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INTRODUCTION

Polyamines (PAs), low molecular weight
aliphatic amines, are ubiquitous in all
living organisms except the archaeal
methanogens and halophiles. In marine
macroalgae, commonly known as sea-
weeds, the diamine putrescine (Put),
triamine spermidine (Spd), and tetramine
spermine (Spm) are the major PAs,
although some brown and red seaweeds
reported to have nor-spermine and nor-
spermidine PAs. In plants, PAs have been
shown to modulate a diverse range of bio-
logical processes including cell growth,
development, and responses to various
biotic and abiotic stresses (Minocha et al.,
2014; Tiburcio et al, 2014 and refer-
ences therein). Seaweeds share with land
plants similar PA metabolic pathways
(Figure 1). However, our understanding
of the functionality of PAs in seaweed
when compared to land plants has merely
scratched the surface, though the exis-
tence of PAs in seaweeds was reported
for over two decades ago (Baldini et al.,
1994). So far, PA research in seaweeds has
addressed their involvement in maturation
of reproductive structures, morphogenesis
(Garcia-Jiménez et al., 1998; Maridn et al.,
2000; Guzmadn-Uridstegui et al., 2002,
2012) and to some extent their response to
abiotic stresses (Kumar et al., 2011, 2012,
2014). The progress on PA research in sea-
weed has been impeded mainly due to a
lack of genomic information for seaweed
species. In this brief article, we attempt
to summarize PAs research into seaweed
developmental biology and provide an

in-depth analysis of findings to decipher
PAs involvement in seaweeds develop-
ment and morphogenesis with particular
recognition of recently completed genome
sequences of brown and red seaweeds. We
also emphasize to re-investigate the exis-
tence and functionality of Spm in seaweeds
as an inducer for maturing reproductive
structures in context to the recent develop-
ments on tSpm (thermospermine) present
throughout the whole plant kindgdom
while Spm only in angiosperms.

OCCURRENCE OF PAs AND THEIR ROLE
IN MORPHOGENESIS, REPRODUCTION
AND DEVELOPMENT IN SEAWEEDS
Baldini et al. (1994) for the first time
detected endogenous PAs, their uptake
(passive and restricted to cell wall com-
ponents) and transport (symplastic and
stimulated by Ca?*) in the green seaweed
Ulva rigida. However, it was Prof. Rafael
Robaina’s group who first identified PA’s
induced changes in growth (higher cell
division and elongation rate) and mor-
phogenesis (transforming carposporelings
into morphogenic cell masses) in the red
seaweed Grateloupia doryphora (Garcia-
Jiménez et al., 1998; Maridn et al., 2000).
However, further experiments with sup-
plementation of individual and combina-
tions of PA biosynthesis inhibitors such
as DFMA, MGBG, AVG, and CHO (see
full abbreviation in the legend of Figure 1)
are needed to better illustrate which PA’s
biosynthetic pathway or which specific PA
is involved in cell division to cell elonga-
tion during morphogenesis. It is also not

clear, whether it is solely PAs that directly
regulate growth and morphogenesis events
or do they mediate some cross-talk with
other phytohormones and proteins such
as auxins and PIN proteins in reg-
ulating these developmental processes.
Furthermore, recent reports showed pos-
itive effects of exogenous Spm in callus
induction and micropropagule formation
in Kappaphycus alvarezii (Munoz et al.,
2006; Neves et al., 2014) reinforcing the
potential role of PAs in regulating mor-
phogenesis and regeneration patterns in
seaweeds. However, a precise mechanism
for their mode of action is still unknown.
It will be very interesting to explore,
whether endo and/or- exogenous PAs reg-
ulate morphogenesis by promoting acti-
vation of proton pumps (H*-ATPase and
H*-PPase) and nitric oxide (NO) gen-
eration. These compounds are generally
associated with the regulation of cellular
processes, such as enlargement of meris-
tematic cells, cell elongation, embryo-
genesis as well as stress responses in
plants (Dutra et al., 2013). Earlier spec-
ulations of passive PA uptake in sea-
weeds also need to be re-examined in the
backdrop of recent report on the exis-
tence of L-type amino acid transporter
(LAT) called Resistant to Methylviologen
1 (RMVTI) which is responsible for PA
uptake in land plants. This finding empha-
sizes that for both prokaryotes and eukary-
otes, PA transport is not just a pas-
sive mechanism, and selectivity could be
achieved through specific recognition and
translocation (Fujita and Shinozaki, 2014).
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FIGURE 1 | Polyamine and ethylene biosynthetic pathway with special
reference to seaweeds. ODC, ornithine decarboxylase; DFMA,
difluoromethylarginine; DFMO, difluoromethylornithine; DMSP,
Dimethylsufoniopropionate; CHA, cyclohexylamine; CHAS,
cyclohexylammonium sulfate; DCHA, dicyclohexylamine; ACA,
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Furthermore, over the past decade sea-
weed protoplast research has attained sig-
nificant progress in establishing methods
for generation of protoplast, their cul-
ture and subsequent plantlet regeneration
from examples of red, brown and green
seaweeds (Reddy et al., 2009). Protoplast
cells are totipotent, meaning they have the
capability of dedifferentiation, where they
re-enter the cell cycle, go through repeated
mitotic divisions and then proliferate or
regenerate into various organs; this system
could be useful for studying PA uptake and
its involvement in seaweed developmental
processes. Understanding about endoge-
nous PAs regulation during cell cycle could
provide insights into developmental pat-
terns and mechanisms in seaweeds.

The importance of PAs in reproduc-
tion of seaweeds has been evident since
the study of Guzmdn-Uridstegui et al.
(2002) who demonstrated a significantly
higher level of PAs (especially Put) in
immature cystocarps (reproductive tis-
sue) of Gracilaria cornea as compared
mature cystocarps. Further, enhanced car-
pospores release and transformation of
infertile to fertile axes with the appear-
ance of cystocarp when exogenously sup-
plied with Spm (in contrast to Put and
Spd) in different red seaweeds (Guzman-
Uriéstegui et al., 2002, 2012; Sacramento
et al.,, 2004, 2007) confirmed the poten-
tials of PA in seaweed reproduction. These
results indeed offer new opportunities to
explore regulation of genes involved in

PA biosynthetic pathways during cysto-
carp development and maturation events.
However, these findings raise a critical
question; why does only Spm (exoge-
nous) apparently act as a sporulation-
inducing agent; while all three PAs (Put,
Spd, and Spm) were found to have
accumulated during differential stages of
cystocarp maturation? Recently, Garcia-
Jiménez and Robaina (2012) reported
ethylene (ET) induced tetrasporogenesis
mediated via up-regulation of Put biosyn-
thesis in the red seaweed Pterocladiella
capillacea. These findings suggest a syn-
ergistic action and possible cross-talk
of ET and PAs in regulating repro-
ductive processes and also could pro-
vide cross-talk between these metabolites
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and ET receptor responses at genetic
level.

The potential function of Spm in sea-
weed development that has been reported
so far, should actually be attributed to
tSpm (a structural isomer of Spm) rather
to Spm. It has been found that tSpm
is present throughout the whole plant
kingdom, while Spm is found only in
angiosperms (Minguet et al., 2008) and
thus the existence of Spm in seaweeds
is questionable. Moreover, initial reports
claimed that Spm synthase was encoded
by two genes, SPMSI and ACL5; how-
ever, it has been demonstrated that ACL5
(expressed in xylem vessel element) dis-
plays only tSpm synthase activity and
tSpm plays a crucial role in regulating vas-
cular development in Arabidopsis (Knott
et al., 2007; Muniz et al., 2008). Therefore,
the existence of Spm in seaweeds has been
wrongly interpreted in earlier reports and
should be replaced with tSpm. So far clas-
sical approaches based on HPLC and TLC
used for Spm quantification have proven
to be ineffective at distinguishing between
Spm and tSpm. However, a recently devel-
oped method based on ion-pair extraction
and gas chromatography—mass spectrom-
etry (Rambla et al., 2010) has been most
promising in clarifying the ambiguity with
the existence and separation of tSpm from
Spm and thus can also be used in sea-
weeds. Therefore, the functionality of Spm
as an inducing agent for sporogenesis
and carposporogenesis should be rein-
vestigated with exogenous application of
tSpm, instead of Spm. It is possible that
it is neither the Spm nor tSpm, rather a
metabolic product of their oxidation that
is responsible for maturation of reproduc-
tive structures, thus demanding further
investigation. Apparently, the role of tSpm
in land plants has been shown to influence
stem elongation, vascular development,
and cell wall patterning. However, as sea-
weeds lack a vascular system, it would be
worth of exploring if gene encoding ther-
mospermine synthase (£SPMS) expression
is localized to a particular cell- or tissue-
specific region such as sporangial and car-
posporangial cells in order to confirm
its role in reproductive structure mat-
uration and development. Knott et al.
(2007) characterized tSPMS gene from
the marine diatom Thalassiosira pseudo-
nana and found it to be homologous

to Arabidopsis ACL5. The regulation of
tSPMS at transcriptional and metabolite
levels (if induced by auxin or abscisic
acid), and the influence of tSpm whether
mediated via its oxidation or not dur-
ing seaweed reproduction and develop-
ment are both worthy of further exam-
ination. This may provide new insights
into the role of PAs in metabolic path-
ways in response to developmental sig-
nals. Further, PA conjugates such as
HCAAs (hydroxycinnamic acid amides-
most abundant phenolic compounds in
reproductive organs of plants) and their
potential role in seaweed development is
largely unknown.

MOLECULAR TOOLS IN HAND FOR
NEWER INSIGHTS OF PA's IN
REPRODUCTION AND DEVELOPMENT
OF SEAWEEDS

It is apparent from the previous studies
that PAs are involved in seaweeds in some
reproductive stages such as carposporo-
genesis, sporulation, and tetrasporogen-
esis. However, due to lack of extensive
genomic information in seaweeds and
the absence of authoritative databases on
molecular gene expression studies, it is
hard to establish functions of PAs as
phytohormone. No molecular informa-
tion is available on the number of genes
encoding each of the specific enzymes
involved in PA synthesis. The recent
genome sequencing of Ectocarpus silicu-
losus (brown seaweed), Chondrus crispus
and Porphyra umbilicalis (red seaweed),
provided a new suite of opportunities to
investigate phytohormone signaling, and
diverse cellular gene expressions under dif-
ferent conditions in these model organ-
isms (Kumar et al, 2014 and refer-
ences therein). The functional genomics
tools that are developed now for such
studies in these seaweeds include RNA-
seq data, EST-based expression microar-
rays, whole-genome tiling arrays, sRNAs
sequences, a genetic map, bioinformat-
ics, and proteomic tools (Kumar et al.,
2014). Furthermore, a Japanese group
(Mikami, 2013, 2014) has made excellent
progress in establishing genetic transfor-
mation systems in the red algae Porphyra
and Bangiophycae sp., which can serve
as an excellent tool to transfer the
gene expression constructs encoding pro-
teins/enzymes involved in biosynthesis of

different PAs. Development of mutants
either by transposon, T-DNA (insertional
mutagenesis) or by using sense and anti-
sense transgenic approaches may facilitate
the identification of knockouts with genes
of interest and/ or gene regulations using
PCR-based techniques that need to be
develop in the near future to manipulate
PA metabolism. PAs biosynthesis involves
relatively few enzymes, therefore genes
coding for respective enzymes should be
characterized and cloned in model sea-
weeds to gain better insights into their
role in reproduction and morphogenesis.
Recently, cloning of ornithine decarboxy-
lase gene from the red seaweed Grateloupia
imbricata (GiODC) and its expression
studies throughout the reproductive pro-
cess provide evidence for PA’s involvement
in seaweed reproduction (Garcia-Jiménez
et al., 2009). It would be worthwhile to
clone and characterize the gene tSPMS and
elucidate its expression throughout the
developmental stages to establish tSpm as
an inducing agent for carposporogenesis
and sporulation. Exploration of SMADC4
(S-adenosyl methionine decarboxylase-if
similar sequence exist in seaweeds) regu-
lation during seaweed reproduction and
development is also interesting as this gene
has been suggested to be involve in tSpm
synthesis. Moreover, Arabidopsis mutant
smadc4 exhibits vascular tissue alterations
that partially resemble the acl5 phenotype.
Therefore, cloning and characterization of
most of the genes involved in PA pathway
and ET receptors in seaweeds may serve as
an excellent model to test various hypothe-
ses related to developmental processes in
seaweeds derived from pathway manipu-
lations. These breakthrough investigations
are also equally important in establish-
ing transgenic somatic embrogenic lines
and studying PAs involvement in embryo
development.

CONCLUSIONS

The investigations conducted so far on
PAs clearly show their potentials in regu-
lating morphogenesis and developmental
process in seaweeds. The opportunities
that became available following whole
genome sequences of E. siliculosus, C.
crispus, and P. umbilicalis together with
protoplast and somatic emryogenesis pro-
tocols, will enable the use of reverse genet-
ics, transgenic, proteomic, and functional
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genomic approaches to generate criti-
cal new knowledge in understanding the
role of PAs in seaweed developmental
processes. Researchers should consider
projects aimed at cloning and transform-
ing genes encoding PA biosynthesis in sea-
weeds. The manipulation of endogenous
PA levels in transgenic algal plants using
tissue-specific or inducible promoters will
greatly help in exploring the PA’s function-
ality associated with various developmen-
tal processes in seaweeds.

ACKNOWLEDGMENTS

Our sincere apologies to all whose
work could not be cited in the present
manuscript due to space limitation. The
first author (Manoj Kumar) gratefully
acknowledges the Agriculture Research
Organization (ARO), Volcani Center,
Israel for providing Post-doctorate
Fellowships and the second author (C.
R. K. Reddy) CSIR-CSMCRI for facilities.
The authors also thank Prof. R. R. Robaina
for useful suggestions for improving the
manuscript.

REFERENCES

Baldini, L., Pistocchi, R., and Bagni, N. (1994).
Polyamine transport in the seaweed Ulva rigida
(Chlorophyta). J. Phycol. 30, 599-605. doi:
10.1111/j.0022-3646.1994.00599.x

Dutra, N. T., Silveira, V., de Azevedo, I. G., Gomes-
Neto, L. R,, Faganha, A. R,, Steiner, N, et al. (2013).
Polyamines affect the cellular growth and structure
of pro-embryogenic masses in Araucaria angustifo-
lia embryogenic cultures through the modulation
of proton pump activities and endogenous levels
of polyamines. Physiol. Plant. 148, 121-132. doi:
10.1111/j.1399-3054.2012.01695.x

Fujita, M., and Shinozaki, K. (2014). Identification of
polyamine transporters in plants: paraquat trans-
port provides crucial clues. Plant Cell Physiol. 55,
855-861. doi: 10.1093/pcp/pcu032

Garcfa-Jiménez, P., Garcia-Maroto, F, Garrido-
Cérdenas, J. A., Ferrandiz, C., and Robaina, R. R.
(2009). Differential expression of the ornithine
decarboxylase gene during carposporogenesis
in the thallus of the red seaweed Grateloupia
imbricata (Halymeniaceae). J. Plant. Physiol. 166,
1745-1754. doi: 10.1016/j.jplph.2009.04.018

Garcia-Jiménez, P., and Robaina, R. R. (2012). Effects
of ethylene on tetrasporogenesis in Pterocladiella
capillacea (Rhodophyta). J. Phycol. 48, 710-715.
doi: 10.1111/j.1529-8817.2012.01156.x

Garcia-Jiménez, P, Rodrigo, M., and Robaina, R.
(1998). Influence of plant growth regulators,
polyamines and glycerol interaction on growth and
morphogenesis of carposporelings of Grateloupia

cultured in vitro. J. Appl. Phycol. 10, 95-100. doi:
10.1023/A:1008063532233

Guzman-Uridstegui, A., Garcia-Jiménez, P, Marian,
E. D., Robledo, D., and Robaina, R. R. (2002).
Polyamines influence maturation in reproduc-
tive structures of Gracilaria cornea (Gracilariales,
Rhodophyta). J. Phycol. 38, 1169-1175. doi:
10.1046/j.1529-8817.2002.01202.x

Guzmdn-Uriéstegui, A., Robaina, R., Freile-Pelegrin,
Y., and Robledo, D. (2012). Polyamines increase
carpospore output and growth during in vitro cul-
tivation of Hydropuntia cornea. Biotechnol Lett. 34,
755-761. doi: 10.1007/s10529-011-0823-1

Knott, J. M., Romer, P, and Sumper, M. (2007).
Putative spermine synthases from Thalassiosira
pseudonana and Arabidopsis thaliana synthesize
thermospermine rather than spermine. FEBS Lett.
581, 3081-3086. doi: 10.1016/j.febslet.2007.05.074

Kumar, M., Bijo, A. J., Baghel, R. S., Reddy, C. R.
K., and Jha, B. (2012). Selenium and spermine
alleviate cadmium induced toxicity in the red sea-
weed Gracilaria dura by regulating antioxidants
and DNA methylation. Plant Physiol. Biochem. 51,
129-138. doi: 10.1016/j.plaphy.2011.10.016

Kumar, M., Gupta, V., Trivedi, N., Kumari, P., Bijo,
A. J., Reddy, C. R. K., et al. (2011). Desiccation
induced oxidative stress and its biochemical
responses in intertidal red alga Gracilaria corticata
(Gracilariales, Rhodophyta). Environ. Exp. Bot. 72,
194-201. doi: 10.1016/j.envexpbot.2011.03.007

Kumar, M., Kumari, P, Reddy, C. R. K., and Jha, B.
(2014). “Salinity and desiccation induced oxidative
stress acclimation in seaweeds. in Sea Plants Vol. 71
(Adv. Bot. Res.), 1st Edn, ed Nathalie Bourgougnon
(San Diego, CA: Academic Press Publisher, Elsevier
Ltd.), 91-123

Marian, F. D., Garcia-Jiménez, P.,, and Robaina, R.
(2000). Polyamines in marine macroalgae: lev-
els of putrescine, spermidine and spermine in
the thalli and changes in their concentration
during glycerol- induced cell growth in vitro.
Physiol. Plant. 110, 530-534. doi: 10.1111/j.1399-
3054.2000.1100416.x

Mikami, K. (2013). “Current advances in seaweed-
transformation,” in An Integrated View of the
Molecular Recognition and Toxinology - From
Analytical Procedures to Biomedical Applications,
ed G. R. Baptista (Rijeka: In Tech Open Access
Publisher), 323-347. doi: 10.5772/52978

Mikami, K. (2014). A technical breakthrough close
at hand: feasible approaches toward establish-
ing a gene-targeting genetic transformation sys-
tem in seaweeds. Front. Plant Sci. 5:498, doi:
10.3389/fpls.2014.00498

Minguet, E. G., Vera-Sirera, E., Marina, A., Carbonell,
J., and Bldzquez, M. A. (2008). Evolutionary diver-
sification in polyamine biosynthesis. Mol. Biol.
Evol. 25, 2119-2128. doi: 10.1093/molbev/msn161

Minocha, R., Majumdar, R., and Minocha, S. C.
(2014). Polyamines and abiotic stress in plants: a
complex relationship. Front. Plant Sci. 5:175. doi:
10.3389/fpls.2014.00175

Muniz, L., Minguet, E. G., Singh, S. K., Pesquet, E.,
Vera-Sirera, F., Moreau- Courtois, C. L., et al.

(2008). ACAULIS5 controls Arabidopsis xylem
specification through the prevention of prema-
ture cell death. Development 135, 2573-2582. doi:
10.1242/dev.019349

Mufioz, J., Cahue-L6pez, A. C., Patifio, R., and
Robledo, D. (2006). Use of plant growth regula-
tors in micropropagation of Kappaphycus alvarezii
(Doty) in airlift bioreactors. J. Appl. Phycol. 18,
209-218. doi: 10.1007/s10811-006-9105-z

Neves, F. A. S., Simioni, C., Bouzon, Z. L., and
Hayashi, L. (2014). Effects of spindle inhibitors
and phytoregulators on the micropropagation of
Kappaphycus alvarezii (Rhodophyta, Gigartinales).
J. Appl. Phycol. 27, 437-445. doi: 10.1007/s10811-
014-0309-3

Rambla, J. L., Vera-Sirera, E, Blazquez, M. A,
Carbonell, J., and Granell, A. (2010). Quantitation
of biogenic tetraamines in Arabidopsis thaliana.
Anal. Biochem. 397, 208-211. doi: 10.1016/j.ab.
2009.10.013

Reddy, C. R. K., Gupta, M. K., Mantri, V. A,, and Jha,
B. (2009). Seaweed protoplasts: status, biotechno-
logical perspectives and needs. J. Appl. Phycol. 20,
619-632. doi: 10.1007/s10811-007-9237-9

Sacramento, A. T., Garcia-Jiménez, P., Alcazar, R.,
Tiburcio, A., and Robaina, R. R. (2004). Influence
of polyamines on the sporulation of Grateloupia

(Halymeniaceae, Rhodophyta). J.  Phycol.
50, 887-894. doi: 10.1111/j.1529-8817.2004.
03183.x

Sacramento, A. T., Garcia-Jiménez, P., and Robaina, R.
R. (2007). The polyamine spermine induces cys-
tocarp development in the seaweed Grateloupia
(Rhodophyta). Plant Growth Regul. 53, 147-154.
doi: 10.1007/510725-007-9212-0

Tiburcio, A. E, Altabella, T., Bitrian, M., and Alcdzar,
R. (2014). The roles of polyamines during the
lifespan of plants: from development to stress.
Planta 240, 1-18. doi: 10.1007/s00425-014-2055-9

Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 09 November 2014; accepted: 12 January
2015; published online: 04 February 2015.

Citation: Kumar M, Reddy CRK and Ralph PJ (2015)
Polyamines in morphogenesis and development: a
promising research area in seaweeds. Front. Plant Sci.
6:27. doi: 10.3389/fpls.2015.00027

This article was submitted to Plant Evolution and
Development, a section of the journal Frontiers in Plant
Science.

Copyright © 2015 Kumar, Reddy and Ralph. This is
an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is per-
mitted, provided the original author(s) or licensor are
credited and that the original publication in this journal
is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Plant Science | Plant Evolution and Development

February 2015 | Volume 6 | Article 27 | 4


http://dx.doi.org/10.3389/fpls.2015.00027
http://dx.doi.org/10.3389/fpls.2015.00027
http://dx.doi.org/10.3389/fpls.2015.00027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Evolution_and_Development
http://www.frontiersin.org/Plant_Evolution_and_Development
http://www.frontiersin.org/Plant_Evolution_and_Development/archive

	Polyamines in morphogenesis and development: a promising research area in seaweeds
	Introduction
	Occurrence of PAs and Their Role in Morphogenesis, Reproduction and Development in Seaweeds
	Molecular Tools in Hand for Newer Insights of PA's in Reproduction and Development of Seaweeds
	Conclusions
	Acknowledgments
	References


