of Fucus serratus zygotes. We
have reinvestigated and extended the findings outlined above
on the spatial and temporal distribution of cell wall polymers
during early embryogenesis in this system. Moreover, we have
studied the impact of the loss of AGP function on cell wall
assembly. The results provide evidence that implicates AGPs
both in alginate modeling and in the distribution of some
fucan populations in the F. serratus zygote.

Materials and methods

Polysaccharides and oligosaccharides

Alginate (A7003), medium viscosity alginate (A2033), low viscosity
alginate (A2158), fucoidan (F5631), laminaran (L9634), gum Arabic
(G9752), oat spelt xylan, and polygalacturonic acid (P3889) were
obtained from Sigma-Aldrich. A sodium alginate from Laminaria
hyperborea stipes was kindly provided by DuPont (Landerneau,
France). High viscosity alginate (02154723, MP Biochemicals) and
very low viscosity alginate (A18565, Alfa Aesar) were kindly pro-
vided by Dr Richard Blackburn (University of Leeds). Tamarind
xyloglucan, potato galactan, guar galactomannan, sugar beet ara-
binan and citrus pectin were obtained from Megazyme International
(Bray, Ireland).

The MM- and GG-blocks of alginates were prepared using the
DuPont sodium alginate according to Heyraud et al. (1996). A 0.5%
alginate solution was hydrolyzed for Shat 100 °Cin 0.3 M HCI. After
selective precipitation and centrifugation, the blocks were dialyzed,
freeze-dried, and re-suspended in distilled water, and respective M/G
compositions monitored by NMR. The MM- and GG-blocks were
further fragmented using alginate M-lyase (Lundqvist et al., 2012)



and alginate G-lyase (Thomas et al., 2013), respectively. The enzy-
matic degradation and the purification of the released oligosaccha-
rides was performed as described previously (Thomas ez al., 2013).

Generation of alginate-directed monoclonal antibodies

Six rat MADbs were derived subsequent to immunization with neo-
glycoprotein immunogens, prepared by coupling either GG-blocks
(BAM10), MM-blocks (BAM?7), or alginate from DuPont (BAMS6,
8,9, 11), to BSA by activation with 1-cyano-4-dimethylaminopyrid-
ium tetrafluroborate (CDAP) (Lees et al., 1996). In each case, two
male Wistar rats were each injected with 250 pug of alginate-BSA
conjugate in complete Freund’s adjuvant administered subcutane-
ously on day 0, and the same was administered with incomplete
Freund’s adjuvant ~30, 60, 120, and 160 d after this. A pre-fusion
boost of 100 pg of alginate-BSA in 1 ml of PBS was administered
prior to spleen removal. Hybridoma production and cloning proce-
dures were performed as described (Willats ez al., 1998).

Enzyme-linked immunosorbent assays

ELISAs were performed in 96-well microtitre plates (Maxisorb,
NUNC) coated with 100 puL per well of antigen (50 pg ml™) in
phosphate-buftered saline (PBS; 137 mM NaCl) overnight at 4 °C.
Unbound antigen was washed out using tap water, and 200 pl of
blocking solution of 5% milk powder in PBS (MP/PBS) were added
per well. After 1 h at room temperature, plates were rinsed in tap
water and 100 pl of hybridoma supernatant in MP-PBS were added
at the desired dilution. Plates were incubated at room temperature
for 1.5 h, washed with tap water, and then incubated with secondary
antibody [rabbit anti-rat IgG, whole molecule, coupled to horserad-
ish peroxidase (HRP), Sigma-Aldrich] at a dilution of 1:1000 for
1.5 h and at room temperature. Plates were washed in tap water, and
antibody binding was detected by the addition of 150 pl per well
of HRP substrate [0.1 M sodium acetate buffer, pH 6.0, 1% tetra-
methyl benzidine, 0.006% (v/v) H,O,] and allowed to develop for
5 min before the reaction was stopped by the addition of 30 pul of
2.5 M H,S0,. For competitive inhibition ELISAs, antigen-coated
and blocked microtiter plates were incubated at the same time with
the primary antibody and competitor molecules (i.e. MM- and
GG-blocks of alginates and oligoalginates) in MP/PBS. After incu-
bation for 1 h, plates were processed as above.

Isolation of Fucus serratus zygotes and cultivation of the
embryos

Sexually mature fronds of F. serratus were collected in Roscoff
(France; 48.43-3.59). Receptacles were cut, rinsed, and dry stored
at 4 °C in the dark for up to 2 weeks. Gametes were released by
placing the receptacles in filtered seawater in daylight. Fertilization
occurred within 15 min of mixing sperm with oospheres. After 1 h,
the resulting zygotes were washed twice in filtered seawater and fil-
tered through a 100 pm nylon mesh. Zygotes were held on micro-
scope slides and allowed to grow in seawater under unidirectional
light at 16 °C. A photoperiod of 12 h light and 12 h darkness was
used. For the photo-polarization experiment, zygotes were cultured
in filtered seawater on microscope slides and in unidirectional light
(L1) beginning at 1 h after fertilization (AF). At 6 h AF, the zygotes
were allowed to grow in unidirectional light (L2) oriented 180 ° from
the first light source. At 24 h AF, the zygotes were observed for the
direction in which rhizoid development had occurred.

In certain cases, Fucus zygotes were cultivated in the presence of
the B-galactosyl-Yariv reagent (3GalY; Biosupplies Pty Ltd), diluted
in seawater at 40 ptM and made using a 2 mg ml! stock in 0.15 M
NaCl. A first series of incubations started 1 h AF and continued
until the time of observation. A second series of incubations was
performed between 1 h and 6 h AF. At the end of the incubation
period, the reagent was removed by rinsing the samples three times
with filtered seawater and zygotes were returned to cultivation.
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Immunolabeling and fluorescence microscopy

Zygotes were fixed for 1 h in seawater containing 4% paraformaldehyde
and 10% glycerol, and washed twice in PBS before immunolabeling.
Fluorescence imaging of MAb binding to samples was achieved with
indirect immunofluorescence labeling procedures with 10-fold dilutions
of hybridoma supernatants followed by 100-fold dilution of anti-rat-
IgG-whole molecule—fluorescein isothiocyanate (FITC; Sigma-Aldrich,
F1763) as described for other rat MAbs (Marcus et al., 2008). The bind-
ing of CBM3a to the zygotes was assessed by a three-stage immuno-
labeling technique, described previously (Hervé et al., 2009). Prior to
analysis, the samples were incubated with the (-linked glucan stain
Calcofluor White (Fluorescent Brightner 28; Sigma-Aldrich) for 5 min
in darkness, and mounted after washing in a glycerol-based anti-fade
solution (Citifluor AF3; Agar Scientific). Immunofluorescence was
observed with a microscope equipped with epifluorescence irradiation
(BX-60; Olympus). Images were captured with an EXI Aqua camera
and Volocity software (Perkin Elmer). The bright field pictures were
obtained using a Qimaging camera. Micrographs of zygotes shown are
representative of analyses of at least 50 (photo-polarization and fGalY
experiments) and 200 (control conditions) zygotes.

Results

Generation of monoclonal antibodies directed towards
different alginate populations

Alginates are major polysaccharides in the cell walls of brown
algae. To understand the role of alginates in the context of
algal cell development, a set of molecular probes covering
different alginate structures is required. As a first attempt
to generate MAbs to alginate structures, isolated fractions
of oligomannuronates (MM-blocks; M/G ratio of 7.4) and
oligoguluronates (GG-blocks; M/G ratio of 0.06) were pre-
pared, coupled to BSA, and used as immunogens. These
immunogens led to very weak immune responses although
two hybridoma cell lines were isolated. Subsequent immuni-
zation with an alginate polymer (M/G ratio of 0.9) coupled
to BSA led to the isolation of several further lines secreting
MADs that bound to alginates. In total six lines were selected
for cloning based on initial screening for appropriate specifi-
cities and binding characteristics. The corresponding anti-
bodies were designated BAM6-BAMI1.

The alginate recognition trend for these MAbs from BAM6
to BAMI11 is from a mannuronate-rich epitope for BAM6
to a guluronate-specific epitope for BAMI11 as indicated by
experiments outlined below. To determine the specificities
of the BAM6-BAMI1 antibodies toward alginates, and to
assess their possible binding to other cell wall polymers, the
antibodies were used to probe ELISA-based polysaccharide
macroarrays in which sets of plant and brown algal cell wall
polysaccharides were present (Fig. 1A). All antibodies dis-
played a strong binding to a range of commercially available
alginate samples, and the BAM7 antibody displayed cross-
reactivity with the two galacturonic-acid-rich pectin sam-
ples. No cross-reactivity towards other polysaccharides from
brown algae including sulfated fucans or polysaccharides
from plant cell walls was observed. Epitopes were most abun-
dant in the high and medium viscosity alginate samples and,
overall, the BAM10 epitope was the most abundant and the
epitopes bound by BAM6 and BAM11 displayed the greatest
differential occurrence across the alginate samples (Fig. 1A).
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Fig. 1. Characterization of six alginate-directed MAbs (BAM6-BAM11). (A) Heat map of epitope occurrence in a range of polysaccharides (coated at

50 ng mi™") showing ELISA absorbance obtained from 25-fold dilution of MAbs. Values shown are means of four replicates and in all cases SDs were
<0.1 absorbance unit. (B) ELISA analysis of loss of epitope recognition due to enzymatic cleavage of high-viscosity alginate via (i) M-lyase and (i) G-lyase,
with constant 25-fold dilution of MAbs. Note that BAM7, BAM8, and BAM9 are indistinguishable. Results are means of three replicates, and error bars

represent the SD.

Analysis based on enzymatic digestion of alginate
motifs was carried out in order to characterize further
the alginate epitopes recognized by BAMO6-BAMII.
Alginate (high viscosity) was coated onto microtiter
plates and treated with two specific alginate lyases prior
to ELISA analysis. The alginate lyase from the marine
bacterium Pseudoalteromonas alginovora X017 cleaves
M-MM motifs (Lundqvist et al., 2012) and is hereafter
named as M-lyase. The alginate lyase AlyA1l from Zobellia
galactanivorans (Thomas et al., 2013) cleaves G-G motifs
and is hereafter named G-lyase. The binding of BAM6
to high viscosity alginate was most susceptible to M-lyase
activity, and formed a midway plateau at ~0.45 absorbance
units when digested with G-lyase (Fig. 1B). This suggests
that the BAMG6 epitope is rich in mannuronic acid residues
and may contain a restricted amount of guluronic acid
residues. The BAM11 epitope is highly susceptible to the
G-lyase and only moderately so to M-lyase activity, sug-
gesting a guluronate-rich epitope. In all digestions BAM7,
BAMS, and BAMY9 were indistinguishable (dotted lines,
Fig. 1B), suggesting that their epitopes vary little in struc-
ture. The BAM10 epitope had the highest level of detec-
tion and the least loss in response to enzymatic digestion.
To explore further the relative abundance and potential
differences between the alginate epitopes, cell walls from
a wide range of brown algae were fractionated by a series
of extractants and the solubilized materials screened by
ELISA (Supplementary Fig. S1 at JXB online). A scatter-
plot analysis for all MAb combinations revealed a high
correlation (average R of 0.980) for the occurrence of the
BAM7, BAMS, and BAMY epitopes, further supporting

the observations above and suggesting similar alginate
epitopes for these three MAbs—although BAM7 has a
clearly different binding capacity in relation to pectic pol-
ysaccharides (Fig. 1A).

To determine further the structural features required
for recognition, the inhibition of antibody binding to algi-
nates was determined using competitive inhibition (hapten)
ELISAs with isolated alginate MM-block and GG-block
structures with a degree of polymerization (DP) ranging
from 4 to ~30. BAM7, BAMS, and BAMO displayed simi-
lar results, and only results for BAM7 are shown. BAM7
and BAMI10 were most effectively inhibited by both sets
of the isolated block structures, with BAMI10 being most
sensitive to inhibition by both MM-blocks or GG-blocks,
and this is aligned with it being least susceptible to the algi-
nate lyases. BAMO6 binding was only effectively inhibited by
MM-blocks, and BAM11 was only effectively inhibited by
GG-blocks (Fig. 2A).

Guided by the MM- and GG-block competitive inhibition
ELISAs, it was decided to attempt to determine the minimum
number of M or G residues required for epitope recognition
by the most specific MAbs. Digestion of the MM-blocks
and GG-blocks of alginates with the M-lyase and G-lyase,
respectively, was used to generate series of oligoalginates
which through size exclusion chromatography were separated
into individual fractions based on their DP. These procedures
led to the isolation of sufficient defined DP oligosaccharides
for the analysis of two MADbs. As the epitopes of BAM6
and BAMI11 are potentially M and G specific, respectively,
the potential of the isolated oligosaccharides to inhibit the
binding of these two antibodies was determined. BAM6 was
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Fig. 2. Alginate hapten inhibition ELISAs with alginate antibodies.

(A) Competitive inhibition ELISAs with MM-blocks and GG-blocks of
alginates with BAM6, BAM7, BAM10, and BAM11. Results are means

of four replicates, and error bars represent the SD. (B) Competitive
inhibition ELISAs with defined oligoalginates. BAM6 with DP2-DP7
oligomannuronates and BAM11 with defined DP3- DP8 oligoguluronates.
Results are means of four replicates, and error bars represent the SD.

not inhibited by any of the defined oligomannuronates up to
DP7 (Fig. 2B). BAM11 was most effectively inhibited by oli-
goguluronates with DP of 7 (Fig. 2B) which is in agreement
with other indications of its binding to a guluronate-specific
epitope.

In summary, BAMG6 binds to a mannuronate-rich epitope
but with a probable requirement for some guluronate for
recognition, except GG dyads which would have been fully
degraded by the G-lyase. The BAM?7 antibody (and closely
related BAMS8 and BAM9 antibodies) most probably rec-
ognize MG regions. BAM10 recognizes a small, ubiquitous
epitope of the alginate structure, most probably also MG
rich, that is largely resistant to lyase action. BAM11 binds to
an epitope of around seven guluronate residues.
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In situ detection of cell wall epitopes during early
embryogenesis in Fucus serratus

In fucoid zygotes, the first cell division gives rise to a larger
thallus cell and a smaller, polarly growing, rhizoid cell
(Fig. 3). Past studies have suggested to some extent the local-
ized secretion of cell wall structures during early embryogen-
esis (Quatrano et al., 1991; Bisgrove and Kropf, 2001). This
makes fucoid zygotes an ideal system in which to explore the
capabilities of the recently produced cell wall probes while
extending the previous observations on cell wall deposition
dynamics. To explore the binding of both the alginate and
heterofucan BAM MAbs to brown algal cell wall polysaccha-
rides, F. serratus zygotes were grown in seawater and fixed at
different time points AF.

Alginates are deposited after cellulose in zygote cell walls
and are rapidly epimerized

BAM6, BAM7, and BAMI11 alginate antibodies strongly
bound the zygotes at moderately early stages as determined by
immunofluorescence labeling, and the epitopes were strongly
and uniformly distributed over the zygote wall at 8 h AF
(Fig. 3). BAMS, BAMY, and BAM10 gave the same pattern
of detection as BAM7 (Supplementary Fig. S2).The specific-
ity of the developmental dynamics of the alginate epitopes
was emphasized by the comparative probing of F. serratus
zygotes at equivalent time points with both Calcofluor White
stain and the carbohydrate-binding module CBM3a (Fig. 3).
Both of these probes indicated that cell wall polymers were
accessible at the surface of intact F. serratus zygotes through-
out a 24 h period AF. Binding was uniformly distributed over
the zygote wall at the earliest developmental stage analyzed
(2 h AF), and both binding patterns became polarized to
the future thallus cell when the rhizoid emerged (20 h AF).
CBM3a fluorescence was barely detected at the germination
zone (20 h AF) or on the rhizoid cell of two-cell embryos
(24 h AF). In contrast, immunofluorescence signals for the
alginate probes displayed a clear developmental dynamic and
were most abundant from 8 h to 16 h AF. Some signal was
observed at 6 h, albeit with much reduced intensity, and at
2 h AF alginate epitopes were not detectable. In later stages,
20 h AF onwards, the BAM6 and BAM?7 fluorescence signals
declined and the BAMI11 epitope continued to be detected,
although with decreased intensity, in a polarized manner dur-
ing rhizoid emergence with a focus on the future thallus cell

(Fig. 3).

BAM3 and BAM4 sulfated fucan epitopes are deposited
in a polar manner concomitant with rhizoid emergence

MAbs BAMI-BAM4 display strong and specific bind-
ing to preparations of sulfated fucans from cell walls of
the brown algae (Torode et al., 2015). BAM1 and BAM4,
respectively, bind to a non-sulfated epitope and a sulfated
epitope present in fucan preparations. BAM2 and BAM3
recognize additional distinct epitopes which are not yet
fully characterized. These probes were used to explore the
occurrence of fucan populations in relation to the zygote/
embryo development. The BAM?2 epitope was not detected
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Fig. 3. Indirect immunofluorescence labeling of cellulose and alginate populations in developing Fucus serratus zygotes. Bright field images on the top
panel show the morphology of the zygote and early embryo at time points after fertilization. Beta-linked glucans were detected by use of Calcofluor
White stain (blue fluorescence) and the carbohydrate-binding module CBM3a (green fluorescence). Detection of the BAM6, BAM7, and BAM11 alginate
epitopes in equivalent individuals. T, thallus cell; R, rhizoid cell. Scale bars=50 pm.

at any stage up to 24 h AF. The BAMI1 epitope was detected
only at the rhizoid tip at 24 h AF (Fig. 4). In contrast,
BAM3 and BAM4 bound the zygotes strongly, and the
BAMS3 epitope was detected at the rhizoid pole at 8 h and
at the whole surface of the zygote from 20 h onwards. The
BAM4 epitope displayed a similar pattern, being detected
from 16 h onwards (Fig. 4). Although both BAM3 and
BAM4 recognized polar depositions at early developmental
stages, the BAM3 epitope consistently appeared first (8 h
AF) compared with the BAM4 epitope (16 h AF). At 24 h
AF, the two-cell embryo continued to grow, and there was a

consistent and specific decrease in the BAM4 binding in the
rhizoid collar zone (Fig. 4).

In summary, the use of the sets of cell wall probes has shown
that the deposition of B-linked glucans that include cellulose
occurs ahead of detectable alginate deposition and this is
ahead of detected fucan deposition. There are clear contrast-
ing dynamics to the major sets of matrix polysaccharides in
that alginate occurrence gradually becomes polarized to the
thallus cell and fucan deposition is initiated in a restricted
location at the opposite rhizoid pole before becoming more
widely distributed. The BAM3 fucan epitope is detected at



Time after fertilisation (h)
20

8 16

24

Fucan-related epitopes

Fig. 4. Indirect immunofluorescence labeling of fucan deposition in
developing Fucus serratus zygotes. The zygotes/embryos were labeled
at the indicated time points following fertilization. The green fluorescence
shows the detection of BAM3 and BAM4 fucan epitopes in equivalent
individuals. The arrow shows the presence of BAM1 epitopes at the
extreme tip of the elongated rhizoid. The asterisk indicates the collar zone
of the embryo. Scale bar=50 um.

the site of future rhizoid emergence at 8 h AF—ahead of vis-
ible rhizoid emergence.

Redistribution of fucan populations associated with
re-orientation of zygote growth axes

The first detectable epitope asymmetry in the zygote occurs
between 8 h and 16 h with BAM3/BAM4 fucan epitopes,
and during this time the axis is labile and has the potential
for re-orientation by an external vector such as a unilateral
gradient (Bisgrove and Kropf, 2008). We used the ability of
the zygotes to photopolarize to investigate if the BAM3 and
BAM4 fucan epitopes are relocated to a ‘new’ shaded hemi-
sphere when the light gradient is reversed. Zygotes were first
grown in unidirectional light (L1) during a first 6 h period
AF, before being subject to a second unidirectional light (L2)
gradient, orientated 180 ° to the first. At 24 h, the rhizoids
emerge on the dark side of L2, indicating that all zygotes were
able to reorient their L1-induced growth axis and formed a
new growth axis in response to L2 (Fig. 5). At 24 h AF, when
the rhizoid pole is well established, the epitope distribution
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patterns were similar in relation to thallus/rhizoid orientation
to those observed in zygotes cultivated in a continuous L1
light direction (Figs 3-5). The zygotes were further evaluated
for the location of cell wall polymers at the earlier time point
of 12 h AF. As anticipated, the alginate-directed BAMS6,
BAMY7, and BAM11 MAbs and the Calcofluor White stain-
ing showed the same uniform detection at the cell surface as
observed with the controls grown in a continuous L1 light
gradient (Fig. 5). However, a change in the light direction
prior to axis fixation causes a re-distribution of BAM3 and
BAMA4 fucan epitopes. The BAM3 epitope was at the shaded
side of L2 at the new future site of rhizoid germination, indi-
cating that it had responded to change in light direction and
correlated with rhizoid development. However, the BAM4
epitope was consistently not detected in a polar manner but
in a weak but uniform distribution over the zygote surface
(Fig. 5). These observations suggests that the set of the fucan-
related polymers carrying the BAM3 epitope are part of the
ASC, while those with the BAM4 sulfated epitope are a dis-
tinct population of sulfated fucans.

Arabinogalactan-protein-binding fGal-Yariv reagent
disrupts cell wall deposition and assembly during
F. serratus early embryogenesis

Recent work has demonstrated that F. serratus zygotes show
an abnormal morphology when cultivated in a medium con-
taining fGalY known to interact with AGPs (Hervé et al.,
2016). In the presence of fGaly, the length of the rhizoid
was reduced, the collar zone expanded to give a fat rhizoid
phenotype, and in extreme cases fGalY treatment results
in multiple branching and abnormal cell divisions (Fig. 6A;
Hervé et al., 2016). To study how AGP function may be asso-
ciated with specific elements of cell wall assembly dynam-
ics, patterns of wall polysaccharide epitopes were assessed
on l6-hour-old pGalY-treated zygotes, a time point where
in untreated zygotes all the main classes of polysaccharides
are detectable, including the fucans, which show a polar
distribution at this stage. Calcofluor White staining of the
PGalY-treated zygotes revealed strong fluorescence at zygote
cell walls equivalent to untreated controls (Fig. 6B). At 16 h
AF, the BAM6 and BAM?7 alginate epitopes were uniformly
detected at the surface of the treated zygotes, but to a lesser
extent that in the absence of fGalY, and the detection of
the guluronate BAM11 epitope was abolished entirely by the
treatment (Fig. 6B). This indicates a major reduction in the
metabolic development of GG-blocks in the cell walls. At
24 h AF, the BAM6 and BAM7 epitopes were more abun-
dant in treated zygotes than in controls, further suggesting
disruption of alginate dynamics, and the BAM11 epitope
remained absent. In the case of the fucan-related polymers,
the BAM3 epitope was detected in the fGalY-treated zygotes
in a polar manner equivalent to the control. The sulfated
fucan BAM4 epitope, however, was not detected in a polar
manner at any stage and was uniformly distributed over the
wall in the fGalY-treated zygotes at 16 h AF, although by
24 h it was detected in a pattern similar to the untreated con-
trol (Fig. 6B).
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Fig. 5. Effect of a reorientation of the growth axis on the deposition of cell wall polysaccharides in developing F. serratus zygotes. Zygotes were
cultivated and exposed to unidirectional light (L1) while an initial growth axis was established. At 6 h after fertilization (AF), the zygotes were reoriented
180 ° from the initial light source (L2), until the time of observation. Blue fluorescence shows Calcofluor White stain. The green fluorescence shows the
detection of the BAM6, BAM7, and BAM11 alginate epitopes, and also the BAM3 and BAM4 fucan epitopes. Scale bar=50 um.

These observations indicate that AGP disruption by
PGalY has impacts on subsets of both alginate and fucan
polymers. Past studies have shown that the frequencies of
abnormal embryos were higher with continued exposure
to the Yariv reagent, compared with those observed after a
short incubation period (Hervé er al, 2016). This indicates
that zygotes are partially able to recover from an early treat-
ment when transferred to a fresh culture medium, suggesting
that the effects on developing F. serratus zygotes are revers-
ible. In order to survey if the effects of the fGalY reagent on
cell wall assembly were reversible, 16-hour-old zygotes were
transferred from a medium containing the reagent to fresh
seawater, and assessment at 24 h showed that the epitope pat-
terns were identical to those observed for untreated zygotes
(Fig. 6B), except for the BAM4 epitope which was still uni-
formly distributed over the wall.

Discussion

New molecular tools extend capacities to study cell
wall biology in brown algae

The availability of >200 MAbs targeting a variety of cell
wall polysaccharides continues to be an important resource
for the study of the polysaccharide-rich cell walls of ter-
restrial plants (Patathil et al., 2012; Raimundo et al., 2015).
For macroalgal cell walls, the probe reservoir is limited due
to less research activity, relative to plant cell walls, as well as
the challenges in providing well-defined oligosaccharides for
the immunization processes and/or epitope characterization.
Vreeland and co-authors were pioneers in developing anti-
bodies targeting specific algal epitopes (Vreeland ez al., 1984;
Boyen et al., 1988), but the lack of specific polysaccharides
at the time limited their comprehensive characterization.

The recently generated probes to fucan-related polymers
(Torode et al., 2015) and now BAM6-BAMI11 directed to
alginates, characterized herein, complement the antibodies
previously obtained (Nagasato et al., 2010). Additionally, the
genomic information recently released from marine bacteria
and brown algae allows for the characterization of recombi-
nant enzymes involved in cell wall degradation [i.e. alginate
lyases (Thomas et al., 2013), fucanase (Colin et al., 2006)]
and alginate synthesis [i.e. GDP-mannose dehydrogenase
(Tenhaken et al., 2011), ManC5-E (Fischl et al., 2016; Inoue
et al, 2016)]. Together these new implementations will be
important tools for the study of cell wall biology in brown
algae.

Re-examination of cell wall assembly in the
developmental model system, the F. serratus zygote

Biochemical and in situ investigations indicate that the anti-
fucan BAM1-BAM4 and anti-alginate BAM6-BAMI11 are
highly specific to their respective polymer classes and also
bind to distinct epitopes within these classes. These probes
therefore permit the in situ tracking of relevant cell wall
epitopes in developing F. serratus zygotes. Cellulose was
detected within the first 2 h AF, ahead of alginates, which
were only faintly detected at 6 h, before being abundantly pre-
sent in the wall during the polar axis establishment, at 8-16 h
AF. These results are in agreement with earlier observations
indicating that cellulose and alginates are deposited early into
the wall. However, Quatrano and Stevens (1976) were report-
ing the abundant detection of alginates concomitant to cel-
lulose in zygotes from F. vesiculosus. This was not the case
in previous studies using antibodies, which were also detect-
ing G-blocks of alginates only at 6 h AF in zygotes from
F. distichus (Boyen et al., 1988). This discrepancy might
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Fig. 6. Effect of a fGalY treatment on the deposition of cell wall polysaccharides in developing F. serratus zygotes. (A) Bright field images showing the
morphology of the treated zygotes as compared with untreated controls. (B) Indirect immunofluorescence labeling of cell wall polysaccharides. Blue
fluorescence shows Calcofluor White stain. Green fluorescence shows the detection of the BAM6B, BAM7, and BAM11 alginate epitopes, and the BAM3,
BAM4 fucan epitopes. Zygotes were cultivated in the presence of pGalY, either from 1 h AF until the time of observation or for 8 h AF when the reagent
was removed and the zygotes allowed to develop for a further 8 h in seawater (3GalY—SW). Scale bar=50 pm.

indicate either a difference between species, or that alginates
are initially incorporated into the wall in a configuration
which impairs the antibody binding, or that the chemical
procedure used by Quatrano and Stevens (1976), which does
not differentiate between the different uronic acids, was over-
estimating the alginate content by incorporating cytosolic
contaminants.

The three types of alginate structures, as recognized by
BAM6, BAM7, and BAMI11, have similar dynamics of distri-
bution during embryo development, albeit with an earlier dimi-
nution of the M-rich epitopes relative to the guluronate-specific
BAMI1 epitope. This aligns with the knowledge that the dis-
tinct types of blocks are localized on the same polymer and
suggest the rapid epimerization of the polymer by ManC5-Es,
concomitant with alginate incorporation into cell walls. At
later stages there is a localized change in alginate distribution,
with a focus on the thallus cell pole, which has been poorly
documented in previous literature. A disappearance of the alg-
inate is unlikely as alginate is known to be abundantly present
throughout embryo development, ranging from 40% to 60% of

the total polysaccharide content (Novotny and Forman, 1974;
Quatrano and Stevens, 1976). This may indicate a change in
alginate structure not covered by the panel of MAbs or change
in wall structure resulting in a masking of alginates. As fucan-
related polymers become abundant at this stage, as indicated
by the BAM3 and BAM4 epitopes, it is possible that they
contribute to the masking of the alginate epitopes. Attempts
to unmask alginate with a fucanase were not successful and
additional fucanases would be required to explore this possibil-
ity further. Another possibility is that the MAbs bind to single
alginate chains and that their binding abilities are challenged
in complex composites where calcium and GG-block regions
mediate self-association of the polymers. Another explanation
could be that the cross-linking of alginates by phenols (Bitton
et al., 2006; Deniaud-Bouét et al., 2014) would impair MADb
accessibility to epitopes. This is consistent with the view that
phenols are first incorporated at the rhizoid pole at these later
stages (Schoenwaelder and Wiencke, 2000).

Previous studies have reported at least two fucan popu-
lations in F. distichus zygotes during early embryogenesis.
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A first fucan population (F1), with little detectable sulfate,
and high levels of xylose relative to fucose, was detected in
low amounts in walls and cytoplasm 1-6 h AF. When depos-
ited into the wall, F1 was randomly present at the cell sur-
face (Hogsett and Quatrano, 1975; Quatrano and Stevens,
1976). The present study reports no detection of the unsul-
fated BAMI epitope, except at the extreme rhizoid tip of
24 h elongating rhizoid cells. A second population of highly
sulfated fucans (F2) was first seen in the cytoplasm of the
6- to 10-hour-old zygotes but not in the cell wall until 12-14 h
(Quatrano and Shaw, 1997). In the present study, the BAM3
and BAM4 sulfated epitopes were detected, in a restricted
polarized manner, as early as 8-16 h AF, prior to rhizoid ger-
mination. At later stages, both these epitopes were detected
across all cell walls.

The heterotrophic growth in Fucus zygotes is initiated by the
production of a protuberance, indicative of the site of rhizoid
emergence, and which further elongates through an apical
growth process. Such a mechanism is reminiscent of observa-
tions made on other eukaryotic organisms having cells featur-
ing apical growth, including land plant pollen tubes. In this
system, both initiation and elongation phases of cell growth
are concomitant with dynamic cell wall changes (Dardelle
et al., 2010; Geitmann, 2010). In the spherical Fucus zygote,
cellulose deposition helps to organize and strengthen the wall,
and the low signal of cellulose detection in the bulge wall dur-
ing the initiation growth phase is congruent with a local cell
wall loosening (Novotny and Forman, 1974; Bisgrove and
Kropf, 2001). To date, no cellulases, expansins, or alginate
lyases have been reported from genome sequences of brown
algae (Cock et al., 2010; Michel et al., 2010; Ye et al., 2015).
This suggests the existence of novel mechanisms involved in
the disruption of the cellulose and cell wall architecture dur-
ing the transition to localized cell expansion in brown algae.
In Fucus zygotes, sulfated components such as F2 and/or
polyphenols are believed to support the strengthening of the
apical wall during elongation (Schoenwaelder and Wiencke,
2000; Bisgrove and Kropf, 2001). During rhizoid cell elonga-
tion, the BAM4 sulfated fucan epitope was observed to be
displaced from the collar zone, possibly indicating a region of
specific cell wall modification relating to cell wall extension.

Multifunctional roles for cell wall fucans in brown algae

Several studies on Fucus zygotes have demonstrated the essen-
tial role of cell walls as a source of position-dependent infor-
mation required for cell polarization (Quatrano and Stevens,
1976; Kropf et al., 1988; Berger et al., 1994; Bisgrove and
Kropf, 2001). The specific deposition of sulfated fucans (F2)
at the rhizoid end during the establishment of the polar axis
was indicative of a role for this polymer in the formation of
an ASC bridging the cell wall, transmembrane proteins, and
the cytoskeleton (Quatrano et al., 1991). Both the BAM3 and
BAM4 sulfated fucan epitopes have a localized distribution
at the future site of rhizoid growth. However, when the polar
axis fixation is challenged by an external cue such as a rever-
sion of a light gradient, or by AGP-binding Yariv reagent,
only the earlier deposited BAM3 epitope is clearly linked to

the site of rhizoid initiation. These observations indicate that
BAM3 and BAM4 epitopes are representative of two distinct
fucan populations, with the BAM3 epitope being a positional
marker for the establishment of polarity in F. serratus zygotes,
and a likely component of the ASC, and the BAM4 epitope
not being so tightly associated with axis formation.

In the brown alga Ectocarpus subulatus, the BAM4 sulfated
epitope was modulated in relation to the external salt concen-
tration (Torode et al., 2015), which is indicative of the BAM4
epitope being involved in the osmotic adjustment at the cell
surfaces through cation binding activity. In Fucus zygotes,
cytosolic gradients of H" and Ca?* are generated during the
establishment of polar growth (Taylor et al., 1996). Increased
concentration of Ca®" at the rhizoid apex may play a signifi-
cant role in amplifying the initial cell asymmetry. When the
direction of the light vector is changed, ion gradients repo-
sition to the new rhizoid pole (Bisgrove and Kropf, 2001).
The localized insertion of sulfated fucans at the rhizoid apex
is believed to participate in the regulation of the intracel-
lular electrical field. In this study, while the BAM3 epitope
was observed to be invariably initially localized at the future
site of rhizoid growth, the distribution of the BAM4 fucan
population undergoes a distinct dynamic change and covers
the whole cell surface during reversion of the light gradient.
It is possible that the population of fucans marked by the
BAMA4 epitope participates in the buffering of transient and
local cation elevations and contributes to the redirection of
the cytosolic Ca®* gradient through its osmoregulation prop-
erty of the cell surface.

AGPs influence alginate modeling and cell wall
assembly in the Fucus embryo

In F. serratus, AGP-binding fGalY specifically disrupts early
embryogenesis, with a pronounced delay in cell elongation
(Hervé et al., 2016). It was postulated that pGalY was impair-
ing cell elongation by interfering with the deposition of either
cellulose or alginates. Here we show that fGalY leads to loss
of detection of the BAM11 guluronate epitope at all stages of
zygote development. This indicates a reduction in the in muro
epimerization of alginates and is congruent with the knowl-
edge that in the brown alga Ectocarpus siliculosus, some chi-
meric AGPs motifs are associated with ManC5-Es (Fischl
et al.,2016; Hervé et al., 2016). It is therefore possible that the
AGPs present in the Fucus embryo are chimerically associated
with ManC5-Es that trigger the increase of GG-bock alginate
structures. In such a system, AGPs may regulate wall rigidity
through the control of the activity of appended ManC5-Es.
Impairing such an AGP molecular function would therefore
contribute to a softening of the wall, in particular in the col-
lar zone, and lead in turn to the fat rhizoid phenotype, or
more extreme abnormalities.

fGalY not only caused a modification in the modeling
of alginates, but the BAM4 fucan epitope was also incor-
rectly distributed over the zygote cell surface. Instead of
being polarly localized at the future germination site, the
BAM4 epitope displayed a uniform binding equivalent to
that observed during the redirection of the growth axis by



light reversion. In land plants, AGPs have been identified as
important calcium-binding molecules and proposed to act as
calcium flux capacitors that regulate plant growth (Lamport
and Varnai, 2013). The fucan population represented by the
BAM4 epitope may be responsive to some mechanistic link
between disrupted alginate structure and fucan or indicating
an addition role for a distinct AGP molecule that is involved
in ion fluxes and electrical gradients concomitant with polar
growth, as discussed above.

In summary, with new sets of probes for alginates,
described here, and fucans (Torode et al., 2015), some insights
have been obtained into the role of cell walls in the mecha-
nisms underpinning zygote polarization and development in
F. serratus. These observations emphasize the complexities of
these two brown algae matrix polysaccharide classes and per-
haps also the likelihood that a full coverage of polysaccharide
structures by molecular probes has not yet been achieved for
these polymers. Nevertheless, the isolated MAbs are useful
additions to the brown algae cell wall tool box.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Scatterplot matrix of BAM6-BAMI11 MADb
binding to sequential cell wall extracts of a range of diverse
Fucale and Laminariale brown algae.

Figure S2. Indirect immunofluorescence labeling of the
deposition of MG-alginates (BAM7, BAMS, BAM9, and
BAMI0 epitopes) in the early embryo in F. serratus.

Acknowledgements

TAT was supported by a UK Biotechnology and Biological Research Council
studentship, with visits to Station Biologique de Roscoff (France) supported
by short-term grants provided by the European Commission through under
the FP7 ‘capacities’ specific programme ASSEMBLE. CH acknowledges
funding from the Brittany Region (SAD 6630 SONDALG). AS was sup-
ported by a grant from the Brittany Region (ARED_8979 ECTOPAR).

References

Berger F, Taylor A, Brownlee C. 1994. Cell fate determination by the cell
wall in early Fucus development. Science 263, 1421-1423.

Bisgrove S, Kropf DL. 2008. Asymmetric cell divisions: zygotes of fucoid
algae as a model system. In: Verma D, Hong Z, eds. Cell division control in
plants. Heidelberg: Springer, 323-341.

Bisgrove SR, Kropf DL. 2001. Cell wall deposition during morphogenesis
in fucoid algae. Planta 212, 648-658.

Bitton R, Ben-Yehuda M, Davidovich M, Balazs Y, Potin P, Delage
L, Colin C, Bianco-Peled H. 2006. Structure of algal-born phenolic
polymeric adhesives. Macromolecular Bioscience 6, 737-746.

Boyen C, Kloareg B, Vreeland V. 1988. Comparison of protoplast wall
regeneration and native wall deposition in zygotes of Fucus distichus

by cell wall labelling with monoclonal antibodies. Plant Physiology and
Biochemistry 26, 653-659.

Cock JM, Sterck L, Rouze P, et al. 2010. The Ectocarpus genome and
the independent evolution of multicellularity in brown algae. Nature 465,
617-621.

Colin S, Deniaud E, Jam M, Descamps V, Chevolot Y, Kervarec
N, Yvin JC, Barbeyron T, Michel G, Kloareg B. 2006. Cloning and
biochemical characterization of the fucanase FcnA: definition of a novel

Cell wall dynamics in Fucus serratus zygotes | 6099

glycoside hydrolase family specific for sulfated fucans. Glycobiology 16,
1021-1032.

Dardelle F, Lehner A, Ramdani Y, Bardor M, Lerouge P, Driouich A,
Mollet JC. 2010. Biochemical and immunocytological characterizations of
Arabidopsis pollen tube cell wall. Plant Physiology 153, 1563-1576.

Deniaud-Bouét E, Kervarec N, Michel G, Tonon T, Kloareg B, Hervé
C. 2014. Chemical and enzymatic fractionation of cell walls from Fucales:
insights into the structure of the extracellular matrix of brown algae. Annals
of Botany 114, 1203-1216.

Fischl R, Bertelsen K, Gaillard F, Coelho S, Michel G, Klinger M,
Boyen C, Czjzek M, Hervé C. 2016. The cell wall active mannuronan
Cb5-epimerases in the model brown alga Ectocarpus: from gene context to
recombinant protein. Glycobiology, (in press).

Geitmann A. 2010. How to shape a cylinder: pollen tube as a model
system for the generation of complex cellular geometry. Sexual Plant
Reproduction 23, 63-71.

Grant GT, Morris ER, Rees DA, Smith PJC, Thom D. 1973. Biological
interactions between polysaccharides and divalent cations: the egg-box
model. FEBS Letters 32, 195-198.

Hervé C, Rogowski A, Gilbert HJ, Knox JP. 2009. Enzymatic
treatments reveal differential capacities for xylan recognition and
degradation in primary and secondary plant cell walls. The Plant Journal
58, 413-422.

Hervé C, Siméon A, Jam M, Cassin A, Johnson KL, Salmean AA,
Willats WGT, Doblin MS, Bacic A, Kloareg B. 2016. Arabinogalactan
proteins have deep roots in eukaryotes: identification of genes and
epitopes in brown algae and their role in Fucus serratus embryo
development. New Phytologist 209, 1428-1441.

Heyraud A, Gey C, Leonard C, Rochas C, Girond S, Kloareg B. 1996.
NMR spectroscopy analysis of oligoguluronates and oligomannuronates
prepared by acid or enzymatic hydrolysis of homopolymeric blocks of
alginic acid. Application to the determination of the substrate specificity of
Haliotis tuberculata alginate lyase. Carbohydrate Research 289, 11-23.

Hogsett WE, Quatrano RS. 1975. Isolation of polysaccharides sulfated
during early embryogenesis in Fucus. Plant Physiology 55, 25-29.

Inoue A, Satoh A, Morishita M, Tokunaga Y, Miyakawa T,
Tanokura M, Ojima T. 2016. Functional heterologous expression and
characterization of mannuronan C5-epimerase from the brown alga
Saccharina japonica. Algal Research 16, 282-291.

Kropf DL, Kloareg B, Quatrano RS. 1988. Cell wall is required for
fixation of the embryonic axis in Fucus zygotes. Science 239, 187-190.

Lamport DTA, Varnai P. 2013. Periplasmic arabinogalactan glycoproteins
act as a calcium capacitor that regulates plant growth and development.
New Phytologist 197, 58-64.

Lees A, Nelson BL, Mond JJ. 1996. Activation of soluble
polysaccharides with 1-cyano-4-dimethylaminopyridinium tetrafluoroborate
for use in protein—polysaccharide conjugate vaccines and immunological
reagents. Vaccine 14, 190-198.

Lundgqvist LCE, Jam M, Barbeyron T, Czjzek M, Sandstrom C.
2012. Substrate specificity of the recombinant alginate lyase from the
marine bacteria Pseudomonas alginovora. Carbohydrate Research 352,
44-50.

Marcus SE, Verhertbruggen Y, Herve C, Ordaz-Ortiz JJ, Farkas V,
Pedersen HL, Willats WG, Knox JP. 2008. Pectic homogalacturonan
masks abundant sets of xyloglucan epitopes in plant cell walls. BMC Plant
Biology 8, 60.

Michel G, Tonon T, Scornet D, Cock JM, Kloareg B. 2010. The cell
wall polysaccharide metabolism of the brown alga Ectocarpus siliculosus.
Insights into the evolution of extracellular matrix polysaccharides in
Eukaryotes. New Phytologist 188, 82-97.

Nagasato C, Inoue A, Mizuno M, Kanazawa K, Ojima T, Okuda

K, Motomura T. 2010. Membrane fusion process and assembly of cell
wall during cytokinesis in the brown alga, Silvetia babingtonii (Fucales,
Phaeophyceae). Planta 232, 287-298.

Novotny AM, Forman M. 1974. The relationship between changes in
cell wall composition and the establishment of polarity in Fucus embryos.
Developmental Biology 40, 162-173.

Pattathil S, Avci U, Miller JS, Hahn MG. 2012. Immunological
approaches to plant cell wall and biomass characterization: glycome
profiling. Methods in Molecular Biology 908, 61-72.


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw369/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erw369/-/DC1

6100 | Torode et al.

Popper ZA, Michel G, Hervé C, Domozych DS, Willats WGT, Tuohy
MG, Kloareg B, Stengel DB. 2011. Evolution and diversity of plant cell
walls: from algae to flowering plants. Annual Review of Plant Biology 62,
567-590.

Quatrano RS. 1982. Cell-wall formation in Fucus zygotes: a model
system to study the assembly and localization of wall polymers. In:
Brown RM, ed. Cellulose and other natural polymer systems: biogenesis,
structure, and degradation. Boston: Springer, 45-59.

Quatrano RS, Brian L, Aldridge J, Schultz T. 1991. Polar axis fixation

in Fucus zygotes: components of the cytoskeleton and extracellular matrix.

Development 113, 11-16.

Quatrano RS, Griffing LR, Huber-Walchli V, Doubet RS. 1985.
Cytological and biochemical requirements for the establishment of a polar
cell. Journal of Cell Science 1985, 129-141.

Quatrano RS, Shaw SL. 1997. Role of the cell wall in the determination
of cell polarity and the plane of cell division in Fucus embryos. Trends in
Plant Science 2, 15-21.

Quatrano RS, Stevens PT. 1976. Cell wall assembly in Fucus zygotes:
|. Characterization of the polysaccharide components. Plant Physiology
58, 224-231.

Raimundo SC, Avci U, Hopper C, Pattathil S, Hahn MG, Popper ZA.
2015. Immunolocalization of cell wall carbohydrate epitopes in seaweeds:
presence of land plant epitopes in Fucus vesiculosus L. (Phaeophyceae).
Planta 243, 337-54.

Schoenwaelder MEA, Wiencke C. 2000. Phenolic compounds in the
embryo development of several northern hemisphere Fucoids. Plant
Biology 2, 24-33.

Seifert GJ, Roberts K. 2007. The biology of arabinogalactan proteins.
Annual Review of Plant Biology 58, 137-161.

Taylor AR, Manison NFH, Fernandez C, Wood J, Brownlee C. 1996.
Spatial organization of calcium signaling involved in cell volume control in
the Fucus rhizoid. The Plant Cell 8, 2015-2031.

Tenhaken R, Voglas E, Cock JM, Neu V, Huber CG. 2011.
Characterization of GDP-mannose dehydrogenase from the brown alga
Ectocarpus siliculosus providing the precursor for the alginate polymer.
Journal of Biological Chemistry 286, 16707-16715.

Thomas F, Lundqvist LCE, Jam M, Jeudy A, Barbeyron T,
Sandstrom C, Michel G, Czjzek M. 2013. Comparative characterization
of two marine alginate lyases from Zobellia galactanivorans reveals distinct
modes of action and exquisite adaptation to their natural substrate.
Journal of Biological Chemistry 288, 23021-23037.

Torode TA, Marcus SE, Jam M, Tonon T, Blackburn RS, Hervé C,
Knox JP. 2015. Monoclonal antibodies directed to fucoidan preparations
from brown algae. PLoS One 10, e0118366.

Tsirigoti A, Beakes G, Hervé C, Gachon CM, Katsaros C. 2014.
Attachment, penetration and early host defense mechanisms during

the infection of filamentous brown algae by Eurychasma dicksonii.
Protoplasma 252, 845-856.

Vreeland V, Slomich M, Laetsch WM. 1984. Monoclonal antibodies as
molecular probes for cell wall antigens of the brown alga Fucus. Planta
162, 506-517.

Willats WGT, Marcus SE, Knox JP. 1998. Generation of a monoclonal
antibody specific to (1—5)-a-arabinan. Carbohydrate Research 308, 149.

Ye N, Zhang X, Miao M, et al. 2015. Saccharina genomes provide novel
insight into kelp biology. Nature Communications 6, 6986.



