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Abstract It is now well established that plant cell wall
oligosaccharides can stimulate or inhibit growth and
development in plants. In addition, it has been determined
that seaweed (marine algae) cell wall polysaccharides and
derived oligosaccharides can enhance growth in plants. In
particular, oligo-alginates obtained by depolymerization of
alginates from brown seaweeds increase growth of differ-
ent plants by enhancing nitrogen assimilation and basal
metabolism. Interestingly, oligo-alginates also stimulate
growth of marine and fresh water green microalgae,
increasing the content of fatty acids. On the other hand,
oligo-carrageenans obtained by depolymerization of car-
rageenans from red seaweeds increase growth of tobacco
plants by enhancing photosynthesis, nitrogen assimilation,
basal metabolism, and cell division. In addition, oligo-
carrageenans increase protection against viral, fungal, and
bacterial infections in tobacco plants, which is determined,
at least in part, by the accumulation of several phenyl-
propanoid compounds (PPCs) with antimicrobial activity.
Moreover, oligo-carrageenans stimulate growth of 3-year-
old Eucalyptus globulus trees by increasing photosynthesis,
nitrogen assimilation, and basal metabolism. Furthermore,
oligo-carrageenans induce an increase in cellulose content
and in the level of essential oil and some PPCs with anti-
microbial activities, suggesting that defense against
pathogens may be also enhanced. Thus, seaweed oligo-
saccharides induce a dual beneficial effect in plants and
trees, enhancing growth, which is determined by the
increase in carbon and nitrogen assimilation, basal
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metabolism, and cell division, and defense against patho-
gens, which is determined by the accumulation of com-
pounds with antimicrobial activities. In this sense,
molecular mechanisms that potentially interconnect acti-
vation of plant growth and defense responses are discussed.
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Introduction

It is now clearly established that plant oligosaccharides can
activate or inhibit plant growth and development (Albers-
heim and others 1992; John and others 1997). This oligo-
saccharide-dependent regulatory phenomenon was initially
described in pea treated with an oligo-xyloglucan (OX)
with a degree of polymerization (DP) of 7, obtained by acid
depolymerization of xyloglucans from plant cell walls that
inhibit auxin-induced growth in pea stems (York and others
1984; Augur and others 1992). In addition, oligogalactu-
ronides (OGs) with a DP of 25-50, obtained by depoly-
merization of pectin from plant cell walls, modulate
tobacco explant morphogenesis leading to a differential
formation of flowers, floral shoots, vegetative buds, and
roots, depending on the concentration of OGs and the pH of
the culture medium (Tran Than Van and others 1985;
Eberhard and others 1989). Moreover, it was determined
that an OX with a DP of 9 stimulates elongation of etio-
lated pea stems in the absence of auxins (McDougall and
Fry 1990). Furthermore, synthetic lipo-chitooligosacchar-
ides (LCOs), which correspond to nodulation factors
secreted by rhizobial bacteria, are constituted by four
N-acetyl-glucosamine units linked to a molecule of cis-11-
octadecanoic acid, stimulate formation of calli from
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tobacco protoplasts (Rohrig and others 1995, 1996). In
addition to the effect on regulation of plant growth and
development, it was determined that plant OGs and fungal
B-glucans elicit defense responses in plants that lead to the
accumulation of phytoalexins, which are compounds with
antimicrobial activities, such as terpenes, terpenoids,
alkaloids, and phenylpropanoid compounds (PPCs), which
in turn leads to an enhanced protection against pathogens
(Nothangel and others 1983; Jin and West 1984; Sharp and
others 1984). On the other hand, it was initially demon-
strated that seaweed oligo-carrageenans kappa, lambda,
and iota, with DPs of 1-3, 3-9, and 2-6, respectively,
obtained by enzyme depolymerization of red seaweed
carrageenans, stimulate embryogenesis of broccoli
microspores, mainly oligo-carrageenan lambda (Lemon-
nier-Le Penhuizic and others 2001).

Oligo-alginates Stimulate Growth in Plants

Alginates are the major components of brown seaweed cell
walls and they are made up of poly(D-glucuronic acid)
blocks (PG), poly(D-mannuronic acid) blocks (PM), and
alternating blocks of D-glucuronic and D-mannuronic
residues (GM) (for models see Vera and others 2011).
Oligo-alginates have been obtained by digestion of algi-
nates or PM and PG fractions with an alginate lyase, by
treatment with y-radiation, or by acid hydrolysis. In par-
ticular, it has been shown that alginates, depolymerized
using vy-radiation, at concentrations of 0.5-1 mg ml~!,
enhance growth of rice and peanut plants cultivated
hydroponically (Hien and others 2000). In addition, a
mixture of oligo-alginates with a DP of 2—8 (mainly oligo-
alginates constituted by 3-5 residues), obtained by degra-
dation of alginates with a bacterial alginate lyase, at a
concentration of 0.5-3 mg ml_l, stimulated growth of
roots in lettuce (Iwasaki and Matsubara 2000). Moreover, a
mixture of PM and PG oligosaccharides with a DP of 3-9,
obtained by digestion of the PM and PG fractions with a
bacterial alginate lyase, at a concentration of
0.75-1.5 mg ml~"', stimulated elongation of carrot and rice
roots but independent fractions did not exhibit the growth-
promoting effect (Xu and others 2003). Furthermore, PM
and PG oligosaccharides, obtained by digestion of PM and
PG fractions with a marine bacteria alginate lyase having a
DP of 3, induce germination of maize seeds with a maxi-
mal activity at a concentration of 0.75 mg ml~' (Hu and
others 2004). In addition, the oligo-alginate PM (or Poly-
Ma), obtained by acid hydrolysis of PM fraction, at a
concentration of 0.5 mg ml™', increased height and foliar
biomass in tobacco plants, but the oligo-alginate PG (or
Poly-Gu), obtained by acid hydrolysis of the PG fraction,
did not induce this effect (Laporte and others 2007).
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Interestingly, the oligo-alginate fraction Poly-Ma increased
protection against tobacco mosaic virus (TMV) infection in
tobacco plants. Thus, oligo-alginate Poly-Ma has a dual
beneficial effect of enhancing growth and defense against
pathogens in tobacco plants, suggesting that signaling
pathways involved in plant growth and defense may be
interconnected.

More recently, a mixture of oligo-alginates, obtained by
degradation of alginates with y-radiation, at a concentra-
tion ranging from 0.02 to 0.1 mg ml™"', increased shoot and
root length, shoot dry weight, content of total chlorophylls
and carotenoids, nitrate reductase activity involved in
nitrogen assimilation, and alkaloid contents, mainly mor-
phine and codeine, in opium poppy (Papaver somniferum)
plants (Khan and others 2011). Furthermore, alginates
degraded with y-radiation, at a concentration from 0.02 to
0.1 mg ml_l, increased shoot and root length of fennel
plants (Foeniculum vulgare), the weight of fennel tubers,
seed yield, content of total chlorophylls, carotenoids, and
proline, nitrate reductase activity, and the level of essential
oil (Sarfaraz and others 2011).

Oligo-alginates Stimulate Growth in Microalgae

A mixture of oligo-alginates, obtained by degradation of
alginate with a bacterial alginate lyase, stimulates growth
of the marine green microalga Nannochloropsis oculata,
which is used to feed bivalave and fish species (Yokose and
others 2009). In particular, the optimal growth was
obtained using the oligo-alginate mixture at a concentration
of 20 mg ml~" and the growth-promoting activity slightly
decreased at 40 mg ml~'. It is interesting to note that the
concentration of the oligo-alginate mixture required to
promote growth in N. oculata was around 20 times higher
than that used to stimulate growth in plants (see above). In
addition, the latter oligo-alginate mixture also stimulates
growth of the diatom Chaetoceros gracilis but did not
enhance that of the diatom Skeletonema sp. or that of the
marine bacteria Edwardsiella tarda, indicating a specie-
specific growth-promoting effect of the oligo-alginate
mixture in microalgae (Yokose and others 2010). Further-
more, a mixture of alginate oligosaccharides, obtained by
degradation of alginates using an alginate lyase, at a con-
centration of 1 mg ml_l, stimulates growth of the fresh-
water green microalga Chlamydomonas reinhardtii,
whereas a mixture of oligo-alginates, obtained by acid
hydrolysis of alginates, did not exhibit growth-promoting
activity (Yamasaki and others 2012). Interestingly, the
content of some fatty acids increased in C. reinhardtii
treated with enzyme-degraded oligo-alginates, mainly,
C16:0, C18:2, and C18:3 fatty acids, but the level of C18:0
slightly decreased and the mixture of oligo-alginates
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obtained by acid hydrolysis failed to increase fatty acid
content (Yamasaki and others 2012). Thus, the oligo-algi-
nate mixture not only has a growth-promoting effect but
also increases the content of fatty acids in a green micro-
alga, which could be very useful for biodiesel production in
the future.

Carrageenans and Oligo-carrageenans Stimulate
Growth in Plants

Carrageenans are the major components of red seaweed
cell walls and they are composed of sulfated galactose and,
in some cases, anhydrogalactose residues. In particular,
carrageenan kappa has one sulfate group per disaccharide
unit and anhydrogalactose residue, carrageenan lambda has
three sulfate groups per disaccharide unit, and carrageenan
iota has two sulfate groups per disaccharide unit and
anhydrogalactose residue (for models see Vera and others
2011). Thus, the degree of sulfation increases in carrag-
eenans kappa, iota, and lambda, and only carrageenans
kappa and iota have anhydrogalactose residue. It was
initially shown (Mercier and others 2001) that the nonde-
polymerized carrageenans kappa and lambda increased
defense responses in tobacco plants, but protection against
a microbial infection was not examined in that work. In
addition, nondepolymerized lambda carrageenan slightly
decreased the level of transcripts encoding the small sub-
unit of ribulose 1,5-bisphosphate carboxylase/oxygenase
(rubisco) enzyme, which suggests that plant growth may be
inhibited (Mercier and others 2001). In contrast, it was
further shown that the nondepolymerized carrageenan
kappa, applied to the soil at a concentration of 1 mg g~ ' or
used as a water solution sprayed on leaves, at a concen-
tration of 0.1 microequivalents of glucose ml_l, stimulated
growth, increasing height, number of pods, and leaves, and
induced an early flowering in chickpea (Cicer arietinum)
plants (Bi and others 2011). However, these results contrast
with those obtained by our group which indicated that
oligo-carrageenan kappa was much more effective than
nondepolymerized carrageenan kappa in enhancing growth
of tobacco plants, and that oligo-carrageenan iota induced
protection against tobacco mosaic virus (TMV), whereas
the nondepolymerized carrageenan iota failed to induce
protection against a viral infection (unpublished results).
Thus, in our hands, depolymerization of carrageenans is
strictly required to obtain an efficient stimulation of growth
and protection against pathogens in tobacco plants.
Regarding oligo-carrageenans, it was initially shown that
oligo-carrageenans kappa, lambda, and iota, with DPs of
1-3, 3-9, and 2-6, respectively, stimulate embryogenesis of
broccoli microspores, especially oligo-carrageenan lambda
(Lemonnier-Le Penhuizic and others 2001). In addition,

oligo-carrageenan kappa, obtained by depolymerization
with y-radiation, enhanced the growth of roots and shoots in
rice plants (Abad and others 2004). We prepared oligo-car-
rageenans kappa, lambda, and iota with a DP of around 20 by
acid hydrolysis of pure commercial carrageenans (Moenne
2009). These oligo-carrageenans, at a concentration of
0.5-5 mg ml™', induced an increase in plant height and leaf
biomass in tobacco plants (var. Xanthi), especially oligo-
carrageenan kappa (Moenne 2009). It was further deter-
mined that oligo-carrageenans kappa, lambda, and iota, at a
concentration of 1 mg ml™', induced an increase in the
height and leaf biomass in commercial tobacco plants (var.
Burley), especially with oligo-carrageenans iota and kappa.
These oligo-carrageenans increase net photosynthesis,
rubisco activity, glutamate dehydrogenase activity involved
in nitrogen assimilation, basal metabolism, and cell division
in tobacco plants (Castro and others 2012). Considering that
oligo-carrageenans increase rubisco activity, CO, fixation
might be enhanced, which could be very useful for cleaning
the air polluted with CO, released by industrial activity
(Moenne and others 2010). Interestingly, tobacco plants (var.
Burley) treated with oligo-carrageenans showed an increase
in the level of transcripts encoding cyclins A and D and
cyclin-dependent protein kinases (CDK) A and B, which
indicates that cell cycle activity is increased and, thus, cell
division (Castro and others 2012). In this sense, it is impor-
tant to mention that cell size in control and treated tobacco
plants was similar, indicating that the increase in height and
foliar biomass is due to an increase in the number of cells,
meaning that cell division is increased. On the other hand,
oligo-carrageenans kappa, lambda, and iota enhanced pro-
tection against viral, fungal, and bacterial infection in
tobacco plants (var. Xanthi), which was determined, at least
in part, by the accumulation of PPCs with antimicrobial
activities such as salicylic acid, dihydrobenzoic acid, vanillic
acid, gallic acid, caffeic acid, ferulic acid, chlorogenic acid,
scopoletin, esculetin, kaempferol, and quercetin (Vera and
others 2012). Furthermore, oligo-carrageenans induced the
partial suppression of viral, fungal, and bacterial infections
which is also probably due to the accumulation of PPCs with
antimicrobial activities (Vera and others 2012). Thus, oligo-
carrageenans stimulate growth and protection against
pathogens in tobacco plants, suggesting that they are cross-
talking signaling pathways.

Oligo-carrageenans Stimulate Growth in Trees

It was further determined that oligo-carrageenans kappa,
lambda, and iota stimulate the growth of 3-year-old
Eucalyptus globulus trees by increasing the height and
trunk diameter. The stimulation of eucalyptus growth was
due, at least in part, to an increased photosynthesis,
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nitrogen assimilation, and basal metabolism. It is important
to mention that the activities of ammonium-fixating
enzymes glutamine synthase (GInS) and glutamate dehy-
drogenase (GDH) were increased in eucalyptus treated with
oligo-carrageenans, mainly the activity of the key regula-
tory enzyme GInS. In addition, the activity of the first
enzyme of the Krebs cycle, pyruvate dehydrogenase
(PDH), was also increased, suggesting that the amount of
2-oxoglutarate required for ammonium fixation by GDH
may also be increased. On the other hand, oligo-carrag-
eenans kappa, lambda, and iota enhanced the content of
holocellulose (cellulose + hemicellulose) and a-cellulose
(long chains of cellulose) in the wood of treated eucalyp-
tus. The increase in holocellulose indicates that the lignin
content is decreased, which is also a suitable trait for the
industrial production of cellulose. In addition, oligo-car-
rageenans induced an increase in height of E. nitens trees,
suggesting that the effects observed in E. globulus may also
occur in other eucalyptus species (unpublished results). On
the other hand, leaves of treated eucalyptus trees showed
an enhanced content of essential oils (terpenes) having
antimicrobial activities. Eucalyptus essential oil is com-
posed of mainly the monoterpenes eucalyptol, a-pinene,
and D-limonene and eucalyptol has recognized antiviral,
antifungal, and antibacterial properties. Furthermore, oligo-
carrageenans increased the content of some PPCs in
eucalyptus trees that have antimicrobial properties,
including genistein, rutin, ellagic acid, morin, and quer-
cetin. The increase in essential oil and in some PPCs with
antimicrobial properties suggests that treated eucalyptus
trees may exhibit an enhanced protection against patho-
gens. Thus, oligo-carrageenans stimulate growth and
defense against pathogens in eucalyptus trees, suggesting
that both signaling pathways are interconnected.

Molecular Mechanisms Potentially Involved
in Activation of Plant Growth and Defense

Regarding molecular mechanisms involved in perception
and signaling of oligo-alginates and oligo-carrageenans in
animal cells, it has been demonstrated that the PM fraction
(or Poly-Ma) activates cytokine production in human
monocytes and mouse macrophages through the binding of
this oligo-alginate to toll-like receptors (TLR) 2 and 4
located in the plasma membrane, in a CD14-dependent
manner (Flo and others 2002). In addition, the PM and PG
unsaturated fractions, obtained by digestion of alginates
with a bacterial alginate lyase, induced secretion of tumor
necrosis factor (TNF)-a and interleukins from mouse
macrophages, especially the PM and PG fractions with a
DP = 3-9, and that both oligo-alginates bind to TLR2 and
TLR4 receptors (Iwamoto and others 2005, 2007). On the
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other hand, it was shown that carrageenan lambda activates
interleukin secretion from human colonic epithelial cells
and mouse macrophages by binding to TLR4 located in the
plasma membrane, which activates signaling pathways and
leads to activation of NFkB transcription factor (Borthakur
and others 2007; Bhattacharyya and others 2008). In
addition, it was determined that carrageenan lambda,
digested with an o-1—(3,6)-galactosidase, showed a
reduced effect on interleukin secretion from human colonic
epithelial cells. In contrast, lambda carrageenan, hydro-
lyzed with a-1—6, B-1-4, or B-1—(3, 6)-galactosidases,
properly activates interleukin secretion. These results
suggest that the unusual o-D-Gal-(1—3)-D-Gal epitope
may interact with TLR4 (Bhattacharyya and others 2010).

With respect to interaction of oligo-alginates and oligo-
carrageenans with plant cells, the potential plasma mem-
brane receptors and the associated signaling pathways have
not yet been identified. It has been determined that plant
cell genomes encode several hundred plasma membrane
receptors with protein kinase activity and that some of
them are structurally related to animal TLRs, in particular
in Arabidopsis and rice genomes (Niirnberger and others
2004; Shiu and others 2004; Lethi-Shiu and others 2009).
Thus, it is possible that oligo-alginates and oligo-carrag-
eenans may interact with a specific receptor structurally
related to TLR4 and/or TLR2 or with another yet uniden-
tified receptor with protein kinase activity. Concerning the
amazing double effect of oligo-alginates and oligo-car-
rageenans of stimulating plant growth and providing
defense against pathogens, it has been demonstrated that
brassinosteroids, which are polyhydroxylated plant steroi-
dal hormones involved in stem elongation, leaf develop-
ment, pollen tube growth, and photomorphogenesis, bind to
a specific receptor located in the plasma membrane which,
in turn, interacts with a coreceptor named BRI1-associated
receptor kinase (BAK)1 that activates signal transduction
(Nam and Li 2002). On the other hand, bacterial microbial-
associated molecular patterns (MAMPs) such as flagellin,
elongation factor (EF)-Tu, and peptidoglycan bind to spe-
cific receptors that also interact with BAK1, which acti-
vates signal transduction (Chinchilla and others 2007;
Postel and others 2010). Thus, activation of brassinoster-
oid-dependent and MAMPs-dependent signaling pathways
involve a common coreceptor (BAK1) which may deter-
mine the interdependence of plant growth and defense
response activation (Kemmerling and others 2011). In fact,
equilibrated stimuli of brassinosteroids and MAMPs are
required to obtain an efficient activation of these pathways
since an excess of brassinosteroids inhibits defense
responses (Belkhadir and others 2012). It is possible that
specific receptors for oligo-alginates and oligo-carrageen-
ans may exist in plant plasma membranes and require a
coreceptor involved in signal transduction of plant growth
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stimuli, thus explaining the ability of seaweed oligosac-
charides to trigger simultaneous activation of plant growth
and defense against pathogens.

Conclusions

Seaweed polysaccharides, and mainly their derived-oligo-
saccharides, stimulate growth of terrestrial plants and trees
by enhancing carbon and nitrogen assimilation, basal
metabolism, and cell division as well as the level of
essential oil and/or PPCs with antimicrobial properties,
which may determine an enhanced protection against
pathogens. In addition, the dual beneficial effect observed
for oligo-alginates and oligo-carrageenans on plant growth
and defense may involve the binding of these oligosac-
charides to specific plasma membrane receptors that use a
coreceptor involved in signal transduction of plant growth
stimuli, leading to the simultaneous activation of plant
growth and defense against pathogens.
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