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Abstract

Background

Seaweeds of the Laurencia genus have a broad geographic distribution and are largely
recognized as important sources of secondary metabolites, mainly halogenated compounds
exhibiting diverse potential pharmacological activities and relevant ecological role as anti-
epibiosis. Host-microbe interaction is a driving force for co-evolution in the marine
environment, but molecular studies of seaweed-associated microbial communities are still
rare. Despite the large amount of research describing the chemical compositions of Laurencia
species, the genetic knowledge regarding this genus is currently restricted to taxonomic
markers and general genome features. In this work we analyze the transcriptomic profile of L.
dendroidea J. Agardh, unveil the genes involved on the biosynthesis of terpenoid compounds
in this seaweed and explore the interactions between this host and its associated microbiome.

Results

A total of 6 transcriptomes were obtained from specimens of L. dendroidea sampled in three
different coastal locations of the Rio de Janeiro state. Functional annotations revealed
predominantly basic cellular metabolic pathways. Bacteria was the dominant active group in
the microbiome of L. dendroidea, standing out nitrogen fixing Cyanobacteria and aerobic
heterotrophic Proteobacteria. The analysis of the relative contribution of each domain
highlighted bacterial features related to glycolysis, lipid and polysaccharide breakdown, and
also recognition of seaweed surface and establishment of biofilm. Eukaryotic transcripts, on
the other hand, were associated with photosynthesis, synthesis of carbohydrate reserves, and
defense mechanisms, including the biosynthesis of terpenoids through the mevalonate-
independent pathway.

Conclusions

This work describes the first transcriptomic profile of the red seaweed L. dendroidea,
increasing the knowledge about ESTs from the Florideophyceae algal class. Our data suggest
an important role for L. dendroidea in the primary production of the holobiont and the role of
Bacteria as consumers of organic matter and possibly also as nitrogen source. Furthermore,
this seaweed expressed sequences related to terpene biosynthesis, including the complete
mevalonate-independent pathway, which offers new possibilities for biotechnological
applications using secondary metabolites from L. dendroidea.

Keywords

Red seaweed, Terpene, Bacteria, Holobiont, Metabolic pathway, EST

Background

Laurencia dendroidea is a red seaweed species widespread in the Atlantic Ocean, whose type
locality is in Brazil. It is found from the intertidal to the subtidal zone at 3m depth. The thalli
are erect, forming dense tufts 4-20 cm high, brown-purple or violet-greenish in color [1]. The
genus Laurencia [2] was recognized, since the first studies on natural products in the 1960s,




as an important source of secondary metabolites, mainly halogenated compounds [3,4]. The
secondary metabolites of Laurencia play a relevant ecological role as chemical defenses
against bacterial colonization and infection [5-7].

Seaweeds are especially susceptible to microbial colonization due to the biosynthesis and
release of large amounts of organic compounds, which may serve as chemo-attractants and
nutrient source for microbes [8]. In this context, secondary metabolites and exudates may act
together selecting the microbial community associated with the surfaces and tissues of
seaweeds [9,10]. Host-microbe interaction is widely recognized as one of the main driving
forces for co-evolution in the marine environment, leading to the establishment of beneficial
microbiomes. For instance, microbes associated with seaweed tissues may possess the ability
to fix nitrogen, mineralize the organic substrates and also supply the seaweeds with carbon
dioxide and growth factors [11-14]. The microbiome on seaweeds tends to be species-specific
and different from the surrounding seawater [15]. However, the characterization of the
microbial community living at the surface of macroalgae is still limited and the molecular
studies of these communities are rare [15-17].

The untapped diversity of the secondary metabolites of Laurencia, particularly terpenes, has
attracted considerable attention of different research groups worldwide. The pharmacological
potential of these compounds comprises the strong antibiotic [18,19], antiviral [20],
antimalarial [21], antitrypanosomal [22], antileishmanial [23], anti-inflammatory [24] and
anti-carcinoma [25-27] activities. A major secondary metabolite of L. dendroidea is the
sesquiterpene (C15) (-)-elatol, a substance that has a high biocidal and anti-epibiosis activity
and could be used for the preparation of antifouling paints, or for the development of
antimicrobials [28-30]. A first attempt for the commercial application of (-)-elatol resulted in
the filing of the patent in Brazil to use this compound as an antifouling agent. However,
technological developments are still needed to ensure its commercial viability [31]. This
obstacle stems from the low yield of the extraction process, the complexity of the organic
total synthesis of (-)-elatol in laboratory [32], and the failure of the large-scale cultivation of
this species. A possible alternative to circumvent this problem is the synthesis of (-)-elatol in
the laboratory using genetically modified organisms [31]. The cellular location and the
environmental factors that induce the production of this compound by L. dendroidea are
known [33,34], but the genes involved in the biosynthesis of this compound were not yet
determined, representing a new research frontier in the technological use of (-)-elatol. Recent
studies have determined some of the genes responsible for the biosynthesis of terpenes (i.e.
cyclases or synthases) in bacteria [35], fungi [36], and plants [37]. The sequence homology
observed among at least some classes of terpene synthases from these organisms [38] may
facilitate the search for homolog genes in L. dendroidea.

Despite the large number of studies based on the chemical composition of Laurencia species,
the genetic knowledge regarding this genus is currently restricted to taxonomic markers
[39,40]. The genome size of L. dendroidea is estimated to be about 833 Mbp, based on a
study of another species of the same genus [41], but gene sequences from this species have
not previously been described. In this work we analyze the transcriptomic profile of L.
dendroidea at different geographic locations, unveil the genes involved on the biosynthesis of
terpenoid compounds in this seaweed and also explore the interactions between the alga and
the associated microbiome.



Methods

Specimens collection

Specimens of L. dendroidea were randomly collected in the intertidal zone during high tide at
Azedinha (22°44°28.76”S, 41°52°55.70"W) and Forno beaches (22°45°42.72”S,
41°52°29.81”W), both in Buzios, and at Ibicui beach (22°57°45.02”S, 41°01°29.05”W)
located in Mangaratiba, all these places on the coast of the Rio de Janeiro state, Brazil (Figure
1). Seaweeds were collected from nearly the same depth in two subsequent days, at
approximately the same hour, with the same climatic characteristics to minimize the variation
in abiotic factors. The collected thalli were rapidly cleaned of macroscopic epiphytes using
tweezers, without damage to the host seaweed, and the samples were immediately frozen in
liquid nitrogen, to better preserve the holobiont.

Figure 1 Collection sites of specimens of L. dendroidea in Buzios and Mangaratiba, on
the coast of the Rio de Janeiro state, Brazil. Scale bar presented in miles (mi)

RNA extraction, reverse-transcription and pyrosequencing

Two specimens of. L. dendroidea from each location were separately ground in liquid
nitrogen using a mortar and pestle to obtain a fine powder. Then, 100 mg of powder from
each sample was suspended in 1mL of extraction buffer (6.5 M guanidinium hydrochloride,
100 mM Tris-HCI pH 8.0, 0.1 M sodium acetate pH 5.5, 0.1 M B-mercaptoethanol, 0.2 M
KOAC). Total RNA was extracted following the method previously proposed for another red
seaweed [42], but we performed an extra centrifugation step and transferred the supernatant
phase before adding the chloroform, which improved the RNA quality. In order to eliminate
DNA residues, all the samples were treated with DNAse (RNAse free, PROMEGA, Madison,
USA). The double-stranded cDNAs (ds cDNAs) were synthesized and amplified using the
SMARTer cDNA synthesis kit and the Advantage2 polymerase (Clontech, California, USA)
starting from 1 ug of total RNA. The optimal number of amplification cycles was determined
to be 23. This amplification did not exclude the prokaryotic portion of the holobiont, allowing
the study of the microbiome along with the host. The PCR amplification products were
purified using the NucleoSpin® Extract Il kit (Macherey-Nagel, Diren, Alemanha). Finally
the ds cDNAs were eluted in TE buffer (10 mM Tris-HCI pH 7.6; 1 mM EDTA) and
sequenced using 454 pyrosequencing technology [43].

Transcriptome analysis

The sequences from each sample were preprocessed using the software Prinseq [44] to trim
poly-A/T tails at least 20 bp long and to remove reads shorter than 75 bp, and then assembled
into contigs using the Roche's algorithm Newbler (minimum overlap length =40 bp,
minimum overlap identity =95%). In our analysis we annotated both contigs and singlets
after assembly (hereafter referred as transcripts), since they contained different sequences and
relevant information. We downloaded all the EST sequences deposited for the class
Florideophyceae in the NCBI (comprising 11 species) and assembled the reads using the
TGICL software from TIGR [45]. Afterwards, the assembly of all sequences derived from L.
dendroidea was aligned against the Florideophyceae EST NCBI database using the Promer
alignment tool (MUMmer 3.0) using the ‘maxmatch’ parameter [46]. The results were parsed
using the show-coords script with - k and - r parameters and only reciprocal matches were



considered for calculations. Sequences annotated as Bacteria were treated separately in this
analysis, but eventual micro-eukaryotic sequences could not be removed, since the database
is not complete regarding eukaryotic marine life and no Laurencia sequences aside from
taxonomic markers are available.

Taxonomic and functional analysis were performed on assembled sequences from all
samples, using the Newbler software, and automatically annotated, using the MG-RAST
server, through BLAST, against the GenBank, COG, KEGG and Subsystems databases with
maximum e-value cutoff of 10® [47]. The sequences obtained in this project are publicly
available in the MG-RAST database and were organized in a file for each sample, named
according to the site of origin, and a file containing the assembler of all reads
(http://metagenomics.anl.gov/linkin.cgi?project=1274). To characterize the major phenotypic
features of the microbial community associated with L. dendroidea, features of bacterial
genera identified against Genbank (through MG-Rast) were manually annotated using the
Bergey’s manuals of Systematic Bacteriology (2" ed.). Additionally, we explored the relative
contributions of Bacteria and Eukarya to the functional profile. Sequences annotated against
the Genbank corresponding to these domains were extracted using the Workbench tool from
MG-RAST server, and re-annotated against functional hierarchies (COG, Subsystems). The
functional profiles of the domains were compared using the Statistical Analysis of
Metagenomic Profiles (STAMP) bioinformatics software v2.0 [48]. Statistical significance
(p<0.05) was calculated pairwise using two-sided G-test (with Yates’ correction) and
Fisher’s exact test, and the confidence intervals for each proportion were calculated using the
asymptotic method with a continuity correction considering the threshold of 95%.
Furthermore, a specific search for two profiles using hidden markov models was performed,
through the HMMER 3.0 software [49]. The first HMM profile was based on the alignment
of all vanadium bromoperoxidases deposited in the protein database of NCBI, and the second
one, based on the universal metal-binding domain of terpene synthases (PF03936), was
obtained from PFAM as previously described [35].

Results

A total of 6 transcriptomes (235,572 reads, 52 Mbp) were obtained for specimens of the
seaweed L. dendroidea originated from three different locations in the Rio de Janeiro coast.
The assembly of the sequences from each replicate resulted on 500-1,000 contigs and
10,000-16,000 singlets (see Table 1 for detailed information). The COG functional
annotation and the GenBank taxonomic annotation indicated that the transcriptomic profile of
L. dendroidea was highly similar among the samples (Additional files 1 and 2). Since no
significant differences were observed, all the reads of the 6 transcriptomes were assembled in
order to represent a transcriptomic profile for this species, resulting on 3,887 contigs and
38,010 singlets. A total of 30,585 tentative unigenes (73% of the transcripts) were identified
as genes coding for proteins with unknown function, indicating the need for further molecular
studies in order to unravel the function of a large portion of the transcriptome of this
seaweed. The closest red algal genus with sequences deposited in the database is Griffithsia,
classified in the order Ceramiales, for which we found only 1,277 ESTs, most of them
(99.76%) derived from Griffithsia okiensis [50]. Searching at a higher taxonomic level, the
total number of ESTs from the class Florideophyceae deposited in NCBI was 37,198,
comprising 21,475 unigenes, from which only 5.95% matched with 3.34% unigenes from this
study (Figure 2). These numbers include the sequences of Bacteria associated with the
Laurencia holobiont (1.94%), from which 0.3% matched with 1.39% of the sequences in the



Florideophyceae database, indicating that the reference database itself contains bacterial
sequences. Excluding those bacterial sequences from our analysis, 3.04% of the remaining
sequences are left matching 4.56% of sequences from the Florideophyceae database (Figure
2). Therefore, 95.02% of the sequences provided by this work could potentially enrich our
current knowledge regarding Florideophyceae as they represent unknown genes.



Table 1 Characteristics of the sequencing and assembly of the cDNA libraries from the Laurencia dendroidea holobiont

Location Azedinhal Azedinha2 Fornol Fono2 Ibicuil Ibicui2
Total Nucleotides 11,635,249 9,384,269 11,049,671 7,101,334 5,550,607 8,011,563
(basepairs)
N. of Sequences 51,592 42 577 49,001 31,434 24,423 36,545
N. of Contigs 1,079 926 985 556 586 683
Avg. Size of Contigs 492.24+190.19 489.62 +195.59 481.88+195.80 466.06+182.92 465.71+164.32 487.58 +193.41
N. of Singlets 15,755 14,480 14,830 10,935 10,522 11,719

Avg. Size of Singlets 202.17+78.19 198.52 +74.80 198.01+77.76 197.09+76.42 212.72+80.09 195.50 + 75.30




Figure 2 MUMMER-based identification of shared sequences between this study and
the dbEST for the class Florideophyceae. The shaded area corresponds to sequences
annotated as bacteria in this study

Major groups of transcripts of L. dendroidea

The functional classification of the ESTs revealed that most of the transcripts were related to
the basal metabolism of the Laurencia holobiont (Figures 3 and 4). The most represented
COG categories were associated to Translation, Ribosomal Structure and Biogenesis
(18.65%), Posttranslational Modification, Protein Turnover and Chaperones (14.90%), and
Amino acid Transport and Metabolism (7.57%). Additionally, functions associated with
Energy Production and Conversion were relatively common (7.37%). Moreover, the
sequences related to Replication, Recombination and Repair (7.37%), and the ESTs involved
in Carbohydrate Transport and Metabolism (5.42%) were among the most represented
categories in the transcriptome of L. dendroidea (Figure 3). The Subsystems annotation
corroborated further the general expression profile of Laurencia. The main recognized
features are Protein Metabolism (19.20%) and Carbohydrates (13.11%). Transcripts related to
Cofactors, Vitamins, Prosthetic Groups, Pigments (8.88%), Amino Acids and Derivatives
(8.77%) and RNA Metabolism (8.71%) were also numerous (Figure 4).

Figure 3 COG functional profile overview of the transcriptome of L. dendroidea

Figure 4 Subsystems functional profile overview of the transcriptome of L. dendroidea

Transcriptome of L. dendroidea-associated microbiome

The functional analysis of the transcriptome revealed bacterial genes that are important for
surface colonization, such as the transcripts related to flagellum (0.11% of the total), CheY-
like receiver domain (0.04% of the total), and S-adenosylmethionine synthetase (0.03% of the
total). Indeed, we detected fewer sequences involved in Motility and Chemotaxis (0.11% of
the total) in comparison with the ones related to Capsular and extracellular polysaccharides
(0.53% of the total).

A total of 6,154 reads (14.69% of the total) were assigned to taxonomic categories using the
GenBank database. Among them, 17.26% were classified in the domain Bacteria (Figure 5A).
The most abundant bacterial transcripts were assigned to the phylum Cyanobacteria
(35.97%), mainly to the orders Chroococcales, Oscillatoriales and Nostocales. The second
most represented phylum is Proteobacteria (32.86%) with Gammaproteobacteria and
Alphaproteobacteria as the dominant classes (Figure 5B).

Figure 5 Taxonomic classification for the transcriptome of L. dendroidea. (a) Taxonomy
overview. (b) Relative abundance of bacterial phyla

Manual annotation revealed the majority of the bacterial transcripts (to which a description of
respiratory metabolism could be found in Bergey’s manuals) as ascribed to aerobic (62.30%)
or aerotolerant groups (14.00%). We also verified a higher abundance of transcripts related to
respiration (2.96%) in comparison with the ones involved in the fermentative metabolism
(0.64%). Furthermore, Bacteria expressed genes, such as Superoxide dismutase (0.51%),
Glutaredoxins (0.42%), Alkyl hydroperoxide reductase (0.21%), and the chaperones GroEL



(3.17%), DnaJ (1.37%) and DnaK (0.84%), related to protection from reactive oxygen
species produced during aerobic metabolism (Additional file 3).

Genes involved in Photosynthesis (3.18%) and in the biosynthesis of starch (0.66%) were
more abundant in eukaryotes, while ESTs related to Carbohydrate (5.63%) and Lipid
Transport and Metabolism (3.58%), and to Energy Production and Conversion (11.38%) were
more represented in Bacteria. Transcripts associated to Amino acid metabolism (11.50%)
were also more represented in Bacteria, except for the glutamate biosynthesis that was
preferentially expressed by Eukarya (0.58%, Additional file 3).

Additionally, several transcripts were attributed to bacterial genera known to be heterotrophs
(>51.9%) or motile ( > 28.4%). Furthermore, 25.4% of the heterotroph-associated transcripts
belong to genera recognized as pathogens or closely associated to eukaryotes. Along this
context, the Hmmer search for vanadium-dependent bromoperoxidases, which could be
involved in response to infection, resulted on 10 hits, and their functional classification was
confirmed by Blastx.

Terpenoid biosynthesis in the holobiont

Within the functional annotations, 34 transcripts associated to the terpenoid backbone
biosynthesis in L. dendroidea were found, representing all the required enzymes involved in
the mevalonate-independent pathway (Table 2, Figure 6). The identified genes participate in
important steps for the synthesis of dimethylallyl diphosphate (EC 2.2.1.7; EC: 1.1.1.267,
EC: 2.7.7.60; EC: 2.7.1.148; EC 4.6.1.12; EC: 1.17.7.1; EC: 1.17.1.2), its isomerization to
isopentenyl diphosphate (EC: 5.3.3.2), and the condensation of these two C5-units, through
the action of prenyltransferases, generating geranyl diphosphate (GDP, EC: 2.5.1.1), farnesyl
diphosphate (FDP, EC: 2.5.1.10), and geranylgeranyl diphosphate (GGDP, EC: 2.5.1.29). We
also found genes involved in the subsequent steps to the synthesis of chlorophylls (EC:
1.3.1.83), plastoquinone, phylloquinone, ubiquinone (EC: 2.5.1.84, EC: 2.5.1.85, EC:
2.5.1.91) and N-glycans, (EC: 2.5.1.87). The Hmmer search for the metal binding conserved
domain (PF03936) in the transcriptome of L. dendroidea resulted on 3 hits, and the
subsequent manual annotation confirmed their classification as terpene synthases.



Table 2 Description of the enzymes involved on terpenoid backbone biosynthesis

Enzyme codes Enzyme names Databases
EC 2217 1-deoxy-D-xylulose-5-phosphate synthase. SEED
EC: 1.1.1.267 1-deoxy-D-xylulose-5-phosphate reductoisomerase. KEGG/SEED
EC: 2.7.7.60 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase KEGG
EC: 2.7.1.148 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase. KEGG/SEED
EC4.6.1.12 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase SEED
EC:1.17.7.1 (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase KEGG/SEED
EC:1.17.1.2 4-hydroxy-3-methylbut-2-enyl diphosphate reductase KEGG/SEED
EC:5.3.3.2 Isopentenyl-diphosphate Delta-isomerase. KEGG/SEED
EC: 2511 Dimethylallyltranstransferase. KEGG/SEED
EC:25.1.10 (2E,6E)-farnesyl diphosphate synthase. KEGG/SEED
EC: 25.1.29 Geranylgeranyl diphosphate synthase KEGG/SEED
EC: 25.1.87 Ditrans,polycis-polyprenyl diphosphate synthase ((2E,6E)-farnesyl diphosphate specific) KEGG
EC:1.3.1.83 Geranylgeranyl diphosphate reductase. KEGG/SEED
EC:25.1.85 All-trans-nonaprenyl-diphosphate synthase (geranylgeranyl-diphosphate specific) KEGG
EC:25.1.84 All-trans-nonaprenyl-diphosphate synthase (geranyl-diphosphate specific) KEGG
EC:25.1.91 All-trans-decaprenyl-diphosphate synthase. KEGG




Figure 6 Terpenoid backbone biosynthetic pathway. Blue squares represent the genes
identified through the KEGG database, green squares points the genes identified using the
SEED database and red squares highlight the genes identified using both databases

Discussion

The present study provides the largest transcriptome dataset for the class Florideophyceae
and represents the first transcriptomic characterization of the seaweed Laurencia dendroidea.
The presented numbers could be an overestimate of the contribution of L. dendroidea to the
Florideophyceae database, since we worked with complex samples. Nevertheless, at least
some of the sequencing projects in the Florideophyceae dbEST are also based on non-axenic
field samples [51,52], hampering the achievement of a more accurate estimate. Indeed, it is
notable the presence of sequences deposited in this database that matched our bacterial
sequences.

Recent advances in the field of algal genomics included only the complete sequencing of the
nuclear genome of the microalgae Cyanidioschyzon merolae [53], Ostreococcus tauri [54],
Chlamydomonas reinhardtii [55], and Cyanophora paradoxa [56] and the brown macroalga
Ectocarpus siliculosus [57]. Moreover, EST projects have provided valuable information in
the transcriptomic profile of some species of Rhodophyta [50,51,58-62] in the phylogenetic
relationships among photosynthetic eukaryotes [63,64] and have also unveiled genes
involved in stress response [52,65,66] and in life phase differentiation [67-70].

The transcriptomic profile of L. dendroidea and its corresponding associated microbiome was
closely similar among all the samples, regardless of their place of origin. Likewise, a
previous study verified a higher similarity between bacterial populations from seaweeds of
the same species sampled at different sites than between those from different species growing
at the same habitat, emphasizing the specificity of this association [71]. Our data reinforces
these findings as we observed a high similarity in the taxonomic composition of the active
microbiome associated with L. dendroidea in different sample sites.

Major groups of transcripts of L. dendroidea

The functional annotation of the transcripts revealed predominantly basic cellular metabolic
pathways. In general, functions related to translation and protein synthesis, from amino acid
precursors to post-translational modifications are the most abundantly expressed in the
transcriptome of L. dendroidea. Besides, complete pathways for energy production were well
represented, mainly related to the pyruvate dehydrogenase complex, electron transfer,
thioredoxins, citric acid cycle and NADH dehydrogenase. The ESTs involved in
carbohydrate transport and metabolism (mainly glycolysis, starch and sucrose metabolism,
and pentose phosphate pathway), Cofactors, Vitamins, Prosthetic Groups, Pigments
(including Folate and Pterines, Tetrapyrroles and Pyridoxine), RNA Metabolism (mainly
RNA Processing and Modification) were among the most represented categories in the
transcriptome of L. dendroidea. Other relevant features in this transcriptome are related to
DNA replication, recombination and repair, which are important to the survival and growth
of the seaweed, especially in the rocky-shore coastal environment where the organisms are
subject to high UVB levels that causes serious damages to DNA [72]. The ability to resist to
UV-exposure influences the vertical distribution of seaweeds [73], and L. dendroidea
typically grows in the lower midlittoral zone where UV-damage repair may be necessary. The



same set of expressed sequences relevant in the transcriptome of L. dendroidea are among the
most represented in the EST databases of Gracilaria gracilis [62], G. changii [51], G.
tenuistipitata [60], Porphyra yezoensis [61,67], P. haitanensis [59], Eucheuma denticulatum
[74], Furcellaria lumbricalis [52], and Kappaphycus alvarezii [66], possibly indicating a
general pattern of expression in red seaweeds.

Transcriptome of L. dendroidea-associated microbiome

Seaweeds are especially susceptible to epibiosis because they inhabit environments with
strong competition for space [75], and release large amounts of organic compounds that
induce the microbial colonization [76], but the interaction between seaweeds and their
microbiomes is little known to the molecular level.

The functional analysis of the holobiont transcriptome revealed the expression of bacterial
genes involved on cell motility and chemotaxis, for example the ESTs related to flagellum
and CheY-like receiver domain which are important, respectively, for the recognition of the
surface of the seaweed and the establishment of the biofilm [77,78]. However, the relatively
low abundance of these transcripts in comparison with the ones involved in extracellular
polysaccharide synthesis suggests a mature biofilm with some level of detachment, possibly
of dispersal cells [79]. Transcripts coding for the enzyme S-adenosylmethionine synthetase,
which participates in the synthesis of quorum sensing autoinducers, were also detected [80].
Quorum sensing (QS) is a bacterial cell to cell communication mechanism based on the
release and perception of signaling molecules such as oligopeptides, N-acyl homoserine
lactones (AHL) and autoinducers that allow bacteria to monitor their own population density
and to coordinate swarming, biofilm formation, stress resistance, and biosynthesis of toxins
and secondary metabolites [81], and it exhibits an important role in the interactions between
bacteria and their eukaryotic hosts. Several red seaweeds are able to inhibit bacterial QS
signaling, such as Delisea pulchra [82] and Ahnfeltiopsis flabelliformis [83], and a small
inhibitory activity against QS signaling was previously detected in the ethyl acetate extract
from a Laurencia sp. [84].

The taxonomic analysis of the transcriptome showed Bacteria as the dominant active group in
the microbiome of L. dendroidea, with Cyanobacteria and Proteobacteria as the most
represented bacterial phyla. These groups were also verified as predominant in the evaluation
of the microbial diversity associated with four functional groups of seaweeds through
metagenomics [17].

Among the cyanobacterial transcripts associated with the thalli of L. dendroidea, the
Chroococcales, Oscillatoriales and Nostocales were the dominant orders, all of them
comprising nitrogen fixing species. In a previous study, Phlips and Zeman [85] reported the
occurrence and the nitrogen fixing activity of epiphytic forms of Oscillatoria associated to
Sargassum thalli. Nitrogen can be the limiting nutrient in coastal ecosystems [86] and under
this situation, nitrogen fixing cyanobacteria may be favored and gain in growth and
reproductive success. In fact, Hoffman [87] pointed that despite their important contribution
to benthic primary production, the main role of Cyanobacteria in the tropical marine
ecosystems appears to be as nitrogen fixers. However, no sequences related to nitrogen
fixation were observed in our data. This is expected since our data clearly indicates an
oxygenic environment, and the nitrogenase expression is inhibited by oxygen [88]. Our
samples, collected near the peak of photosynthetic activity (right before midday) should have
a very low expression of this nitrogenase [89]. In fact, the most abundant cyanobacteria genus



were Synechococcus and Cyanothece, which together with Lyngbya and Synechocystis were
previously reported to rely on temporal separation between photosynthesis and nitrogen
fixation, the last occurring mainly at night [90,91]. Further studies on the diel variation of the
transcriptome profile could verify this hypothesis.

Analyzing the functional relative contribution of specific domains, we noticed a higher
involvement of Bacteria in the Amino acid metabolism, except for the biosynthesis of
glutamate, more represented in eukaryotes. Such situation was reported for Rhizobium
nodules, where plants provide glutamate and a carbon source and in turn the nitrogen fixing
Bacteria provide ammonium and amino acids such as alanine and aspartate for asparagine
biosynthesis in the plant cytosol [92]. Although specialized mechanisms like nodules are not
known in red algae, our data suggests a similar interaction between the seaweed and the
associated microbiome, involving the exchange of nitrogen compounds.

Proteobacteria was the second largest active group with assigned sequences mostly to the
classes Gammaproteobacteria and Alphaproteobacteria. The higher abundance of these
classes was previously reported for the surface microbiome of the macroalgae Ulva australis
[93] and Laminaria hyperborean [94], through denaturing gradient gel electrophoresis
(DGGE) analysis. Predominantly heterotrophs, these groups would be opportunists, exploring
an oxic productive environment [95]. The high prevalence of aerobic and aerotolerant groups
reflects a photosynthesizing environment, also noted by Barott et al. [17]. The predominance
of respiration over fermentative metabolism in the holobiont transcriptomic profile reinforces
these findings. The aerobic metabolism generates reactive oxygen species (ROS) [96] that
can damage DNA, lipids, and proteins [97]. In order to cope with oxygen toxicity and grow
in aerobic conditions, Bacteria expressed genes correlated to oxidative stress, such as
Superoxide dismutase, Glutaredoxins and Alkyl hydroperoxide reductase [98], and also stress
related chaperones such as GroEL, DnaJ and DnaK [99,100].

Transcripts associated to photosynthesis and to the biosynthesis of carbohydrate reserves,
such as starch, were more represented in eukaryotes, which indicate an important role of L.
dendroidea in the primary production of the holobiont, generating carbon in excess to its
immediate demand. The typical starch from Rhodophyta is called floridean starch and it
shows structural similarities with starch granules from higher plants except for the lack of
amylose in most of the species [101]. On the other hand the Bacteria contributed more to
Carbohydrate and Lipid Transport and Metabolism, and to Energy Production and
Conversion, standing out genes related to glycolysis and also to lipid and polysaccharide
breakdown, reinforcing the role of Bacteria as consumers of organic matter in this holobiont
[102].

Despite the beneficial or neutral interaction processes depicted here between L. dendroidea
and its microbiome, some bacteria may also offer threats to the health and survival of
seaweeds in their natural environment [103]. As such, defense mechanisms, such as the
aforementioned secondary compounds of L. dendroidea [18], may have been evolutionarily
selected. The expression of vanadium-dependent bromoperoxidases, involved on the
halogenation and cyclization of terpenes in Rhodophyta [104], was detected in the
transcriptomic profile of L. dendroidea. Additionally the previously reported increase on the
bromination activity of red algae in response to infection signals, such as agar
oligosaccharide [105], indicates an important role of this enzyme in the chemical defense of
Rhodophyta.



Terpenoid biosynthesis in the holobiont

The biosynthesis of terpenoid backbones provides precursors for the biosynthesis of diverse
compounds that display relevant roles in plant and algal physiology [106]. The identified
genes are involved in important steps for the biosynthesis of the building blocks dimethylallyl
diphosphate, isopentenyl diphosphate and the higher-order building blocks geranyl
diphosphate, farnesyl diphosphate and geranylgeranyl diphosphate, which are the precursors
of monoterpenoids (C10), sesquiterpenoids (C15), and diterpenoids (C20), respectively [107].
The subsequent addition of isoprene units leads to the biosynthesis of sterols (isoprenoids
with a C30 backbone) which are components of cell membranes; carotenoids (C40) and
chlorophylls (with a C20 isoprenoid side-chain) that act as photosynthetic pigments; and
plastoquinone, phylloquinone and ubiquinone (with long isoprenoid side-chains) that
participate in electron transport systems for respiration or photosynthesis [106]. Terpenoid
backbones are also required for the biosynthesis of N-glycans, important components for the
proper folding of proteins in eukaryotic cells [108]. The biosynthesis of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), the central intermediates in
the biosynthesis of isoprenoids, occur through two different pathways in plants, one
dependent (MVA) and other independent of mevalonate (DOXP/MEP). The mevalonate
(MVA) pathway, located in the cytosol, is responsible for the production of sterols,
triterpenes and some sesquiterpenes [109]. The MVA-independent pathway operates in
plastids and provides the precursors to monoterpenes, diterpenes, certain sesquiterpenes,
carotenoids and the side chains of chlorophyll and plastoquinone [110]. This division
between isoprenoids derived from plastids and cytoplasm was also observed in red algae
[111,112]. Despite the occurrence of both biosynthetic routes in Rhodophyta, this study
found only transcripts associated with the mevalonate-independent pathway. Furthermore,
three transcripts were identified containing the terpene synthase family metal-binding domain
[35], representing new possible targets for further functional clarification. Phylogenetic
reconstruction based on genes of terpene synthases was attempted, using the fragments (50—
310 amino acids) we obtained from our whole transcriptome strategy (data not shown).
However, it is difficult to infer a phylogenetic relationship among taxonomic groups using
the gene fragments of this pathway because, in nearly all cases, the bootstrap support for the
branches is low when homologous sequences were available for analysis. Nevertheless, it is
notable that in most cases, the sequences from L. dendroidea holobiont and other red algae
cluster together with a relatively high bootstrap support.

These findings associated to the reconstruction of a complete pathway for the biosynthesis of
terpenoid backbones in L. dendroidea are important steps to enable the heterologous
biosynthesis of terpenes of interest, such as (-)-elatol, in genetically modified organisms. The
molecular engineering of Escherichia coli and Saccharomyces cerevisiae has recently
allowed the use of these microorganisms as cell factories to synthesize plant terpenes such as
the antimalarial drug artemisinin [113,114], opening up new avenues for the scalable
biosynthesis of terpenoid compounds. Our research provides a comparative basis for
prospecting more specific terpene synthases genes for (-)-elatol and other commercially
relevant terpenes, which could be explored in cell factories. This could be accomplished
through the use of high producing strains of L. dendroidea under favorable conditions.



Conclusions

Our work describes the first transcriptomic profile of the red seaweed L. dendroidea,
increasing the knowledge of ESTs from the Florideophyceae class. Basic cellular metabolic
functions were the most represented in this profile, as observed in other seaweeds. The
associated microbial transcriptome was independent of the location of collect, and the
holobiont transcriptome indicated interesting interactions such as biofilm formation, the
possible exchange of nitrogen compounds between bacteria and eukaryotes, the role of L.
dendroidea in photosynthesis and of bacteria as consumers of excess carbon, and the bacterial
molecular strategies to cope with the oxidative stress generated during aerobic metabolism. In
addition, seaweeds defense mechanisms were also suggested with the disclosure of a
complete mevalonate-independent pathway. The present study is a first contribution to the
transcriptomic analysis of L. dendroidea, and opens up new avenues for biotechnological
applications using this seaweed.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

LSO carried out the samples collection, and RNA extraction, participated in the bioinformatic
analysis and drafted the manuscript. GBG participated in the bioinformatic analysis and in the
discussions and draft of the manuscript. GGZS carried out the bioinformatic analysis and
participated in the discussion of the results. LTS participated in the sample collection, the
discussion of the results, and the acquisition of funding. GAF participated in the acquisition
of funding, the work planning and the discussion of the results, MAF participated in RNA
extraction, EST library construction and discussion of the results. RCP participated in the
acquisition of funding, work planning, discussion of the results, and draft of the manuscript.
FLT participated in the acquisition of funding, work planning, data interpretation and draft of
the manuscript. All authors read and approved the final manuscript.

Acknowledgments

We thank the financial support of CAPES, CNPq, and FAPERJ.

References

1. Cassano V, Metti Y, Millar AJK, Gil-Rodriguez MC, Senties A, Diaz-Larrea J, Oliveira
MC, Fujii MT: Redefining the taxonomic status of Laurencia dendroidea (Ceramiales,
Rhodophyta) from Brazil and the Canary Islands. Eur J Phycol 2012, 47(1):67-81.

2. Guiry MD, Guiry GM: AlgaeBase. In Edited by. Galway: National University of Ireland;
2010. http://wwwalgaebaseorg.

3. Irie T, Suzuki M, Masamune T: Laurencin, a constituent from Laurencia species.
Tetrahedron Lett 1965, 6:1091-1099.



4. Irie T, Suzuki M, Kurosawa E, Masamune T: Laurinterol, debromolaurinterol and
isolaurinterol, constituents of Laurencia intermedia Yamada. Tetrahedron 1970,
26(13):3271-3277.

5. Vairappan CS, Daitoh M, Suzuki M, Abe T, Masuda M: Antibacterial halogenated
metabolites from the Malaysian Laurencia species. Phytochemistry 2001, 58(2):291-297.

6. Vairappan CS, Suzuki M, Ishii T, Okino T, Abe T, Masuda M: Antibacterial activity of
halogenated sesquiterpenes from Malaysian Laurencia spp. Phytochemistry 2008,
69(13):2490-2494.

7. Vairappan CS, Anangdan SP, Tan KL, Matsunaga S: Role of secondary metabolites as
defense chemicals against ice-ice disease bacteria in biofouler at carrageenophyte farms.
J Appl Phycol 2010, 22(3):305-311.

8. Haas AF, Nelson CE, Kelly LW, Carlson CA, Rohwer F, Leichter JJ, Wyatt A, Smith JE:
Effects of coral reef benthic primary producers on dissolved organic carbon and
microbial activity. PLoS One 2011, 6(11):e27973.

9. Goecke F, Labes A, Wiese J, Imhoff JF: Chemical interactions between marine
macroalgae and bacteria. Mar Ecol Prog Ser 2010, 409:267-300.

10. Persson F, Svensson R, Nylund GM, Fredriksson NJ, Pavia H, Hermansson M:
Ecological role of a seaweed secondary metabolite for a colonizing bacterial community.
Biofouling 2011, 27(6):579-588.

11. Cole JJ: Interactions between bacteria and algae in aquatic ecosystems. Annu Rev
Ecol Syst 1982, 13:291-314.

12. Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG: Algae acquire vitamin
B12 through a symbiotic relationship with bacteria. Nature 2005, 438(7064):90-93.

13. Tanaka Y, Ogawa H, Miyajima T: Bacterial decomposition of coral mucus as
evaluated by long-term and quantitative observation. Coral Reefs 2011, 30(2):443-449.

14. Rosenberg G, Paerl H: Nitrogen fixation by blue-green algae associated with the
siphonous green seaweed Codium decorticatum: effects on ammonium uptake. Mar Biol
1981, 61(2):151-158.

15. Burke C, Steinberg P, Rusch D, Kjelleberg S, Thomas T: Bacterial community
assembly based on functional genes rather than species. Proc Natl Acad Sci 2011,
108(34):14288-14293.

16. Staufenberger T, Thiel V, Wiese J, Imhoff JF. Phylogenetic analysis of bacteria
associated with Laminaria saccharina. FEMS Microbiol Ecol 2008, 64(1):65-77.

17. Barott KL, Rodriguez Brito B, Janouskovec J, Marhaver K, Smith JE, Keeling P, Rohwer
FL: Microbial diversity associated with four functional groups of benthic reef algae and
the reef building coral Montastraea annularis. Environ Microbiol 2011, 13(5):1192-1204.



18. Vairappan CS: Potent antibacterial activity of halogenated metabolites from
Malaysian red algae, Laurencia majuscula (Rhodomelaceae, Ceramiales). Biomol Eng
2003, 20(4-6):255-259.

19. Vairappan CS, Kawamoto T, Miwa H, Suzuki M: Potent antibacterial activity of
halogenated compounds against antibiotic-resistant bacteria. Planta Med 2004,
70(11):1087-1090.

20. Sakemi S, Higa T, Jefford CW: Venustatriol. A new, anti-viral, triterpene tetracyclic
ether from Laurencia venusta. Tetrahedron Lett 1986, 27(36):4287-4290.

21. Topcu G, Aydogmus Z, Imre S, Goren AC, Pezzuto JM, Clement JA, Kingston DGI:
Brominated sesquiterpenes from the red alga Laurencia obtusa. J Nat Prod 2003,
66(11):1505-1508.

22. Veiga-Santos P, Pelizzaro-Rocha KJ, Santos AO, Ueda-Nakamura T, Dias Filho BP,
Silva SO, Sudatti DB, Bianco EM, Pereira RC, Nakamura CV: In vitro anti-trypanosomal
activity of elatol isolated from red seaweed Laurencia dendroidea. Parasitology 2010,
137(11):1661-1670.

23. Santos AO, Veiga-Santos P, Ueda-Nakamura T, Dias-Filho BP, Sudatti DB, Bianco EM,
Pereira RC, Nakamura CV: Effect of elatol, isolated from red seaweed Laurencia
dendroidea, on Leishmania amazonensis. Mar Drugs 2010, 8(11):2733-2743.

24. Chatter R, Othman RB, Rabhi S, Kladi M, Tarhouni S, Vagias C, Roussis V, Guizani-
Tabbane L, Kharrat R: In vivo and in vitro anti-inflammatory activity of neorogioltriol, a
new diterpene extracted from the red algae Laurencia glandulifera. Mar Drugs 2011,
9(7):1293-1306.

25. Kladi M, Xenaki H, Vagias C, Papazafiri P, Roussis V: New cytotoxic sesquiterpenes
from the red algae Laurencia obtusa and Laurencia microcladia. Tetrahedron 2006,
62(1):182-189.

26. Kim MM, Mendis E, Kim SK: Laurencia okamurai extract containing laurinterol
induces apoptosis in melanoma cells. J Med Food 2008, 11(2):260-266.

27. Lhullier C, Falkenberg M, loannou E, Quesada A, Papazafiri P, Antunes Horta P, Paulo
Schenkel E, Vagias C, Roussis V: Cytotoxic halogenated metabolites from the Brazilian
red alga Laurencia catarinensis. J Nat Prod 2010, 73(1):27-32.

28. Pereira RC, Da Gama BA, Teixeira VL, Yoneshigue-Valentin Y: Ecological roles of
natural products of the Brazilian red seaweed Laurencia obtusa. Braz J Biol 2003,
63(4):665-672.

29. Da Gama BAP, Pereira RC, Carvalho AGV, Coutinho R: The effects of seaweed
secondary metabolites on biofouling. Biofouling 2002, 18(1):13-20.

30. Da Gama BAP, Pereira RC, Soares AR, Teixeira VL, Yoneshigue-Valentin Y: Is the
mussel test a good indicator of antifouling activity? A comparison between laboratory
and field assays. Biofouling 2003, 19(SUPPL):161-169.



31. Pereira RC, Costa-Lotufo LV: Bioprospecting of bioactives from seaweeds: potential,
obstacles and alternatives. Braz J Pharmacog 2012, 22(4):894-905.

32. White DE, Stewart IC, Grubbs RH, Stoltz BM: The catalytic asymmetric total
synthesis of elatol. J Am Chem Soc 2008, 130(3):810-811.

33. Salgado LT, Viana NB, Andrade LR, Leal RN, Da Gama BAP, Attias M, Pereira RC,
Amado Filho GM: Intra-cellular storage, transport and exocytosis of halogenated
compounds in marine red alga Laurencia obtusa. J Struct Biol 2008, 162(2):345-355.

34. Sudatti DB, Fujii MT, Rodrigues SV, Turra A, Pereira RC: Effects of abiotic factors on
growth and chemical defenses in cultivated clones of Laurencia dendroidea J. Agardh
(Ceramiales, Rhodophyta). Mar Biol 2011, 158(7):1439-1446.

35. Cane DE, lkeda H: Exploration and mining of the bacterial terpenome. Accounts
Chem Res 2011, 45(3):463-472.

36. Agger S, Lopez-Gallego F, Schmidt-Dannert C: Diversity of sesquiterpene synthases in
the basidiomycete Coprinus cinereus. Mol Microbiol 2009, 72(5):1181-1195.

37. Degenhardt J, Kollner TG, Gershenzon J: Monoterpene and sesquiterpene synthases
and the origin of terpene skeletal diversity in plants. Phytochemistry 2009, 70:1621-1637.

38. Morrone D, Chambers J, Lowry L, Kim G, Anterola A, Bender K, Peters R: Gibberellin
biosynthesis in bacteria: separate ent-copalyl diphosphate and ent-kaurene synthases in
Bradyrhizobium japonicum. FEBS Lett 2009, 583(2):475-480.

39. Gil-Rodriguez M, Senties A, Diaz-Larrea J, Cassano V, Fujii MT: Laurencia marilzae
sp. nov. (Ceramiales, Rhodophyta) from the Canary Islands, Spain, based on
morphological and molecular evidence. J Phycol 2009, 45(1):264-271.

40. Martin-Lescanne J, Rousseau F, De Reviers B, Payri C, Couloux A, Cruaud C, Le Gall L:
Phylogenetic analyses of the Laurencia complex (Rhodomelaceae, Ceramiales) support
recognition of five genera: Chondrophycus, Laurencia, Osmundea Palisada and Yuzurua
stat. nov. Eur J Phycol 2010, 45(1):51-61.

41. Kapraun DF: Nuclear DNA content estimates in multicellular green, red and brown
algae: phylogenetic considerations. Ann Bot 2005, 95(1):7-44.

42. Falcdo VR, Tonon AP, Oliveira MC, Colepicolo P: RNA Isolation method for
polysaccharide rich algae: agar producing Gracilaria tenuistipitata (Rhodophyta). J Appl
Phycol 2008, 20(1):9-12.

43. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, Berka J,
Braverman MS, Chen YJ, Chen Z, et al: Genome sequencing in microfabricated high-
density picolitre reactors. Nature 2005, 437(7057):376-380.

44. Schmieder R, Edwards R: Quality control and preprocessing of metagenomic
datasets. Bioinformatics 2011, 27(6):863-864.



45. Pertea G, Huang X, Liang F, Antonescu V, Sultana R, Karamycheva S, Lee Y, White J,
Cheung F, Parvizi B: TIGR Gene indices clustering tools (TGICL): a software system for
fast clustering of large EST datasets. Bioinformatics 2003, 19(5):651-652.

46. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, Salzberg SL:
Versatile and open software for comparing large genomes. Genome Biol 2004, 5(2):R12.

47. Meyer F, Paarmann D, D'Souza M, Olson R, Glass EM, Kubal M, Paczian T, Rodriguez
A, Stevens R, Wilke A, et al: The metagenomics RAST server - a public resource for the
automatic phylogenetic and functional analysis of metagenomes. BMC Bioinformatics
2008, 9:386.

48. Parks DH, Beiko RG: Identifying biologically relevant differences between
metagenomic communities. Bioinformatics 2010, 26(6):715-721.

49. HMMER Biosequence analysis using profile hidden Markov models. http://hmmer.org/.

50. Lee H, Lee HK, An G, Lee YK: Analysis of expressed sequence tags from the red alga
Griffithsia okiensis. J Microbiol (Seoul) 2007, 45(6):541.

51. Teo SS, Ho CH, Teoh S, Lee WW, Tee JM, Rahim RA, Phang SM: Analyses of
expressed sequence tags from an agarophyte, Gracilaria changii (Gracilariales,
Rhodophyta). Eur J Phycol 2007, 42(1):41-46.

52. Kostamo K, Olsson S, Korpelainen H: Search for stress-responsive genes in the red
alga Furcellaria lumbricalis (Rhodophyta) by expressed sequence tag analysis. J Exp Mar
Biol Ecol 2011, 404(1-2):21-25.

53. Matsuzaki M, Misumi O, Shin-i T, Maruyama S, Takahara M, Miyagishima S, Mori T,
Nishida K, Yagisawa F, Nishida K: Genome sequence of the ultrasmall unicellular red
alga Cyanidioschyzon merolae 10D. Nature 2004, 428(6983):653-657.

54. Derelle E, Ferraz C, Rombauts S, Rouzé P, Worden AZ, Robbens S, Partensky F,
Degroeve S, Echeynié S, Cooke R: Genome analysis of the smallest free-living eukaryote
Ostreococcus tauri unveils many unique features. Proc Natl Acad Sci 2006,
103(31):11647-11652.

55. Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, Terry A,
Salamov A, Fritz-Laylin LK, Maréchal-Drouard L: The Chlamydomonas genome reveals
the evolution of key animal and plant functions. Science 2007, 318(5848):245-251.

56. Price DC, Chan CX, Yoon HS, Yang EC, Qiu H, Weber AP, Schwacke R, Gross J,
Blouin NA, Lane C, et al: Cyanophora paradoxa genome elucidates origin of
photosynthesis in algae and plants. Science 2012, 335(6070):843-847.

57. Cock JM, Sterck L, Rouzé P, Scornet D, Allen AE, Amoutzias G, Anthouard V,
Artiguenave F, Aury JM, Badger JH: The Ectocarpus genome and the independent
evolution of multicellularity in brown algae. Nature 2010, 465(7298):617-621.



58. Nikaido I, Asamizu E, Nakajima M, Nakamura Y, Saga N, Tabata S: Generation of
10,154 expressed sequence tags from a leafy gametophyte of a marine red alga,
Porphyra yezoensis. DNA Res 2000, 7(3):223-227.

59. Xiaolei F, Yongjun F, Songnian H, Guangce W: Generation and analysis of 5318
expressed sequence tags from the filamentous sporophyte of Porphyra haitanensis
(Rhodophyta). J Phycol 2007, 43(6):1287-1294.

60. Collén PN, Collén J, da Silva Reis M, Pedersén M, Setubal JC, Varani AM, Colepicolo P,
Oliveira MC: Analysis of expressed sequence tags from the agarophyte Gracilaria
tenuistipitata (Rhodophyta). J Appl Phycol 2012, 24(4):641-647.

61. Yang H, Mao YX, Kong FN, Yang GP, Ma F, Wang L: Profiling of the transcriptome
of Porphyra yezoensis with Solexa sequencing technology. Chinese Sci Bull 2011,
56(20):2119-2130.

62. Lluisma AO, Ragan MA: Expressed sequence tags (ESTs) from the marine red alga
Gracilaria gracilis. J Appl Phycol 1997, 9(3):287-293.

63. Chan CX, Yang EC, Banerjee T, Yoon HS, Martone PT, Estevez JM, Bhattacharya D:
Red and green algal monophyly and extensive gene sharing found in a rich repertoire of
red algal genes. Curr Biol 2011, 21(4):328-333.

64. Chan CX, Zauner S, Wheeler G, Grossman AR, Prochnik SE, Blouin NA, Zhuang Y,
Benning C, Berg GM, Yarish C, et al: Analysis of Porphyra membrane transporters
demonstrates gene transfer among photosynthetic eukaryotes and numerous sodium-
coupled transport systems. Plant Physiol 2012, 158(4):2001-2012.

65. Collén J, Roeder V, Rousvoal S, Collin O, Kloareg B, Boyen C: An expressed sequence
tag analysis of thallus and regenerating protoplasts of Chondrus crispus (Gigartinales,
Rhodophyceae). J Phycol 2006, 42(1):104-112.

66. Liu C, Wang X, Huang X, Liu J: Identification of hypo-osmotically induced genes in
Kappaphycus alvarezii (Solieriaceae, Rhodophyta) through expressed sequence tag
analysis. Bot Mar 2011, 54(6):557-562.

67. Asamizu E, Nakajima M, Kitade Y, Saga N, Nakamura Y, Tabata S: Comparison of
RNA expression profiles between the two generations of Porphyra yezoensis
(Rhodophyta), based on expressed sequence tag frequency analysis. J Phycol 2003,
39(5):923-930.

68. Ren X, Zhang X, Sui Z: Identification of phase relative genes in tetrasporophytes and
female gametophytes of Gracilaria/Gracilariopsis lemaneiformis (Gracilariales,
Rhodophyta). Electron J Biotechn 2006, 9(2):127-132.

69. Kamiya M, Kawai H, Moon D, Goff LJ: Isolation and characterization of phase-
specific cDNAs from carposporophytes of Gracilariopsis andersonii (Gracilariales,
Rhodophyta). Eur J Phycol 2011, 46(1):27-35.



70. Shen S, Zhang G, Li Y, Wang L, Xu P, Yi L: Comparison of RNA expression profiles
on generations of Porphyra yezoensis (Rhodophyta), based on suppression subtractive
hybridization (SSH). BMC Res Not 2011, 4(1):428.

71. Lachnit T, Blumel M, Imhoff JF, Wahl M: Specific epibacterial communities on
macroalgae: phylogeny matters more than habitat. Aquat Biol 2009, 5(2):181-186.

72. Huovinen P, Gomez I, Lovengreen C: A five year study of solar ultraviolet radiation in
Southern Chile (39°S): Potential impact on physiology of coastal marine algae?
Photochem Photobiol 2006, 82(2):515-522.

73. Bischof K, Gomez I, Molis M, Hanelt D, Karsten U, Lider U, Roleda MY, Zacher K,
Wiencke C: Ultraviolet radiation shapes seaweed communities. Life in Extreme
Environments 2007, 5:187-212.

74. Aspilla PS, Antonio A, Zuccarello GC, Rojas NRL: A partial expressed sequence tag
(EST) library of the economically important red alga Eucheuma denticulatum (NL
Burham) FC Collins and Hervey. Phil Sci Lett 2010, 3:109-120.

75. Sandin SA, McNamara DE: Spatial dynamics of benthic competition on coral reefs.
Oecologia 2011, 168(4):1079-1090.

76. Steinberg PD, de Nys R: Chemical mediation of colonization of seaweed surfaces. J
Phycol 2002, 38(4):621-629.

77. OToole GA, Kolter R: Flagellar and twitching motility are necessary for
Pseudomonas aeruginosa biofilm development. Mol Microbiol 1998, 30(2):295-304.

78. Miller TR, Hnilicka K, Dziedzic A, Desplats P, Belas R: Chemotaxis of Silicibacter sp.
strain TM1040 toward dinoflagellate products. Appl Environ Microbiol 2004, 70(8):4692.

79. McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S: Should we stay or
should we go: mechanisms and ecological consequences for biofilm dispersal. Nat Rev
Microbiol 2011, 10(1):39-50.

80. Hanzelka BL, Greenberg E: Quorum sensing in Vibrio fischeri: evidence that S-
adenosylmethionine is the amino acid substrate for autoinducer synthesis. J Bacteriol
1996, 178(17):5291.

81. Dobretsov S, Teplitski M, Paul V: Mini-review: quorum sensing in the marine
environment and its relationship to biofouling. Biofouling 2009, 25(5):413-427.

82. Manefield M, de Nys R, Naresh K, Roger R, Givskov M, Peter S, Kjelleberg S: Evidence
that halogenated furanones from Delisea pulchra inhibit acylated homoserine lactone
(AHL)-mediated gene expression by displacing the AHL signal from its receptor
protein. Microbiology 1999, 145(2):283-291.

83. Kim J, Kim Y, Seo Y, Park S: Quorum sensing inhibitors from the red alga,
Ahnfeltiopsis flabelliformis. Biotechnol Bioproc E 2007, 12(3):308-311.



84. Skindersoe ME, Ettinger-Epstein P, Rasmussen TB, Bjarnsholt T, De Nys R, Givskov M:
Quorum sensing antagonism from marine organisms. Marine Biotechnol 2008, 10(1):56—
63.

85. Phlips E, Zeman C: Photosynthesis, growth and nitrogen fixation by epiphytic forms
of filamentous cyanobacteria from pelagic Sargassum. B Mar Sci 1990, 47(3):613-621.

86. Howarth RW, Anderson DM, Church TM, Greening H, Hopkinson CS, Huber WC,
Marcus N, Naiman RJ, Segerson K, Sharpley AN, et al (Eds): Clean coastal waters:
understanding and reducing the effects of nutrient pollution. Washington, DC: National
Academy Press; 2000.

87. Hoffman L: Marine cyanobacteria in tropical regions: diversity and ecology. Eur J
Phycol 1999, 34(4):371-379.

88. Berman-Frank I, Chen Y-B, Gerchman Y, Dismukes G, Falkowski P: Inhibition of
nitrogenase by oxygen in marine cyanobacteria controls the global nitrogen and oxygen
cycles. Biogeoscs Discuss 2005, 2:261-273.

89. Toepel J, Welsh E, Summerfield TC, Pakrasi HB, Sherman LA: Differential
transcriptional analysis of the cyanobacterium Cyanothece sp. strain ATCC 51142
during light-dark and continuous-light growth. J Bacteriol 2008, 190(11):3904-3913.

90. Berman-Frank I, Lundgren P, Falkowski P: Nitrogen fixation and photosynthetic
oxygen evolution in cyanobacteria. Res Microbiol 2003, 154(3):157-164.

91. Huang TC, Lin RF, Chu MK, Chen HM: Organization and expression of nitrogen-
fixation genes in the aerobic nitrogen-fixing unicellular cyanobacterium Synechococcus
sp. strain RF-1. Microbiology 1999, 145(Pt 3):743-753.

92. Lodwig EM, Hosie AH, Bourdes A, Findlay K, Allaway D, Karunakaran R, Downie JA,
Poole PS: Amino-acid cycling drives nitrogen fixation in the legume-Rhizobium
symbiosis. Nature 2003, 422(6933):722-726.

93. Tujula NA, Crocetti GR, Burke C, Thomas T, Holmstrom C, Kjelleberg S: Variability
and abundance of the epiphytic bacterial community associated with a green marine
Ulvacean alga. ISME J 2009, 4(2):301-311.

94. Bengtsson MM, Sjgtun K, @vreas L: Seasonal dynamics of bacterial biofilms on the
kelp Laminaria hyperborea. Aq Microb Ecol 2010, 60(1):71-83.

95. Stevens H, Stubner M, Simon M, Brinkhoff T: Phylogeny of Proteobacteria and
Bacteroidetes from oxic habitats of a tidal flat ecosystem. FEMS Microbiol Ecol 2005,
54(3):351-365.

96. Messner KR, Imlay JA: The identification of primary sites of superoxide and
hydrogen peroxide formation in the aerobic respiratory chain and sulfite reductase
complex of Escherichia coli. J Biol Chem 1999, 274(15):10119-10128.



97. Kirkland JB: Lipid peroxidation, protein thiol oxidation and DNA damage in
hydrogen peroxide-induced injury to endothelial cells: role of activation of poly(ADP-
ribose)polymerase. Biochim Biophys Acta 1991, 1092(3):319-325.

98. Zheng M, Storz G: Redox sensing by prokaryotic transcription factors. Biochem
Pharmacol 2000, 59(1):1-6.

99. Farr SB, Kogoma T: Oxidative stress responses in Escherichia coli and Salmonella
typhimurium. Microbiol Rev 1991, 55(4):561-585.

100. Fredriksson A, Ballesteros M, Dukan S, Nystrom T: Defense against protein
carbonylation by DnaK/DnaJ and proteases of the heat shock regulon. J Bacteriol 2005,
187(12):4207-4213.

101. McCracken D, Cain J: Amylose in floridean starch. New Phytol 1981, 88(1):67-71.

102. Cottrell MT, Kirchman DL: Natural assemblages of marine proteobacteria and
members of the Cytophaga-Flavobacter cluster consuming low- and high-molecular-
weight dissolved organic matter. Appl Environ Microbiol 2000, 66(4):1692—-1697.

103. Largo DB, Fukami K, Nishijima T: Occasional pathogenic bacteria promoting ice-ice
disease in the carrageenan-producing red algae Kappaphycus alvarezii and Eucheuma
denticulatum (Solieriaceae, Gigartinales, Rhodophyta). J Appl Phycol 1995, 7(6):545-554.

104. Carter-Franklin JN, Parrish JD, Tschirret-Guth RA, Little RD, Butler A: Vanadium
haloperoxidase-catalyzed bromination and cyclization of terpenes. J Am Chem Soc 2003,
125(13):3688-36809.

105. Weinberger F, Coguempot B, Forner S, Morin P, Kloareg B, Potin P: Different
regulation of haloperoxidation during agar oligosaccharide-activated defence
mechanisms in two related red algae, Gracilaria sp. and Gracilaria chilensis. J Exp Bot
2007, 58(15-16):4365-4372.

106. McGarvey DJ, Croteau R: Terpenoid metabolism. Plant Cell 1995, 7(7):1015.

107. Kuzuyama T: Mevalonate and nonmevalonate pathways for the biosynthesis of
isoprene units. Biosci Biotechnol Biochem 2002, 66(8):1619-1627.

108. Schwarz F, Aebi M: Mechanisms and principles of N-linked protein glycosylation.
Curr Opin Struct Biol 2011, 21(5):576-582.

109. Laule O, Furholz A, Chang HS, Zhu T, Wang X, Heifetz PB, Gruissem W, Lange M:
Crosstalk between cytosolic and plastidial pathways of isoprenoid biosynthesis in
Arabidopsis thaliana. Proc Natl Acad Sci USA 2003, 100(11):6866.

110. Rohmer M: The discovery of a mevalonate-independent pathway for isoprenoid
biosynthesis in bacteria, algae and higher plants. 1999, 16:565-574.



111. Schwender J, Zeidler J, Groner R, Muller C, Focke M, Braun S, Lichtenthaler FW,
Lichtenthaler HK: Incorporation of 1-deoxy-D-xylulose into isoprene and phytol by
higher plants and algae. FEBS Lett 1997, 414:129-134.

112. Wanke M, Skorupinska-Tudek K, Swiezewska E: Isoprenoid biosynthesis via 1-
deoxy-D-xylulose 5-phosphate/2-C-methyl-D-erythritol 4-phosphate (DOXP/MEP)
pathway. Acta Biochim Polon 2001, 48:663-672.

113. Ignea C, Cvetkovic I, Loupassaki S, Kefalas P, Johnson CB, Kampranis SC, Makris
AM: Improving yeast strains using recyclable integration cassettes, for the production
of plant terpenoids. Microb Cell Fact 2011, 10:4.

114. Martin VJ, Pitera DJ, Withers ST, Newman JD, Keasling JD: Engineering a
mevalonate pathway in Escherichia coli for production of terpenoids. Nat Biotechnol
2003, 21(7):796-802.

Additional files

Additional _file 1 as TIFF
Additional file 1 COG functional profile of the transcriptome of L. dendroidea (separate
samples).

Additional file 2 as TIFF
Additional file 2 Bacterial phyla recognized on the transcriptome of L. dendroidea (separate
samples).

Additional_file_3 as DOCX
Additional file 3 Relevant functions for the interaction between Bacteria and Eukarya in the
transcriptomic profile of the holobiont.



Figure 1

MINAS
GERAIS
RIO DE
JANEIRO
Ibicui



Laurencia dendroidea
holobiont ESTs
(41,897)

Bacteria

Florideophyceae
ESTs in Genbank
(21,475)

Figure 2



COG Relative Abundance (%)

0 20 40

= Translation, ribosomal structure and biogenesis
= General function prediction only
= Energy production and conversion
= Carbohydrate transport and metabolism
mInorganic ion transport and metabolism
wIntracellular trafficking, secretion, and vesicular transport
= Lipid transport and metabolism

Transcription
 Cell wall/membrane/envelope biogenesis

Defense mechanisms
= Cell cycle control, cell division, chromosome partitioning

celfmigure 3

60 80 100

protein turnover,
=Amino acid transport and metabolism
=Replication, recombination and repair
Coenzyme transport and metabolism
= Nucleotide transport and metabolism
= Cytoskeleton
=Function unknown
Signal transduction mechanisms

= Chromatin structure and dynamics

y transport and
#RNA processing and modification



Subsystems Relative Abundance (%)

= Protein Metabolism

= Clustering-based subsystems

& Cofactors, Vitamins, Prosthetic Groups, Pigments

= RNA Metabolism

= Respiration

= Nucleosides and Nucleotides

= Sulfur Metabolism

= DNA Metabolism

® Regulation and Cell signaling

= Metabolism of Aromatic Compounds
Nitrogen Metabolism

« Secondary Metabolism

l13‘;1ass-umme bolism
-HIL K& oftand metabolism

60 80 100

= Carbohydrates
= Miscellaneous
®Amino Acids and Derivatives
= Fatty Acids, Lipids, and Isoprenoids
m Stress Response
= Photosynthesis
u Cell Wall and Capsule
= Phages, Prophages, Transposable elements, Plasmids
= Membrane Transport
= Virulence, Disease and Defense
= Cell Division and Cell Cycle
mPhosphorus Metabolism
Motility and Chemotaxis
Dormancy and Sporulation



other
sequences;
1.41%
Archaea; 0.16%
Viruses; 0.05%

unassigned;

0.10%

Figure 5

GeneBank Relative Abundance (%)

0 20 40 60 80 (

m Cyanobacteria m Proteobacteria = Actinobacteria

m Firmicutes m Bacteroidetes mAcidobacteria

m Spirochaetes m Deinococcus-Thermus = Fusobacteria

m Lentisphaerae u Planctomycetes munclassified Bacteria

= Chloroflexi = Chlorobi Fibrobacteres

m Aquificae = Tenericutes Verrucomicrobia
Dictyoglomi



s

Mevalonate pathwray

MEP/DOXP pathway

Py tosiag o

Raer

Isopenteny-PP |
.

- E)
Bemmm B e
O 26

"
G Ty

E)
Ec'rmyl-l’?

ditrans,pols

e iy, oe{Z5131

S

Figure 6



Additional files provided with this submission:

Additional file 1: 2805334607012219_add1 .tiff, 663K
http://www.biomedcentral.com/imedia/1194136847804466/supp1 .tiff
Additional file 2: 2805334607012219 add2.tiff, 413K
http://www.biomedcentral.com/imedia/1075625558044666/supp?.tiff
Additional file 3: 2805334607012219 add3.docx, 16K
http://www.biomedcentral.com/imedia/2298347368044666/supp3.docx



http://www.biomedcentral.com/imedia/1194136847804466/supp1.tiff
http://www.biomedcentral.com/imedia/1075625558044666/supp2.tiff
http://www.biomedcentral.com/imedia/2298347368044666/supp3.docx
https://www.researchgate.net/publication/230869111

	Start of article
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Additional files

