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Cell wall chemistry and tissue structure underlie shifts in material properties of a
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ABSTRACT

Laminaria is an abundant kelp genus in temperate nearshore ecosystems that grows with a circannual ‘stop-start’ pattern.
Species of Laminaria play important ecological roles in kelp forests worldwide and are harvested commercially as a source
of food and valuable extracts. In order to evaluate seasonal differences in tissue properties and composition, we compared
the material properties, histology and cell-wall composition of overwintering blades with newly synthesized, actively
growing blades from Laminaria setchellii. We found that overwintering blades were fortified with a thicker cortex and
increased cell wall investment, leading to increased material strength. Overwintering tissues were composed of higher
proportions of cellulose and fucose-containing polysaccharides (i.e. FCSPs, fucoidans) than newly formed blades and were
found to possess thicker cell walls, likely to withstand the waves of winter storms. Chemical cell wall profiling revealed that
significant proportions of fucose were associated with cellulose, especially in overwintering tissues, confirming the associa-
tion between cellulose and some fucose-containing polysaccharides. Changes in material properties during the resting phase
may allow these kelps to retain their non-growing blades through several months of winter storms. The results of this study
demonstrate how one species might regulate its material properties seasonally, and at the same time shed light on the
mechanisms that might control the material properties of kelps in general.
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Introduction and for their valuable carbohydrate extracts (e.g.
fucoidan and alginate; Nyvall et al., 2003; Li et al,
2008). Many species of kelp have circannual growth
patterns that are endogenous or triggered by photo-
period and may yield differences in tissue composi-
tion (Black, 1948, 1950; Parys et al., 2009; Adams
et al, 2011; Kraan, 2012) and density (i.e. water
content: Black, 1950; Bartsch et al., 2008). Few stu-
dies, however, have related functional traits to these
changes in cell wall composition. Thus, it remains
unclear whether changes in tissue composition have
an impact on the properties of kelp tissue or whether
they simply represent an accumulation of storage
polysaccharides, as suggested by Black (1950) and
more recently Schiener et al. (2015).

Laminaria is one of the most cosmopolitan kelp
genera, found throughout the northern hemisphere
(Bartsch et al., 2008), and shows widespread seasonal
patterns of growth (e.g. Dieck, 1991; Schaffelke &
Lining, 1994; Toth & Pavia, 2002). Among these
species is Laminaria setchellii, an important intertidal
perennial that grows along exposed coasts in the
north-east Pacific. Laminaria setchellii has a stiff,
permanent stipe and a single, often dissected, blade
with a basal meristem. Although some perennial kelp

Seasonal variability in tissue characteristics and mor-
phology is a widespread phenomenon among plant
species (e.g. Blue & Jensen, 1988; Caritat et al., 2000;
Ferreira et al., 2000). For perennial plants, circannual
weather patterns and changes in light availability can
impose varying constraints and affect important bio-
logical functions throughout the year. For instance,
the growth rates and reproductive phenology of many
plant species are closely tied to physical factors such
as day length, light quality, rainfall and nutrient avail-
ability (e.g. Schweingruber & Briffa, 1996; Briffa et al.,
1998, 2004; Skormarkova et al., 2006). For long-lived
plants, a strong seasonality can increase fitness by
helping fine-tune physiological, biomechanical and
functional properties to meet the demands associated
with survival and reproductive success through the
various seasons (Debusk et al, 1981; Battey, 2000;
Fitter & Fitter, 2002; Dahlgreen et al., 2007).

Brown algae, such as kelps (Laminariales,
Phaeophyceae, Ochrophyta), are the main habitat-
forming primary producers in nearshore commu-
nities of the North Pacific (Steneck et al., 2002), and
several species are harvested commercially as food
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species are deciduous and lose their blade in the
winter (e.g. Pleurophycus gardneri, Germann, 1986),
L. setchellii tends to retain its blade year-round but
goes through periods of punctuated rapid growth in
the late winter and spring, followed by stunted or
completely ceased growth in late summer to early
winter (Dieck, 1991; Bartsch et al., 2008). The blades
of this species therefore withstand winter storms
without growing to replace old tissues, which may
naturally weaken as they age (Krumhansl et al., 2015).

Although winter months are associated with
increased storm prevalence (Supplementary fig. S1)
and, thus, greater wave forces, the circannual growth
rhythms of Laminaria species are believed to be an
adaptive response to nutrient abundance (Chapman &
Craigie, 1978; Dieck, 1991; Toth & Pavia, 2002); as
nutrient availability decreases in late summer, growth
rate slows until it ceases in the winter. Rapid growth
then occurs following the shortest day of the year. At
this time a new blade is actively synthesized, while, for a
short time, the overwintering blade is retained. This
pattern leads to a formation of ‘waists’, or transition
zones (see Fig. 1), between new and old blades (e.g.
Black, 1948; Toth & Pavia, 2002), making it easy to
distinguish between blades of different growing seasons
and providing a unique opportunity to directly compare
tissues produced during different seasons, with different
longevities. Seasonal changes in tissue composition have
been observed in several Laminaria species (see Black,
1948, 1950; Adams et al., 2011, Schiener et al., 2015);
however, the function of these changes is not entirely
clear. Tissues that ‘rest’ for several months may have
material properties that are distinct from those

Overwintered
blade

New,
growing
blade

Stipe

Holdfast

Fig. 1. Blade morphology of Laminaria setchellii, with mer-
istem (M), transition zone (T) and both overwintered and
newly formed blades labelled.

prevalent during rapid growth. For example, increased
material strength or extensibility could permit
Laminaria to retain their blades during several months
of autumn and winter storms. It is unknown, however,
whether kelps can fine-tune their material properties in
this way, or even what histological and chemical
changes facilitate these physicomechanical attributes.

Despite their distinct evolutionary trajectories, the
cell walls of brown algae are notably convergent with
those of land plants, probably owing, in part, to the
shared history of some metabolic pathways acquired by
brown algae during secondary endosymbiosis with a
red alga (see Michel et al., 2010). Cellulose is the main
structural and load-bearing component of brown algal
cell walls (Kloareg & Quatrano, 1988). However, other
structural sugars are associated with cellulose fibres.
For example, fucose-containing sulphated polysacchar-
ides (FCSPs) are believed to strongly associate with
cellulose (Doubet, 1983; Kloareg & Quatrano, 1988;
Deniaud-Bouet ef al., 2014). FCSPs are defined by the
inclusion of sulphated a-L-fucose and are found in
both the cell wall and in the intercellular space (Evans
& Holligan, 1972; Kloareg & Quatrano, 1988; Stiger-
Pouvreau et al, 2016). Some FCSPs have been sug-
gested to perform hemicellulose-like functions in spe-
cies from the Order Fucales (Doubet, 1983; Kloareg &
Quatrano, 1988; Hackney et al., 1994; Deniaud-Bouet
et al, 2014), though the functional significance of
brown algal hemicellulose has never been
demonstrated.

The purpose of this study was to compare the
material properties, chemical composition, and histo-
logical characteristics of overwintered and newly
synthesized blades from individuals of the perennial
kelp, Laminaria setchellii to see if cell wall chemistry
or tissue histology can be adjusted to fortify tissues
against winter storms. We ask whether L. setchellii
exhibits seasonal changes in material properties that
are associated with changes in chemical composition
of tissues. In doing so, we demonstrate that these
kelps can adjust their material properties seasonally
and quantify some changes in tissue composition that
may be responsible for these adjustments.

Materials and methods
Collection of specimens and material testing

Blades (n = 9) of Laminaria setchellii were collected
in February 2014 from Brady’s Blowhole, a wave-
exposed site in Barkley Sound, British Columbia
(see Starko & Martone, 2016). Samples were kept in
recirculating seawater for no more than 48 h prior to
tensile testing. Both overwintered and newly formed
blades were collected from the same individuals to
allow for paired analysis of all mechanical and histo-
logical testing. Blades were cut directly above the



meristem and material properties were compared by
performing pull-to-break tests with an Instron
(model 5500R). Standardized ‘dogbone’ specimens
(see Demes et al., 2011) were cut between 3 and
6 cm from the meristem (or transition zone),
clamped pneumatically and tested for tensile strength
at a rate of 10 mm per minute. Samples were con-
tinually wetted prior to testing. Tensile strength (i.e.
stress at break), stiffness (Young’s modulus) and
extensibility (i.e. strain at break) were compared
using paired t-tests of overwintered and new tissues
from the same plants.

Histology of tissues

A subsample (n = 6 of both overwintered and newly
formed) of blades were fixed in a 7% formalin seawater
solution. Histological analyses of tissues were con-
ducted using two methods: (1) In order to determine
whether cell layer thickness differed between overwin-
tered and newly formed tissues, medulla and cortex
(including meristoderm) from the different blades
were measured by making hand sections and measur-
ing the thickness of each tissue type. Given that the
meristoderm is a thin epidermal layer of tissue, any
changes in combined thickness of cortex and meristo-
derm were assumed to be a consequence of cortical
expansion, rather than changes in meristoderm thick-
ness. Measurements of tissue-layer thickness were
made by taking pictures under magnification, using a
digital camera (DP21 Olympus Canada) mounted on a
light microscope (model BX51wi, Olympus Canada).
Measurements were then made using Image] (US
National Institutes of Health, Bethesda, Maryland,
USA). Tissue-layer thickness was taken as an average
of three measurements per blade. (2) In order to
measure cell-wall thickness, 10 pm thick cryosections
(using freezing microtome: model CM1859, Leica
Biosystems) were made of each blade and cortical
cells (n = 5 per blade) were randomly selected (using
a grid and random number generator) and cell wall
thickness measured using the methods described
above. Wall thickness measurements of each blade
were then taken as a mean of three measurements
per randomly selected cell. To determine how much
water was present in each tissue, dry weight to wet
weight ratios (dw:ww) were calculated by weighing
hole-punches of tissues before and after drying (at
60°C until the sample weight equilibrated).

Pretreatment of tissues

Newly formed and overwintered blades were sepa-
rated, cleaned of epiphytes, and dried in a 50°C
oven overnight. They were then ground to a fine,
homogenous powder (to pass a 60 mesh) using a
Wiley Mill (Thomas Scientific, Swedesboro, New
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Jersey, USA). In order to have enough tissue to
perform the necessary analyses, overwintered tis-
sues and newly formed tissues were separately
pooled. For this reason, confidence intervals and
statistical analysis of chemical results were calcu-
lated from duplicates and triplicates of a pooled
sample. Tissues were extracted for 24 h with hot
acetone in a Soxhlet apparatus to remove extrac-
tives (e.g. soluble phenolics, lipids) that may inter-
fere with further analysis of carbohydrates. The
resulting residue shall hereafter be referred to as
extractive-free tissue.

Hydrolysis and HPLC

Cell wall carbohydrates were analysed by secondary
acid hydrolysis followed by quantification using
high performance liquid chromatography (HPLC).
Tissues hydrolysed wusing the method
described by Huntley et al. (2003). In brief,
approximately 100-200 mg of ground, extractive-
free algal tissue was dried overnight at 50°C and
weighed. Samples were then placed in a glass test
tube and allowed to react with 3 ml of cold 72%
H,SO, for 2 h (with stirring every 10 min). The
suspension was then transferred into a glass serum
container and diluted with 112 ml of dH,O to a
final concentration of ~3% H,SO,. Samples were
heated in an autoclave at 120°C for 90 min, then
filtered through a pre-weighed, medium coarseness
sintered crucible. Solutions were analysed by HPLC
using a Dionex AS50 high performance anion-
exchange chromatography system, equipped with
the CarboPac PA-1 column (Dionex) and an
ED50 electrochemical detector (Dionex). Neutral
sugars were eluted using an isocratic eluent of
water at 1 ml per minute with a post-column addi-
tion of 250 mM sodium hydroxide at a rate of 1 ml
per minute. Standards of neutral sugars were
hydrolysed and analysed on the HPLC to account
for breakdown of sugars during acid hydrolysis. All
hydrolysis reactions were run as duplicates or tri-
plicates to account for variability in the technique
employed. Uronic acids were separated using an
elution gradient of sodium acetate and sodium
hydroxide, and post-column addition of 250 mM
sodium hydroxide at a rate of 1 ml min™"
Although this method was effective for detecting
uronic acids, their peaks could not be properly
separated and thus this method was only successful
to detect presence and absence of uronic acids.

were

Quantification of insoluble material

Extractive-free tissues were further washed with
methanol, additional acetone, deionized water and
diethyl ether and the remaining material (cell wall)
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was quantified. The procedure used was adapted
from Koivikko et al. (2004). The 13 washes, 15 min
each, were performed as follows: (1) methanol, (2-4)
deionized water, (5-9) methanol, (10-11) acetone,
(12-13) diethyl ether. Following each wash (10 ml),
samples were centrifuged for 5 min (2400 g) and the
solute removed with a pipette. The objective was to
wash the material exhaustively with both polar and
non-polar solvents, such that only insoluble, wall-
bound components remained in the tissue. The
remaining insoluble residue was weighed to estimate
the proportion of extractive-free tissue that was com-
pletely insoluble (wall-bound). After weighing, sub-
samples were secondarily hydrolyzed and neutral
sugars were quantified as described above. This pro-
cedure was run using duplicates of each sample.

Cellulose and hemicellulose quantification

In embryophytes, structural polysaccharides can be
isolated by performing a bleaching reaction with
sodium chlorite to isolate holocellulose, followed by
treatment with 17.5% NaOH to isolate a-cellulose, or
true cellulose (Browning, 1967). Hemicellulose can
then be calculated as the difference between holocel-
lulose and alpha-cellulose. This method has been
applied to brown algae (e.g. Rabemanolontsoa &
Saka, 2013; Tamayo & Rosario, 2014) and surpris-
ingly large amounts of hemicellulose have been
reported. The composition of this hemicellulose frac-
tion, however, has never been tested, and it has been
assumed that bleaching will also remove any pectic
material (i.e. alginates).

Cellulose was therefore analysed using a modi-
fied Browning (1967) method described by Porth
et al. (2013) for isolating holocellulose and alpha-
cellulose. This process involves the two extractions
described above: (1) a bleaching reaction intended
to remove any compounds not directly bonded to
cellulose and (2) a saponification reaction with
17.5% NaOH intended to isolate alpha-cellulose
(true cellulose) and remove hemicelluloses.
100-200 mg of tissue was added to a Pyrex tube
with 3.5 ml of buffer solution (60 ml glacial acetic
acid and 1.3 g NaOH) and 1.5 ml 80% (w/v)
NaClO,. The tube was then sealed and shaken
gently for 14-16 h at 50°C. Each sample was
washed twice with 50 ml of 1% glacial acetic acid,
followed by 10 ml acetone and filtered through a
pre-weighed coarse sintered crucible. The samples
were dried overnight at 50°C and weighed.

Next, 15-30 mg of bleached material was weighed
and placed into a glass test tube and saponified by
reacting with 2.5 ml of 17.5% sodium hydroxide for
30 min. 2.5 ml of dH,O was then added and the
slurry was stirred for 1 min, and allowed to stand
for 29 min. The remaining material was filtered

through a pre-weighed coarse crucible and washed
with 90 ml deionized water, soaked in 1.0 M glacial
acetic acid for 5 min, washed again in 90 ml deio-
nized water and then dried overnight in a 50°C dry-
ing oven. Subsamples of both residues (holocellulose
and alpha-cellulose) were hydrolyzed to assess the
composition of each isolate. Holocellulose was calcu-
lated as the total of all neutral sugars remaining in the
bleached isolate. Hemicellulose was calculated, for
each replicate, as the difference between holocellulose
and alpha-cellulose.

Statistical analyses

All statistical analyses were conducted in R v. 3.2.3 (R
Core Development Team). Paired t-tests were used to
compare mechanical and histological properties for
each blade type. Two sample t-tests were used to
compare the means of chemical triplicates. In the
cases where only duplicates were performed (as with
‘insoluble’ treatments), no formal statistical test was
conducted.

Results
Mechanical properties

Overwintered blades were stiffer (¢ = 8.04, df =8, p <
0.001, Fig. 2a) and stronger (t = 3.33, df = 8, p = 0.01,
Fig. 2b) than newly formed tissues, but were less
extensible (¢t = 5.83, df = 8, p < 0.01, Fig. 2c¢).
Overwintered tissues were also notably darker in
colour than new tissues and had substantially higher
epiphyte abundance, with epiphytes covering the
entire overwintered blades and lacking entirely on
corresponding new blades. Overwintered blades had
significantly thicker cortical cell layers than their
new-blade counterparts (paired t-test: t = 4.6298; p
< 0.01; df = 5, Fig. 3a) and significantly thicker cell
walls (paired t-test: t = 4.5445; p < 0.01; df = 5,
Fig. 3b). Overwintered tissues also had larger cells
(paired t-test: t = =2.6661; p < 0.05; df = 5), but the
proportion of cell radius occupied by the cell wall was
not significantly different between tissue types
(paired t-test: t = 0.9114; p > 0.05; df = 5).
Medullary thickness (paired t-test: t = 0.9762; p >
0.05; df = 5, Fig. 3c) and total blade thickness (paired
t-test: t = 0.0859; p > 0.05; df = 8, Fig. 2d) were not
significantly different between overwintered and
newly formed blades, but there was a strong trend
towards increased medullary thickness in new tissues
(Fig. 3c). Overwintered blades also had higher dry
weight to wet weight ratios (and thus lower water
content) than new tissues (paired #-test: t = 8.2000;
p < 0.001; df = 5, Fig. 4c), suggesting a difference in
tissue composition.
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Fig. 2. Material properties of overwintered (black bars) and newly formed (grey bars) blades. (A) Young’s modulus of
stiffness (n = 9), (B) tensile strength (n = 9), (C) extensibility (n = 9) and (D) proportion dry weight of wet weight (n = 6)
for newly formed and overwintered blades collected from the same plants of Laminaria setchellii. Error bars indicate 95%
confidence intervals. Asterisks indicate a significant difference (p < 0.05) between treatments.

Neutral cell wall carbohydrates

Following acetone-extraction, higher proportions of
material were retained from overwintering blades
(93.98 + 0.01%; n = 3) than from newly synthesized
blades (87.21 + 0.02%; n = 3). Acetone-extracted
residues from overwintered tissues had higher per-
centages of neutral cell wall carbohydrates than resi-
dues of newly formed tissues. Substantial amounts of
glucose, fucose, xylose, galactose, rhamnose and man-
nose were found in both overwintered and new tis-
sues (Table 1), and arabinose was also present in trace
amounts (0.01-0.02%). Overwintered tissues had sig-
nificantly higher percentages of total neutral carbo-
hydrates than new tissues (t = 5.76, p < 0.01), and
significantly higher percentages of all sugars other
than glucose (glucose: t = 2.43, p = 0.08; fucose: t =
11.01, p < 0.01; mannose t = 4.44, p < 0.05; galactose
t = 5.81, p < 0.05; rhamnose ¢t = 4.48, p < 0.05; xylose:
t =948, p < 0.01).

Insoluble residue of overwintered tissues also had
higher percentages of neutral carbohydrates than the
insoluble residue of newly formed tissue. Following
total extraction of soluble material, higher yields
were obtained (Fig. 4) and more total carbohydrates
remained in the overwintered tissues (Table 2).
Furthermore, higher percentages of glucose, fucose
and xylose were present in the overwintered tissues
(Supplementary table S1). Though statistical tests
were not performed on the monosaccharide compo-
sition of insoluble residue, 95% confidence intervals
for these sugars do not overlap between treatments

(Table 2). Large proportions of glucose, which are
likely storage polysaccharides (e.g. laminarin), were
removed during the wash of newly formed tissue
(Fig. 5A). Conversely, very little, if any, glucose
was removed from the overwintered tissues
(Fig. 5A).

Cellulose and holocellulose

Following cellulose isolation, significantly higher
yields were obtained from overwintered tissues than
from newly formed tissues, indicating that overwin-
tered tissues had a higher proportion of cellulose-
associated material (Fig. 5). The material remaining
after sodium chlorite treatment contained detectable
amounts of uronic acids. HPLC analysis showed sig-
natures of mannuronate, guluronate and possibly
glucuronate. For this reason, true holocellulose was
calculated as the sum of all neutral carbohydrates in
the isolate. Overwintered tissues had more holocellu-
lose (t = 5.73, p < 0.01, df = 5) and alpha-cellulose
(t = 4.69, p < 0.01, df = 5) than newly formed tissues
(Fig. 7), but the composition of holocelluloses from
each tissue type were similar (Table 3). Only fucose
and rhamnose concentrations were significantly
higher in residues isolated from overwintered tissues
than new tissues (fucose: t = 5.734707, p < 0.01,
df = 5; rhamnose: t = 4.77497, p < 0.05, df = 5;
Supplementary table S2). Following hydrolysis of the
alpha-cellulose isolate, glucose was the only carbohy-
drate detected, as expected. Sodium chlorite
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Fig. 3. (A) Cortical thickness (including meristoderm), (B)
medullary thickness and (C) total tissue thickness for over-
wintering (black bars) and newly formed (grey bars) blades
of Laminaria setchellii (n = 6). Error bars indicate 95%
confidence intervals. Asterisks indicate a significant differ-
ence (p < 0.05) between treatments.

treatment allowed for alpha-cellulose isolation by the
saponification reaction; on its own, this was not
enough to isolate cellulose (data not shown here)
and suggests that cross-linking compounds had
been successfully removed by the isolation reaction.
Thus, the two-step method used here is an effective
way to estimate alpha-cellulose from kelps.

Discussion

Overwintered tissues were significantly stiffer and
stronger than newly formed tissues, but were less
extensible. Because previous work has demonstrated
that the materials of some kelp blades become weaker
as they age (Krumbhansl et al., 2015), results demon-
strating increased strength in older tissues suggest a
difference in tissue composition or structure. The
biomechanical characteristics of the different tissues
correlate with notable differences in water content,
cortical layer thickness, cell wall thickness and inso-
luble carbohydrate abundance, including differences
in cellulose, holocellulose and fucan quantity.
Together this suggests that seasonal changes in car-
bohydrate abundance and composition are associated
with cell wall thickening and mechanical reinforce-
ment rather than with energetic metabolism (e.g.
laminarin production), as previously suggested
(Black, 1948, 1950; Schiener et al., 2015).

Biochemically, extractive-free overwintered tissues
had approximately 30% more cellulose, about 25%
more acetone-insoluble carbohydrates and more
than 30% greater completely insoluble carbohydrates
than newly formed tissues (Fig. 6). Among these
carbohydrates were fractions that were not degraded
by the holocellulose isolation reaction and, thus, con-
stitute hemicellulosic polysaccharides. Differences in
cellulose quantity have been shown to cause changes
in both strength and rigidity of plant tissues (e.g.
Turner & Somerville, 1997; Salmén, 2002; Burgert &
Fratzl, 2009) and material properties of fibres have
been shown to depend largely on hemicellulose abun-
dance and composition (e.g. pine trees; Spiegelberg,
1966). Although kelps do not possess secondary cell
walls like some other wave-swept seaweeds (Martone
et al., 2009; Janot & Martone, 2016), thicker walls
with increased holocellulose in older, overwintering
tissues suggest that cells add to their primary walls by
producing more structural polymers. While previous
work suggested that cell wall elaboration was
restricted to the red algae (Martone, 2007), this
work demonstrates a similar strategy in a kelp. In
addition, previous work has shown that cortical
thickening occurs seasonally in the stipes of L. setch-
ellii (Klinger & DeWreede, 1988) and our study sug-
gests that seasonal cortical thickening also occurs in
blades, likely providing mechanical support (Harder
et al., 2006). Along this coast, the largest storms tend
to begin in October and last until April
(Supplementary fig. S1). Thus, mechanically rein-
forced tissues are unlikely to be adapted to winter
storms, specifically. Instead, reinforcement probably
allows for longer-lived tissues that might otherwise
degrade and weaken with age (Krumbhansl et al,
2015).
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Fig. 4. (A) Cell wall thickness of overwintered and newly formed tissues of Laminaria setchellii (n = 6). Also shown, cross-
sections of cortical cells from (B) new tissue and (C) overwintered tissues. Note the increase in both cell wall thickness and
cell size in the cortex of overwintered tissues. Error bars in (A) represent 95% confidence intervals and scale bars in (B) and
(C) represent 50 pum. Asterisks indicate a significant difference (p < 0.05) between treatments.

Table 1. Neutral carbohydrate composition of extractive-free tissues, measured as percentage dry weight.

Tissue Type Glucose Fucose** Xylose** Galactose* Rhamnose* Mannose* Total*™*
New 9.66 + 0.59 2.74 + 0.16 0.66 + 0.03 0.73 + 0.05 0.04 + 0.02 0.44 + 0.11 14.32 + 0.86
(n=3)
Overwintered 9.89 + 0.04 4.53 £ 0.25 0.99 + 0.06 1.09 + 0.03 0.12 + 0.03 0.75 + 0.08 17.42 + 0.86
(n = 3)
! Asterisks indicate a significant difference between treatments. *p < 0.05; **p < 0.01.
Table 2. Composition of insoluble residue measured as percentage dry weight.
Tissue Type Glucose Fucose* Xylose* Galactose* Rhamnose* Mannose Total*
New 13.00 + 1.00 1.08 + 0.07 0.92 £ 0.002 0.70 = 0.08 0.13 = 0.02 0.69 * 0.02 16.52 + 1.00
(n=2)
Overwintered 14.10 + 0.67 1.98 + 0.26 1.26 + 0.06 0.97 £ 0.13 0.24 = 0.03 0.84 = 0.13 19.40 + 0.64
(n=2)

! Asterisks indicate non-overlapping confidence intervals between treatments
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Fig. 5. Total proportion of acetone-extracted material
remaining (i.e. yields) after various chemical treatments
from blades of Laminaria setchellii. Error bars indicate
95% confidence intervals. Asterisks indicate a significant
difference (p < 0.05) between treatments.

There were also greater amounts of fucose, both
soluble and insoluble (including the holocellulose
fraction), in the overwintered tissues than in the
newly formed tissues. FCSPs are likely to be involved

in cross-linking cell wall components, such as cellu-
lose and alginate (Kloareg & Quatrano, 1988;
Deniaud-Bouet et al, 2014). Kloareg & Quatrano
(1988) suggest that some FCSPs, specifically xylofu-
coglycans, may act as hemicelluloses in brown algae.
Hemicelluloses work to cross-link cellulose microfi-
brils and can therefore play a key role in determining
the mechanical properties of such tissues (Niklas,
1992; Whitney et al, 1999). In this study, fucose,
mannose, xylose, galactose, and a fraction of glucose,
were retained following isolation and therefore form
part of the hemicelluloses or hemicellulose-like poly-
mers. Collectively, cortical growth and cell wall
deposition, through increased cellulose and hemicel-
lulose production, may be important mechanisms by
which kelps can adjust material properties.

Schiener et al. (2015) found little seasonal varia-
tion in the cellulose content of Laminaria digitata, L.
hyperborea, Saccharina latissima and Alaria esculenta.
Although it is possible that these species do not share
the ability of L. setchellii to accumulate cellulose, the
presence of non-cellulosic glucose in insoluble and
holocellulosic fractions (Tables 2 and 3) draws into
question the indirect measures of cellulose used in
their study. Recently, Salmean et al. (2017) confirmed
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Fig. 6. Per cent extractive-free material attributed to (A)
glucose, (B) fucose and (C) all other neutral carbohydrates
(mannose, galactose, xylose, arabinose) for each chemical
treatment of Laminaria setchellii blades. Error bars indicate
95% confidence intervals. Asterisks indicate a significant
difference (p < 0.05) between treatments.

that a mixed (1-3), (1-4)-B-D-glucan is a common
component of brown algal cell walls. The presence of
glucose-containing hemicelluloses, like this mixed
glucan, and complex FCSPs, coupled with incomplete
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Fig. 7. Per cent dry weight of insoluble neutral carbohy-
drates, holocellulose, alpha-cellulose and hemicellulose of
Laminaria setchellii blades. Asterisks indicate a significant
difference between newly formed and overwintered tissues.
Error bars indicate 95% confidence intervals.

extraction of soluble glucose-containing molecules,
could inflate estimates of cellulose. This is especially
apparent when considering that, in our study, large
proportions of xylose and fucose were associated with
an increase in non-cellulosic glucose that were
retained through the holocellulose isolation proce-
dure, suggesting that xylofucoglucans (as suggested
by Kloareg & Quatrano, 1988) may be an important
component of holocellulose in Laminaria (Table 3).
Nonetheless, it remains unknown whether seasonal
changes in material properties and cell-wall composi-
tion are widespread across the kelps.

In our study, hemicellulose content was found to
be substantially lower (1-3% w/w; Fig. 7) than in
some previous studies on brown algae (e.g. 19.6%;
Tamayo & Rosario, 2014). These studies have quan-
tified holocellulose from brown algae using a sodium
chlorite bleaching reaction, similar to that shown
here, but defined hemicellulose as the difference
between holocellulose and alpha-cellulose isolates
(Rabemanolontsoa & Saka, 2013; Tamayo &
Rosario, 2014). In our study, other components,
such as alginates, were found in this bleached residue.
Thus, HPLC was necessary to quantify hemicellulose
quantity with this method, calling into question pre-
viously published results.

Chapman & Kraemer (1991) noted an increase in
cell wall investment by the kelp species, Egregia men-
ziesii, both when tension was imposed on the tissue
and when ambient nutrient levels were reduced.
Moreover, Stephens & Hepburn (2016) found that
blades of Macrocystis pyrifera were maintained, rather
than elongated, during periods of low environmental
nitrogen and this was associated with an increase in
per cent total carbon of tissues. Although cued by
photoperiod, seasonal growth patterns of Laminaria
species, including L. setchellii, strongly correlate with
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Table 3. Holocellulose composition, measured as percentage dry weight of isolated residue.

Tissue Type Cellulose Total Glucose Fucose* Xylose Galactose Rhamnose* Total

New 31.70 + 3.11 36.30 + 2.83 0.29 + 0.20 0.06 + 0.07 0.16 + 0.04 0.02 + 0.005 36.88 + 2.98
(n=3)

Overwintered 32.02 £ 1.11 35.29 £ 0.82 1.63 + 0.32 0.30 £ 0.19 0.47 +0.19 0.10 = 0.03 38.04 + 0.85
(n=3)

! Asterisks indicate a significant difference (p < 0.05) between treatments.

environmental nutrient availability (Dieck, 1991;
Bartsch et al, 2008). One possible explanation for
the increased cell wall incorporation reported here
is that kelps may invest in cell wall polysaccharides
when nutrients are too low for tissue elongation. This
could be driven by a lack of environmental nitrogen
that limits cell division through restricting DNA
replication or protein formation. These circannual
rhythms have been demonstrated in distantly related
kelp species (e.g. Pterygophora californica; Lining &
Kadel, 1993) and therefore may be important adapta-
tions shared throughout the order Laminariales.
Although we report notable differences in the abun-
dance of structural polysaccharides, it remains
unclear whether this seasonal cell wall expansion is
also associated with changes in the interactions
between compounds. Changes in the nature of cova-
lent or non-covalent interactions between polymers
could have important impacts on the material prop-
erties of tissues (Kloareg & Quatrano, 1988; Deniaud-
Bouet et al., 2014). Investigating how linkages and
interactions between cell wall constituents may influ-
ence brown algal materials and how kelps might
adjust these interactions seasonally would be an
enlightening next step. Specifically, alginates are an
abundant component of brown algal cell walls that
were not investigated in this study. Changes in the
composition of alginate could contribute to the rigid-
ity of tissues (Kraemer & Chapman, 1991) and should
be investigated in future work. Recently, carbohy-
drate binding modules (CBMs) have been developed
for various brown algal polysaccharides (e.g. Torode
et al., 2016; Salmean et al., 2017), and combining the
analytical techniques shown here with CBM:s to loca-
lize and characterize the different polymers within
tissues of differing material characteristics would be
another powerful way to move forward.

In conclusion, overwintering blades of L. setchellii
have thicker cortex, thicker cell walls and higher
concentrations of holocellulose than young, fast-
growing blades from the same individuals, helping
explain differences in material properties observed
between these two tissues. Holocellulose included a
notable portion of fucose, suggesting that at least
some hemicellulose polymers incorporate sulphated
fucose into their structure, likely in the form xylofu-
coglucans and xylofucogalactans (Kloareg &
Quatrano, 1988). Hemicelluloses in brown algae are
still poorly understood and probably include a large

number of different polymers, incorporating many
different neutral carbohydrates. Investment in cell
wall polysaccharides and thickening of cortical layers
during the winter months could help individuals
maintain longer-lived blades, allowing for increased
carbon fixation year-round. This may allow
Laminaria spp. to maintain metabolic processes
throughout the year.
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