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SECTION I - Summary

The macroeukaryotic leaf-epiphytic fraction of the secagrass Posidonia oceanica is a
highly dynamic assemblage that significantly contributes to biomass, nutrient cycling,
sediment carbonate and productivity of the ecosystem. The structure of this assemblage
is characterized by showing variability in a relatively short period of time and by being
influenced by abiotic and biotic factors and disturbances (natural and anthropogenic).

Spatio-temporal variability in the structure of the macroeukaryotic epiphytic
fraction of P. oceanica leaves has been previously described in a wide variety of studies
under optical microscope or dissecting microscope (classical microscopy approach).
Our first objective was testing the sensitivity of two molecular techniques (Temperature
gradient gel electrophoresis (TGGE) and small ribosomal subunit (SSU) clone
libraries), as an alternative to classical microscopy method, to detect variability in the
structure of that epiphytic assemblage and, therefore, to evaluate if it was feasible to use
those molecular techniques to study this epiphytic community.

TGGE was optimized to study the structure of the macroeukaryotic leaf-
epiphytic assemblage of P. oceanica (Chapter 1), allowing to observe variability in the
structure of that assemblage between two stages (February vs. September) of the
seasonal succession (Chapter 2), between the mature stage (summer) in two different
locations (Chapter 4) and between different stages of the seasonal succession of this
community (Chapter 5). The mature stage of the assemblage (September) was
characterised by showing the highest richness (the highest Operational Taxonomic
Units (OTUs)), according to previous studies. The composition of the assemblage
differed between all stages, with the exception of spring stages (April and June), when
the community has been described as highly homogeneous because of the relative

abundance and biomass of Phaeophyta in relation to the whole assemblage.
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SSU clone libraries were also able to detect variability in the structure of three
different stages of the macroeukaryotic epiphytic assemblage (February, June and
September) (Chapter 3). On the one hand, SSU clone libraries resulted to be more time-
consuming than TGGE, but on the other hand they allowed the putative identification of
epiphyte taxa.

Results suggested that molecular approaches were able to detect more
differences than microscopy method. It could be explained for different reasons: (1)
underestimation of the real diversity: leaf-macroeukaryotic epiphytic assemblage
description based on microscopy could be biased by the taxonomical expertise of the
researcher, (2) taxonomic impediment: some individuals (juvenile, broken,...) were
difficult to determine under microscope and (3) molecular techniques could detect the
presence of taxa even with low relative abundance in the assemblage.

We were also interested in studying the relationship between
diversity/composition of the leaf-epiphytic macroalgae and Nitrate Reductase (NR)
activity (as a measure of nitrogen assimilation capacity from water column, which is an
ecosystem key process) (Chapter 6). Macroalgal epiphytes were selected because they
are the most abundant and diverse component of the macroeukaryotic leaf-epiphytic
fraction and they show variability in biomass, species composition and richness
thorough seasonal succession. Results suggested that the diversity and composition of
the epiphytic macroalgal component is a relevant factor to explain differences in NR
activity between two stages of the assemblage (winter vs. summer).

Main conclusions of this PhD thesis can be summarized in:

e TGGE resulted to be an excellent parallel approach to monitor changes in the

structure of the macroeukaryotic epiphytic fraction of P. oceanica leaves. This
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molecular technique was able to detect variability in the structure of the
epiphytic assemblage between two stages of the seasonal succession, between
the mature stage in two different locations and between the different stages of
the seasonal succession.

SSU clone libraries also constituted an alternative method to study the structure
of the macroeukaryotic epiphytic fraction of P. oceanica leaves. This technique
showed variability in the structure of that assemblage between three stages of
the seasonal succession.

TGGE and SSU clone libraries were suitable to simultaneously analyse large
amounts of samples. Both methods overcame some disadvantages of the
classical microscopy approach: (1) underestimation of the real diversity: leat-
macroeukaryotic epiphytic assemblage description based on microscopy could
be biased by the taxonomical expertise of the researcher, (2) taxonomic
impediment: some individuals (juvenile, broken,...) were difficult to determine
under microscope and (3) low abundant taxa: molecular techniques were able to
detect the presence of taxa even with low relative abundance in the assemblage.
Comparing the two molecular techniques, TGGE resulted to be less time-
consuming than SSU clone libraries, but the later approach was more
appropriate than the former one to putatively identify epiphytic taxa explaining
variability in the structure of that assemblage. TGGE could be more
recommended than SSU clone libraries to quickly assess the variability of the
structure of the macroeukaryotic leaf-epiphytic assemblage.
Diversity/composition of the macroalgae epiphytic component was linked to

variability in NR activity of the assemblage, reinforcing the relationship between
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diversity and ecosystem functioning found in other communities. The
composition of the assemblage suggested playing a relevant role in determining

nitrogen assimilation rates in different stages of the epiphytic assemblage.
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Detail of epiphyte Bryozoa on P. oceanica leaf
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1. Seagrasses: Posidonia oceanica

Seagrasses are macrophytes distributed along coastal areas worldwide (with the
exception of polar coasts). They mainly colonize unconsolidated substrata (sandy or
muddy), although some species are able to establish on rocky bottoms (Procaccini et al.
2003; Spalding et al. 2003). Seagrasses are clonal plants' that share a common
architecture based on a repetition of units (ramets). Each ramet is composed of a
horizontally growing rhizome portion, a vertically growing rhizome portion in some
species, a leafy shoot, a root system, and sometimes flowers or inflorescences and fruits.
Seagrasses provide ecological services in coastal areas, which can be summarized in a
high productivity, promotion of marine biodiversity, regulation of the quality of waters
and protection of the shore line (Marba et al. 2004; Terrados and Borum 2004).

Posidonia oceanica (L.) Delile is an endemic” Mediterranean seagrass that forms
monospecific meadows with a shoot density ranging from 150 - 300 shoots m™ (low
density meadows) to more than 700 shoots m™ (high density meadows) in shallow
waters (< 10 m depth) (Spalding et al. 2003; Gobert et al. 2006). P. oceanica vegetative
structure is composed of highly lignified horizontal (plagiotropic) and vertical rhizomes
(ortotropic), leafy shoots and a root system (Fig. 1a). Plagiotropic rhizomes horizontally
expand by means of terminal apexes, allowing substrata colonization and inter-
connection between different ramets, maintaining plant integrity. Ortotropic rhizomes
are attached to plagiotropic rhizomes and support leafy shoots that avoid sediment
burial as a consequence of the vertical growth of rhizomes. Shoots are composed of 5 —
10 linear broad leaves (5 - 12 mm) with lengths, generally, from 20 to 40 cm, whereas
roots are generally largely branched and are 3 to 4 mm thick and up to 40 cm long,

respectively. Progressive accumulation of particulated organic matter from P. oceanica
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and sediment inside the meadow, together with the very slow decay of the rhizomes and
roots forms a typical structure called “matte” composed of rhizomes, roots and sediment
(Fig. 1b). Flowering period goes from August to November, although P. oceanica
shoots rarely flower (about 0.007 inflorescences shoot™ year in Western Mediterranean
meadows) (Diaz-Almela et al. 2006). The flowers are large and produce a large fruit (10
mm). Young individuals originating from seeds (seedlings) are rarely found and
spreading of this seagrass primarily occurs vegetatively by branching of the plagiotropic
rhizomes (Borum and Greve 2004; Marba et al. 2004). P. oceanica has a long life span
and a very slow growth rate in comparison with other seagrass species (Table 1) (Marba

et al. 2004).

—» Leaf

Fig. 1. General structure (a) and “matte” (b) of P. oceanica.
Adapted from Massuti Pascual et al. (2000).
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Table 1. Average architectural features and growth rates of P. oceanica and the other three European
seagrasses. Variables are in rows and seagrass species in columns. nd: no available data; NP: ortotropic
rhizomes are not present in Zostera marina and Zostera noltii. Adapted from Marba et al. (2004).

Cymodocea P. Zostera  Zostera
nodosa oceanica marina noltii

Shoot elongation rate (cm shoot™! day™) 1.3 0.8 3.2 0.7

Plagiotropic rhizomes elongation rate 40 2 26 68
(cm apex”' year™)

Ortotropic rhizomes elongation rate 1.4 1 NP NP
(cm apex”' year™)

Leaf life span (days) 79 295 88 86

Shoot life span (days) 876 4,373 554.8 nd

P. oceanica requires stable environmental conditions, being mainly found over
sandy carbonated sediments, although it can also colonize rocky substrata. This seagrass
is stenohaline’, not resistant to desiccation and tolerates a wide range of temperatures
(9°C — 29°C). Its bathymetric distribution goes from a few meters to 40 meters depth in
very clean waters, being light availability and wave exposure the main factors
determining lower and upper limit, respectively (Greve and Binzer 2004; Gobert et al.
20006; Infantes et al. 2009). Light availability, substratum and wave exposure, together
with nutrient availability (specially, nitrogen and phosphorus) are the most relevant
abiotic factors that control P. oceanica growth and distribution (Greve and Binzer 2004;
Gobert et al. 20006). This seagrass often appears in sediments with low nutrient content
that might constrain its growth rate. However, there are several reasons that explain how
P. oceanica can survive in those habitats: (1) nutrient uptake can be performed either
from water column or pore water sediment, (2) nutrient requirements are lower than in

macroalgae and phytoplankton, (3) nutrients can be stored in rhizome and (4) nutrient
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retranslocation® is possible among different parts of the plant (Romero et al. 1994;
Alcoverro et al. 2000; Invers et al. 2002; Lepoint et al. 2002a; Lepoint et al. 2002b).
Experimental nutrient addition to water column has shown a positive relationship with
filamentous and epiphyte’ algae development in summer season that can negatively
affect P. oceanica growth (Leoni et al. 2006; Prado et al. 2008). Grazing affecting P.
oceanica distribution and growth, mainly caused by sea urchins (Paracentrotus lividus)
and fishes (Sarpa salpa), has been traditionally considered as relatively low (Cebrian et
al. 1996), although recent studies have concluded that it might have been
underestimated (Tomas et al. 2005a; Prado et al. 2007a). Some authors have suggested
an indirect and positive effect of fishes, sea urchins and mesograzers (Crustacea,
Mollusca Gasteropoda,...) on P. oceanica because they would control epiphyte
accumulation on their leaves (Alcoverro et al. 1997; Peirano et al. 2001; Tomas et al.
2005b; Prado et al. 2007b; Gacia et al. 2009).
P. oceanica meadows are highly relevant for the functioning of Mediterranean
coastal areas because they provide some ecological services:
e Marine biodiversity promotion. P. oceanica meadows provide habitat for a
large number of species belonging to a wide variety of taxonomic groups
(Van der Ben 1971; Ballesteros 1987; Mazzella et al. 1989).
e High productivity (Romero 1989; Pergent et al. 1994; Cebrian et al. 1997).
e Protection of the shore line from erosion caused by waves (Granata et al
2001).
e Regulation of the quality of coastal waters through the trapping of suspended
particles and the absorption of nutrients (Gacia and Duarte 2001; Gacia et al.

2002).
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A high number of studies have used different parameters of P. oceanica
(nitrogen and phosphorus rhizome content, shoot density, leaf area,...) as a multivariate
indicator of the quality of coastal waters related to Water Framework Directive
(2000/60/CE) (Romero et al. 2007; Fernandez-Torquemada et al. 2008; Montefalcone
2009). The usefulness of this seagrass as a bioindicator of the status of Mediterranean
coastal waters has been recognised because of four main reasons: (1) high sensitivity to
perturbations (Ruiz et al. 2001; Cancemi et al. 2003; Pérez et al. 2008), (2) wide
distribution along mediterranean coasts (Procaccini et al. 2003), (3) long life span
allowing the identification of temporal changes in environmental conditions that affect
growth rate (Marba et al. 2004) and (4) high knowledge about biology and ecology of

this species (Massuti Pascual et al. 2000; Gobert et al. 20006).
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2. The macroeukaryotic epiphytic fraction of P. oceanica leaves

2.a) Temporal succession and factors determining the structure of the macroeukaryotic
epiphytic fraction of P. oceanica leaves

Leaves of P. oceanica and other seagrasses provide excellent conditions for the
establishment of micro- and macroepiphytes. These leaves are exposed to higher light
availability, lower sedimentation rates and higher hydrodynamics® than the rhizomes

(Trautman and Borowitzka 1999; Borowitzka et al. 2006) (Fig. 2).

f 2 ?‘f i
Fig. 2. Epiphytic community of P. oceanica leaves.
Photography by E. Infantes.

Seasonality of growth and high renovation rates of P. oceanica leaves determine
a seasonal succession of the macroeukaryotic epiphytic fraction that starts in autumn
(related to the annual maximum of production of new leaves) and finishes in summer
(related to the annual maximum of fallen leaves) (Ott 1980; Pergent and Pergent-
Martini 1993). Significant changes in the structure of this fraction (biomass, species
composition and richness) have been observed along this seasonal succession (Van der
Ben 1971; Ballesteros 1987; Romero 1988; Mazzella et al. 1989). The first stage of the
sucesssion is typically composed of an encrusting layer of Phaeophyta (mainly,

Myrionema magnusii) and Rhodophyta (basically, Hydrolithon spp. and Pneophyllum
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spp.). This encrusting layer, which is present through the entire succession, is generally
covered by zooepiphytes (mainly, Bryozoa) in winter, by filamentous Phaeophyta
(especially, Giraudia sphacelarioides and Cladosiphon spp.) in spring and by
filamentous Rhodophyta in summer (basically, species belonging to Ceramiales Order)
(Van der Ben 1971; Ballesteros 1987; Romero 1988). The highest biomass values along
the succession are found in spring and summer because of the important abundance of
filamentous Phaecophyta and Rhodophyta, respectively (Ballesteros 1987; Romero
1988). Epiphyte species richness generally increases along the succession, reaching a
maximum at the end of summer, when the highest similarity in epiphytic species
composition among different shoots is also found (Ballesteros 1987).

The structure of the macroeukaryotic epiphytic fraction of P. oceanica leaves
and other seagrasses is the result of the interaction of several abiotic (mainly, light,
nutrient availability and water column hydrodynamics) and biotic factors (basically,
grazing) that operate at different scales. Some authors have suggested that the
interaction among phenomena that operate at large spatial scales (such as
hydrodynamics or nutrient availability) and at local scale (such as light attenuation by
self-shading among shoots) is relevant to explain the spatial variability in the structure
of the macroeukaryotic epiphytic fraction of P. oceanica leaves. Results obtained in
those studies indicate that the highest variability in the structure of this fraction is found
at small (shoots separated 10s-100s cm from each other) and large spatial scales (shoots
separated some km from each other) (Piazzi et al. 2004; Pardi et al. 2006; Balata et al.
2007; Piazzi et al. 2007).

The most studied abiotic factor related to the structure of the macroeukaryotic

epiphytic fraction of P. oceanica leaves has been nutrient availability. Different studies
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have concluded a positive relationship in summer between nutrient availability and
epiphytic biomass over P. oceanica leaves and changes in specific composition mainly
related to the abundance of filamentous Phacophyta (Leoni et al. 2006; Balata et al.
2008; Prado et al. 2008). However, Terrados and Medina-Pons (2008) did not observe
significant differences in epiphytic biomass when comparing locations with different
loading rates of anthropogenically-derived nutrients which suggested that this positive
relationship might occur when differences in nutrient availability exceed a specific
threshold.

Light availability has been suggested as a key factor to explain the variability in
the structure of the macroeukaryotic epiphytic fraction of P. oceanica leaves along
depth gradients (Mazzella et al. 1989; Lepoint et al. 1999; Nesti et al. 2009). Lepoint et
al. (1999) observed that the epiphytic fauna/flora ratio in P. oceanica leaves increased
with depth because of the increase in relative abundance of Bryozoa and Hydrozoa
against algae. Mazzella et al. (1989) and Nesti et al. (2009) showed a higher relative
abundance in encrusting Rhodophyta against Phaeophyta in P. oceanica shoots located
in depth, which could be explained by the fact that the former group exhibited a higher
tolerance to variations in light availability (Figueiredo et al. 2000).

The influence of hydrodynamics in the structure of the macroeukaryotic
epiphytic fraction of seagrasses has been basically studied in Posidonia sinuosa
(Kendrick and Burt 1997; Lavery et al. 2007). Kendrick and Burt (1997) and Lavery et
al. (2007) observed a negative relationship between hydrodynamics and epiphytic algae
biomass in P. sinuosa leaves, because only encrusting algae were able to establish in
locations exposed to a higher effect of waves and currents. However, Schanz et al.

(2002) found an indirect and positive relationship between hydrodynamics and
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epiphytic biomass in Z. marina, because higher hydrodynamics negatively affected the
abundance of the invertebrate Hydrobia ulvae, which was a relevant epiphyte grazer in
those seagrass meadows.

Among relevant biotic factors determining the structure of the macroeukaryotic
epiphytic fraction of seagrass leaves, grazing has been much studied. Prado et al.
(2007b) and Nesti et al. (2009) showed an indirect and negative relationship between
epiphytes in P. oceanica leaves and the relative abundance of macrograzers (S. salpa
and P. lividus) along a depth gradient. Those studies concluded that in shallow P.
oceanica meadows (0 — 10 m) relative abundance of macrograzers S. salpa and P.
lividus was higher, inducing a higher leaf consumption and a reduction in leaf area for
epiphytic colonization (Alcoverro et al. 1997; Tomas et al. 2005a; Prado et al. 2007b).
The number of studies about effects of mesograzers and the structure of the
macroeukaryotic epiphytic fraction of P. oceanica leaves is significantly lower (Gacia
et al. 2009), although mesograzers have shown that can significantly influence specific
composition and biomass of this epiphytic fraction in other seagrasses (Duffy and
Harvilicz 2001; Duffy et al. 2001).

2.b) Methodology to study the structure and diversity of the macroeukaryotic epiphytic
fraction of P. oceanica leaves.

The study of the structure and diversity of the macroeukaryotic fraction of P. oceanica
leaves has been traditionally performed by means of optical microscopy techniques
and/or dissecting microscope and has been mainly focused in macroalgae that are the
most abundant and diverse component of the epiphytic assemblage (Van der Ben 1971;
Cinelli et al. 1984; Antolic 1985; Antolic 1986; Ballesteros 1987) (Fig. 3). A significant

number of studies based on different zooepiphytic taxonomic groups are also found in
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literature (Hayward 1975; Boero 1981; Pansini and Pronzato 1985). However, studies
about the structure and diversity of the whole macroeukaryotic epiphytic fraction are
significantly lower (Casola et al. 1987; Mazzella et al. 1989). This fact probably reflects

the difficulty to identify the wide variety of taxonomic groups colonizing P. oceanica

leaves.
T Fig. 3. Relative abundance of the different
f—lt: taxonomic groups of macroalgae over P.
" A oceanica  leaves.  Chlorophyta  (Chlor.),
A ! Phaeophyta (Phaeophycées), Rhodophyta is
(7| Céramiates composed of Order Ceramiales (Céramiales) +
H5 42 *5| A Bonnemaisoniales (Bonnem.) + Cryptonemiales
| (Crypt) + Rhodymeniales (Rhodym.) +
T Gigartinales  (Gigart.) +  Acrochaetiales
' 1 A (Acroch.) + Bangiales. Adapted from Van der
L Euié' , . Ben (1971).
pyrsis %, %
&

oy

The description of the structure, diversity and dynamics of microbial
communities by means of molecular biology has progressively replaced the use of
classical techniques from mid 80s (Giovannoni et al. 1990; DeLong 1992; Head et al.
1998). The evaluation of diversity from a molecular perspective has been based on the
inference of phylogenetic relationships among organisms that compose a community.
Most of these molecular approaches have been performed using codifying genes’ for
small ribosomal subunit (16S ARNr in prokaryotes / 18S ARNr in eukaryotes, hereafter
abbreviated as SSU) (Head et al. 1998; Fuhrman 2008). The usefulness of these genes
to infer phylogenetic relationships have been mainly explained by three reasons (Van de
Peer et al. 1993; Head et al. 1998; Eickbush and Eickbush 2007):

1) They are homologous genes"® that exist in all cellular organisms.
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2) They share a high identity in nucleotide sequence among individuals belonging
to the same species, and less with different taxa. Multiple copies of these genes
occurring within the genome’ of an individual (paralogous genes) also share a
high identity in nucleotide sequence.

3) Primary structure of these genes is composed of a mosaic of highly conserved
and highly variable regions. In addition, they have a high percentage of
complementary sequences that are responsible of matchings inside the same

nucleotide chain determining a functional secondary structure (Fig. 4).

Development of molecular techniques based on SSU has been primarily
performed to study diversity and dynamics of prokaryotic communities. They have
allowed overcoming limitations of classical culture techniques of microorganisms
(Head et al. 1998; Fuhrman 2008), discovering an unknown diversity in different
environments (Giovannoni et al. 1990; DeLong 1992; Bruemmer at al. 2004).

Recently, these molecular approaches have also shown to be useful to study the
structure of microeukaryotic communities (Diez et al. 2001; Lopez-Garcia et al. 2001;
Massana et al. 2002). These approaches have allowed obtaining diversity estimations
independent from the knowledge of the taxonomy of groups composing a community.
However, the application of molecular approaches in macroeukaryotic assemblages has
been basically restricted to the description of the diversity of terrestrial nematodes
(Floyd et al. 2002; Foucher and Wilson 2002), the diet of some species (Blankenship
and Yayanos 2005; Passmore et al. 2006) and paleoecological'® studies (Willerslev et

al. 2003; Willerslev et al. 2007).
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Fig. 4. Secondary model structure of SSU in Saccharomyces cerevisiae yeast. Different positions inside
the molecule has been divided in 5 groups of variability (from totally conserved (pink) to highly variable
(red)). Positions in grey colour either represent nucleotides present in S. cerevisiae but only present in less
than 25% of other selected 500 eukaryotic SSU sequences, or not well-aligned regions. Variability of
different positions is calculated by means of nucleotide substitution rate (Van de Peer et al. 1993) based
on the alignment of 500 eukaryotic SSU sequences. Variability map adapted from Van de Peer et al.
(1997).
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2.c) Relationship between structure/diversity/identity of species of the macroalgal

epiphytic component of P. oceanica leaves and ecosystem functioning.

The study of diversity/structure/identity of species composing a community has been
traditionally descriptive. However, recent studies have focused in the relationship
between diversity/structure/species identity and key processes of ecosystem functioning
(Bengtsson 1998; Loreau et al. 2001). Most of these studies in aquatic environments
have found a significant relationship between the community structure and productivity
(McGrady-Steed et al. 1997, Downing and Leibold 2002), resource consumption
(Cardinale et al. 2002), nitrogen uptake from water column (Lepoint et al. 2007),
resistance to alien species colonization (Stachowicz et al. 1999) and the ecosystem
stability against disturbances (Aoki and Mizushima 2001).

Although different studies have suggested a significant effect of the whole
epiphytic community of different seagrasses in key processes of ecosystem functioning
such as productivity (Morgan and Kitting 1984; Moncreiff et al. 1992), light availability
(Sand-Jensen 1977; Sand-Jensen et al. 1985; Drake at al. 2003), oxygen exchange
(Sand-Jensen et al. 1985) and nitrogen uptake from water column (Cornelisen and
Thomas 2002; Lepoint et al. 2004; Cornelisen and Thomas 2006), the effect of
diversity/specific composition of this epiphytic community in these processes has
received less attention (Lepoint et al. 2007). Lepoint et al. (2007) concluded that
encrusting epiphytic Rhodophyta exhibited significantly higher values of nitrogen
uptake from water column than epiphytic Phacophyta in P. oceanica leaves.

Nitrogen assimilation is a key process in coastal ecosystems dominated by
seagrasses, where the most common nitrogen form is nitrate (NO3;) (Romero et al.

2006). The capacity of autotrophic organisms to assimilate nitrogen from water column
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strongly depends on the enzyme Nitrate Reductase (NR), which is responsible of the
initial reduction of NOj;™ to nitrite (NO;’). NO; is subsequently reduced to ammonia
(NH4") and finally assimilated into aminoacids (Solomonson and Barber 1990; Romero
et al. 2006) (Fig. 5). The activity of the NR enzyme, measured as NO," production along
the time, has been widely used as an estimation of nitrogen assimilation capacity in
different species of phytoplankton (Berges and Harrison 1995), vascular plants
(Doddema and Howari 1983; Scheible et al. 1997) and macroalgae (Davison and
Stewart 1984; Lartigue and Sherman 2002), showing a significant relationship with
abiotic (mainly, temperature, light and NOj; availability) and biotic factors
(interspecific differences) (Gao et al. 2000; Lartigue and Sherman 2002; Young et al.
2007). However, the application of NR activity to estimate nitrogen assimilation
capacity in communities is very scarce and has been limited to the macroalgal epiphytic
component of Amphibolis antarctica and P. sinuosa seagrass species (Young et al.
2005).

Contrasting to seagrasses, such as P. oceanica, epiphytic algae are characterized
by (1) high nutrient requirements, (2) nutrients are exclusively uptaken from water
column and (3) a reduced capacity to store nutrients (Williams and Ruckelshaus 1993;
Alcoverro et al. 1997; Terrados and Williams 1997; Romero et al. 2006; Lepoint et al.
2007). Because of that, epiflora productivity and growth is frequently more limited than
in P. oceanica in oligotrophic'' environments, such as Mediterranean Sea. Although a
progressive increase in nutrient availability (eutrophication) has been recently observed
in Mediterranean Sea (Turley 1999) and the effects of this environmental change have
been mainly related to increases in abundance and biomass of epiphytic opportunistic

algae (Cancemi et al. 2000; Prado et al. 2008), no relationship has been established in
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literature between eutrophication and nitrogen uptake depending on community

structure and diversity.
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Fig. 5. Nitrogen uptake and assimilation in autotrophic organisms. NOs uptake and NH," assimilation
primarily occurs in cytosol and plasts (chloroplasts and mitochondria), respectively. NO3 can be stored in
vacuoles inside cells or can be reduced in cytosol by means of NR enzyme. After that, NO, produced
from NOj; reduction enters in GS/GOGAT cycle, where glutamine synthetase (GS) catalyzes the
transformation of glutamate in glutamine. The addition of carbon skeletons (a-ketoglutarate) produces
two glutamate molecules, which is catalyzed by the enzyme glutamate synthetasa (GOGAT). One of
these molecules can be recycled through GS/GOGAT cycle, whereas the other one can be used to form
complex aminoacids. Adapted from Touchette and Burkholder (2000).
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3. Main objectives of the PhD thesis

The present PhD thesis had two main goals:

1.

Describe the diversity and structure of the macroeukaryotic epiphytic
fraction of P. oceanica leaves and its spatio-temporal variability applying
molecular techniques as an alternative to classical microscopy/dissecting
microscope techniques. Macroeukaryotic epiphytic fraction of P. oceanica
leaves has been selected as a community model because of different reasons:
(1) its significant contribution to biomass, nutrient cycling, sediment
carbonate and productivity of the ecosystem (Ballesteros 1987; Romero
1988; Canals and Ballesteros 1997; Lepoint et al. 2007), (2) a relatively
short period of time is enough to detect significant changes in its structure
and (3) its structure can be influenced by abiotic and biotic factors and
disturbances (natural or anthropogenic).

Evaluate the relationship between species identity/diversity/structure of
macroalgal epiphytic component of P. oceanica leaves and NR activity (as a
measure of nitrogen assimilation capacity from water column, which is an
ecosystem key process). Macroalgal epiphytes were selected because they
are the most abundant and diverse component of the macroeukaryotic
epiphytic fraction and they show changes in biomass, species composition

and richness thorough seasonal succession (Borowitzka et al. 2006).

Different techniques used to accomplish these objectives are explained in

Section III.
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OECTION I - Fundamentals of techmiques used
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4. Molecular techniques used to describe the structure of the macroeukaryotic

epiphytic fraction of P. oceanica leaves

4.a) Desoxirribonucleic acid (DNA) preparation of the macroeukaryotic epiphytic
fraction of P. oceanica leaves

Molecular approaches used in the present PhD thesis involve the preparation of
desoxirribonucleic acid (DNA) from the macroeukaryotic epiphytic fraction of P.
oceanica leaves. DNA preparation consists in its isolation from the rest of cell
components (polysaccharides, proteins,...) and the amplification or copy of the isolated
DNA (DNA template) applying Polymerase chain reaction (PCR). PCR molecular
technique allows obtaining multiple copies of the entire DNA or, more frequently, a
desired DNA portion (target DNA) and is composed of the repetition of three basic
stages:

I. Denaturation. Heating causes DNA melting of the DNA template by disrupting
the hydrogen bonds between complementary bases, yielding two single-
stranded DNA molecules.

II. Annealing. Two designed primers (short length DNA sequences) anneal to
complementary sequences of each of the single-stranded DNA molecules. It
allows, in the final stage, synthesizing new and complementary single-stranded
DNA molecules which contains the target DNA.

III. Extension. The enzyme Taq DNA polymerase attaches to primers and
synthesizes the new strands containing the target DNA.

Final number of copies of the target DNA is dependent on the number of

repetitions of the three stages of the PCR (2", n = number of cycles) (Sambrook and

Russell 2001a).
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The present PhD thesis assessed the structure of the macroeukaryotic epiphytic
fraction of P. oceanica leaves amplifying the whole or a portion of SSU by means of
PCR. SSU was selected because of its characteristics and advantages that offer against
other DNA regions (see Section I1-2.b). Amplification of SSU produced multiple copies
of the target DNA with the same length but different sequence, mirroring the
complexity of the studied sample.

DNA isolated and amplified was visualized by means of agarose gel
electrophoresis. Agarose gel electrophoresis is a technique that, in the presence of an
electric field, allows separating DNA molecules depending on its size. Under these
circumstances, DNA molecules migrate from the negative (anode) to the positive pole
(cathode) because of the presence of fosfate (PO,”) groups in its structure. Migration
velocity of the different DNA molecules is inversely related to its size. Migration front
was observed by adding a dye to DNA molecules and the results of the electrophoresis
were visualized under an ultraviolet lamp (UV) with ethidium bromide (EtBr) staining.
In order to determine that DNA fragment obtained by means of PCR was the desired,
we used a DNA marker that consisted on a mix of DNAs with different size. One of
these DNAs had a similar size to DNA fragment obtained by PCR and their migration
velocity in agarose gel should be similar if PCR was correctly developed.

4.b) Barcoding or fingerprinting techniques

Barcoding or fingerprinting techniques are molecular approaches frequently applied to
the study of the structure, dynamics and diversity of communities. They are based on
the separation of DNA fragments, previously amplified with PCR, with the same size
but different sequence in acrilamide/formamide gels either with a temperature gradient

(Temperature gradient gel electrophoresis (TGGE)) or a denaturing chemicals gradient
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(Denaturing gradient gel electrophoresis (DGGE)) (Muyzer and Smalla 1998; Muyzer
1999). In the present PhD thesis we amplified DNA fragments from SSU of about 600
base pairs (bp) with different sequence in TGGE gels. We chose TGGE against DGGE
(analogous techniques) because the former approach allowed obtaining a clear
separation of DNA fragments.

TGGE 1i1s based on the fact that DNA molecule structure and, therefore, its
migration velocity in agarose gels with an electric field are affected by temperature.
Double-stranded DNA molecules progressively denature (depending on the composition
of nitrogenised bases on its sequence) and reduce its migration velocity as they migrate
to the cathode because of the temperature gradient. DNA molecules with a sequence
rich in nitrogenised bases guanine (G) and cytosine (C) require a higher temperature to
denature and migrate quicker in the gel. The presence of a tail rich in G and C in
designed primers for PCR avoids the total denaturation of the double-stranded DNA
molecules. Each of those molecules is visualized in the gel as an unique band
representing a partially denatured double-stranded DNA fragment (Muyzer 1999;
Gadanho and Sampaio 2004) (Fig. 6). In the present PhD thesis, bands obtained in
TGGE gels were revealed using silver staining because it has proven to be more
sensitive and less toxic in comparison with other methods such as EtBr staining
(Radojkovic and Kusic 2000).

Diversity measurements calculated from the application of TGGE (or DGGE)
are based on the analysis of the band patterns obtained. These bands are commonly
named molecular operational taxonomic units (MOTUs or OTUs) (Rossello-Mora and
Lopez-Lopez 2008; Valentini et al. 2008), and the OTUs pattern complexity depends on

the diversity of the studied community (Muyzer 1999).
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Because of the fact that SSU are present in all living organisms (homologous
genes) and in multiples copies within the genome of an individual (paralogous genes),
OTUs obtained with fingerprinting techniques could hypothetically reflect the diversity
of paralogous and homologous genes of a community. However, it has been observed
that SSU interspecific diversity is higher than SSU intraspecific diversity (Hebert et al.
2003), and, therefore, OTUs pattern mirror taxa richness from the original sample
(Muyzer 1999).

Similarity among OTUs pattern from different samples in a TGGE (or DGGE)
gel is calculated constructing a presence (1) — absence (0) matrix (columns = samples,
rows = OTUs) and is graphically represented using a cluster or a non-metric multi-

dimensional scaling (MDS) (Schiffer and Muyzer 2001) (Fig. 7).
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Fig. 7. OTUs pattern analyses. A, B, C, D, E and F represent different samples. Similarity matrix
represent OTUs percentage (%) shared between two samples (from 0 (no OTUs shared) to 100 (the same
OTUs pattern)). Cluster scale represents the similarity in OTUs pattern. MDS is a non-dimensional
representation in which samples that are close share a high similarity of their OTUs pattern. Adapted from
Schiffer and Muyzer (2001).
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4.c) DNA libraries
DNA libraries are collections of DNA sequences that represent a portion or the whole
genome from an organism or a group of organisms. DNA libraries construction, as in
the case of barcoding techniques, involves DNA isolation and amplification by means
of PCR. The presence of universally conserved regions in 5’ and 3’ ends of DNA
molecules allows the amplification of the almost complete sequence of SSU (Head et al.
1998), which offers some advantages discussed above. For those reasons, the DNA
fragment selected in this PhD thesis for the construction of DNA libraries was almost
the entire SSU (about 1.800 bp long).

DNA libraries construction starts with the ligation phase, where DNA fragments
from SSU are inserted in a vector (a DNA molecule, generally from a phage'” or a
plasmid"?), forming recombinant vectors by means of an enzyme ligase. Because of the
fact that the percentage of recombinant vectors is never 100%, some non-recombinant
vectors (DNA fragments from SSU not inserted in vector) are obtained. After that, in
cloning phase, vectors (either recombinant or non-recombinant) are introduced in host
cells'®, where they are amplified producing a large number of copies. Each of the
vectors introduced in a host cell produce a clone colony (group of clones with the same
DNA sequence) and some of them are selected after a screening phase. Screening
consists in selecting only clones with DNA from SSU, which allows describing the
community structure. Screening is, generally, based on the fact that chosen vectors
present in their structure some genes codifying for the resistance against different
antibiotics or for the synthesis of different enzymes. In the present PhD tesis we used
pGEM-T Easy Vector plasmid (Promega), which presented in its structure a gen

codifying for the resistance against ampiciline antibiotic and the lacZ gen, codifying for
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the synthesis of f-galactosidase enzyme. When inserted in vectors, DNA fragment from
SSU, avoided the lacZ gen expression, inhibiting B-galactosidase synthesis. Because of
that, clones obtained were screened by means of cultures (LB as culture medium) with
ampiciline, Isopropyl B-D-1-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-gal). IPTG is responsible of inducing the
transcription of B-galactosidase enzyme and X-gal is a substratum hydrolyzed in the
presence of that enzyme producing indoxil, which is oxidized by exposure to the air and
converted in indigo (blue colour) (Sambrook and Russell 2001b). Three possibilities
were possible in screening clones in this PhD thesis:

1) Clones from host cell without vector were sensitive to ampiciline and were not
able to grow in LB cultures.

2) Clones from host cell with non-recombinant vector were able to grow in LB
cultures because they were resistant to ampiciline. They formed blue clone
colonies because of the production of indigo in the reaction catalyzed by B-
galactosidase enzyme.

3) Clones from host cell with recombinant vector were able to grow in LB cultures
because they were resistant to ampiciline. They formed white clone colonies
because of B-galactosidase enzyme was not synthesized and indigo was not

produced.

When screening is ended, sequencing and aligning of selected clones is
developed. Sequence aligning is performed to compare sequences from the studied gene
to detect similarities and establish evolutive or functional relationships. The

construction and analyses of a phylogenetic tree with aligned sequences is the final
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phase of DNA libraries. A phylogenetic tree is a graphic representation composed of
branches and nodes in which evolutive relationships among sequences from the studied
gene are shown, allowing obtaining a measure of the diversity in the sample studied.
Branches are lines that connect two nodes, which can be external (representing the end
of a branch where sequences are located) or internal (points representing a common

ancestor of two or more nodes) (Fig. 8).
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Fig. 8. DNA library construction and analyses based on SSU used in this PhD thesis.
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Methods most frequently used for phylogenetic trees construction are:

o Distance methods, such as “Neighbor-Joining” (NJ).
o “Maximum Parsimony” (MP).
o “Maximum Likelihood” (ML).

NJ is the most used distance method. Distances calculated among sequences
using NJ are commonly based on Jukes-Cantor evolutive model. Jukes-Cantor model
assumes that (i) the frequencies of the different nucleotides in a sequence is the same
and (ii) nucleotide substitution rate is the same and independent of the identity of the
nucleotide. To obtain a distance value d (d = -3/4 Ln [1-(4p/3)]) between two sequences
applying Jukes-Cantor correction, firstly it is necessary to calculate distance p, which is
the combination of the number of differences between two sequences divided by total
number of positions considered in the sequence. Distance matrix is used by NJ
algorithm to generate the phylogenetic tree. However, MP and ML methods are more
powerful and accepted in scientific community.

MP method takes all the sequences and generates multiple phylogenetic trees,
which are evaluated following the criterion that the best explanation is the most simple.
The final topology is the one that requires less number of evolutive changes (such as
nucleotide substitutions or mutations) to explain differences observed among different
sequences.

In the same way, ML method uses original nucleotide sequences data to generate
and evaluate multiple trees. A likelihood value, which is inversely related to
accumulated evolutive changes, is calculated for each topology. For a determined

topology, the total probability is calculated as a product of the likelihood in each
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alignment position (taking into account the frequency of each nucleotide and the
probabilities of transition'> / transversion'® according to the chosen evolutive model).
Contrasting to other methods, ML assumes that each sequence position can
independently evolve and the evolution rate can vary from some lineages to others. The
exhaustive evaluation of all possible topologies (for instance, 2.8x10™* trees with only
50 sequences) is generally impossible and ML represents, in most of the cases, the best
approach to the optimal topology (Head et al. 1998; Sambrook and Russell 2001b; Hall
2004; Fuhrman 2008).

4.d) Advantages and limitations of molecular barcoding techniques and DNA libraries
construction in the description of community structure.

Molecular barcoding techniques and DNA libraries construction present some
advantages and limitations related to study the community structure. On the one hand,
barcoding methods are more appropriated to study community succession because they
simultaneously allow processing an elevated number of samples being less time-
consuming and more economic. DNA fragments belonging to SSU for barcoding
techniques must contain phylogenetically informative regions (regions with a nucleotide
sequence variable among species) to detect the presence of different taxa in the original
sample (Valentini et al. 2008). On the other hand, DNA library construction is a more
powerful approach because it is phylogenetically more informative (as they generally
works with longer and more quality DNA sequences) (Head et al. 1998; Muyzer 1999;

Fuhrman 2008), being more appropriated to analyse deeply the community structure.
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5. Relationship between structure/ diversity of macroalgal epiphytic component of

P. oceanica and NR activity (as a measure of nitrogen assimilation capacity)

NR activity measurements in scientific literature have been performed following
““in vivo™ or ““in vitro” methods. The main difference between them is that the former
one is based on the tissue permeabilization to allow the contact of a buffer solution
containing NO;3  with cells, where NO; is reduced to NO, using endogenous
nicotinamide adenine dinucleotide (NADH) in a reaction catalysed by NR enzyme. On
the contrary, ““in vitro” method consists on tissue homogenising allowing the release of
the NR enzyme in a buffer solution, and the subsequently NR activity measurement
with a colorimetric method in an assay solution containing NOs;™ and NADH. Extraction
buffer is the responsible of this tissue homogenisation and NR release, whereas assay
solution contains the necessary reagents (NO; and NADH) to reduce NO; to NO;'.
After the incubation phase, reagents inhibiting NR enzyme activity are added and NO,”
concentration is measured in a spectrophotometer with a colorimetric method, obtaining
NR activity as a function of NO, concentration, biomass and time (Fig. 9). The major
limitation of “in vivo™ against “in vitro” methods is the unknown NOj5" diffusion rates
from outside to inside cells and NO, diffusion rates from inside to outside the cells
(Lartigue and Sherman 2002). In the present PhD thesis, we adapted an ““in vitro”
method to measure NR activity (Scheible et al. 1997), because it allowed us controlling

some factors, such as temperature, that can modify this enzymatic activity.
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Fig. 9. Colorimetric method to measure NR using an “in vitro” technique. After incubating
samples with a buffer solution containing NO;” and NADH, reagents are added to measure NO,
concentration in a spectrophotometer with a colorimetric method. A, B and C are three replicates
from a sample and D is a control used to determine NO, concentration present in tissues
previously to perform the assay. NR activity is expressed as the average of NO, concentration in
A, B and C tubes (substracting that from control tube) per biomass and time.
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SECTION IV - Chapter 1

Detail of old P. oceanica leaf

Optimisation of a molecular fingerprinting technique (TGGE) to the study of the

structure of the macroeukaryotic epiphytic fraction of P. oceanica leaves
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Optimisation of a molecular fingerprinting technique (TGGE) to the study of the

structure of the macroeukaryotic epiphytic fraction of P. oceanica leaves

Background
The application of a molecular fingerprinting technique to the study of the structure of a
community requires the previous extraction of DNA of enough quality and quantity.
This has been recognised to be a major achievement in order to guarantee successful
results (Head et al. 1998). There are many published procedures for extracting DNA
from different communities, which use different physical (i.e. freezing, thawing, bead
beating) and/or chemical treatments (lysis with detergents) to release DNA (Diez et al.
2001; Foucher and Wilson 2002; Gadanho and Sampaio 2004). The selection of an
appropriate DNA extraction procedure from the macroeukaryotic epiphytes of P.
oceanica leaves must take into account that macroalgae are the most abundant and
diverse component of this fraction (Lepoint et al. 1999; Borowitzka et al. 2006). DNA
extraction of enough quality and quantity from different macroalgae has previously
proven to be difficult because of the co-extraction of polysaccharides and secondary
metabolites that can inhibit the subsequent PCR reaction (Hong et al. 1997; Vidal et al.
2002; Varela-Alvarez et al. 2006). Furthermore, a procedure that allows obtaining
successful results with one macroalgae group often fail with others, probably because of
the differences in their cell wall composition, and that of storage and secondary
compounds (Doyle 1990; Hong et al. 1997).

The optimisation of the subsequent PCR is another relevant matter to obtain
successful results. It includes the selection of the adequate target regions within the SSU

genes, designing of the primers targeting the selected regions and identification of the

43



SECTION IV — Chapter 1

PCR conditions that are appropriate to detect the diversity from the studied sample. The
selection of the SSU gene regions to amplify must follow some criteria: (1) they must
contain regions nearly identical among individuals of the same species, but different
between species, and other regions highly conserved between species, (2) they must be
phylogenetically informative and (3) they must have the correct size to apply the
subsequent molecular approach that allows detecting the diversity from the studied
sample (Valentini et al. 2008). The design of primers complementary to the selected
target regions inside SSU is another key point to obtain an optimal amplification.
Ideally, designed PCR primers should have between 40-60% GC content and both
should be similar in size (18-25 bp), in melting temperatures (Ty)'” and in nucleotide
ratios. For fingerprinting techniques (DGGE and TGGE), one of both primers should
contain a 3'-terminal GC clamp (at least one or two 3' G’s and/or C’s nucleotides). In
addition, they should be free of repetitive motifs'®, palindromes'’, excessive
degeneracy”™, and long stretches of polypurines®' or polypyrimidines® (Roux 1995).
Although slight deviations from these recommendations are allowed, several useful
computer programs have been developed to design efficient PCR primers (Primer-
BLAST, National Center for  Biotechnology Information (NCBI),
http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Other factors that could be necessary
to optimize for amplification purposes are the DNA template quantity and magnesium
(Mg*") concentration in the amplification buffer, pH and cycling conditions (i.e.
changes in annealing temperature, which is dependant on primer T, values and in
number of cycles). On the one hand, the increase in DNA template may increase
number of amplicons (or PCR products) obtained but it also may increase the presence

of inhibitors of the PCR. In addition, a decrease in annealing temperature and an

44



SECTION IV — Chapter 1

increase in number of cycles may also increase in number of amplicons obtained but it
also might produce a decrease in the specificity of the reaction (Roux 1995). Finally, the
addition of different reagents, such as dimethyl sulfoxide (DMSO), glycerol, non-ionic
detergents and formamide, have also showed to increase the specificity of the PCR
(Roux 1995; Sambrook and Russell 2001a).

Some factors also need to be optimized in the selected fingerprinting technique
(in this PhD thesis, TGGE). The most important are the temperature gradient, the
quality and quantity of DNA fragments used, and the staining method of the gel. The
optimisation of the temperature gradient is relevant to obtain a clear resolution of the
amplicons in TGGE gel (i.e. a narrow gradient may produce a better segregation
between bands than a wide one, but wide gradients may show more defined bands)
(TGGE Maxi System Manual, Biometra, http://www.biometra.com). The staining
method of the gel is also a relevant factor that should be optimized. The most used
nucleic acids-staining procedures in literature have been silver-staining, EtBr, SYBR
Green and SYBR Gold methods (Muyzer et al. 1993; Heuer et al. 1997; Muyzer et al.
1997; Harper et al. 2006). The silver-staining procedure has been found as the most
sensitive method in the detection of DNA bands in fingerprinting gels (Felske et al.
1996; Radojkovic and Kusic 2000). In addition, this method has been shown to be more
economic than EtBr staining procedure (Radojkovic and Kusic 2000). SYBR
Green/Gold staining methods, which are economically more expensive, have been
recognised as alternative procedures to silver-staining and EtBr methods because of the
lack of background staining and the detection of DNA bands even at very low

concentrations (Muyzer and Smalla 1998).
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Our main goal is the optimization of the complete molecular fingerprinting
protocol (DNA extraction, PCR, TGGE and staining method) to study the structure of
the macroeukaryotic epiphytic fraction of P. oceanica leaves. The obtained molecular
protocol could be wused as an alternative approach to classical dissecting
microscope/optical microscope methods to study this epiphytic fraction.

Materials and methods

1.- DNA extraction with DNeasy Plant Mini Kit and subsequent PCR.

P. oceanica shoots collected in the field were gently scraped with a clean razorblade
and filtered with sterile seawater to isolate the macroeukaryotic epiphytic fraction.
Before that, these shoots were distributed in three different methods of preservation
after arrival to the lab: i.e. directly frozen at -20°C, stored in 4% formaldehyde seawater
and stored at 4°C. Epiphytic DNA was extracted using a commercial kit for DNA
extraction from terrestrial plants (DNeasy Plant Mini Kit (Qiagen)).

First assay. Epiphyte cells (about 0.1 g Fresh weight (FW)) were broken following two
procedures: (1) using pipette tips followed by a cycle of freezing (15 min at -80°C) and
thawing (5 min at 65°C); and (2) vortexing the cell material with 5 mm stainless steel
beads for 3 min (Qiagen). Simultaneously, DNA extractions from fresh cypress leaves
(Cupressus sempervirens) and from fresh different Rhodophyta (Spiridea spp., Padina
pavonica, Peyssonellia spp.) were done as controls following the same assayed
procedure. DNA extractions were run in 1% (wt/v) agarose gel, stained with EtBr at
least during 10 min and visualized under an UV light.

Second assay. Fresh cypress leaves, fresh Rhodophyta and epiphytes were disrupted
following a more aggressive procedure: two cycles of freezing (15 min at -80°C) and

thawing (5 min at 65°C) followed by three ultrasonication cycles (5 min at 40 KHz), and
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finally vortexing with 5 mm stainless steal beads for 3 min. DNA extractions were
visualized as above mentioned.

For both assays, PCR was done using 1 ul DNA template in a final volume of 20
ul using Master Mix (Eppendorf) according to manufacturer’s instructions. 5% DMSO
was also added to the reaction. The two universal primers designed for eukaryotic SSU
amplification, Euk1A/516r-GC and EukA/B, were tested (Diez et al. 2001). We also
tested two different PCR programs. The first one included an initial denaturation at
94°C for 130 s, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at
55°C for 45 s, and extension at 72°C for 130 s, with a final extension step of 72°C for
10 min. The second PCR program included an initial denaturation at 94°C for 3 min,
followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 1 min, and
extension at 72°C for 3 min, with a final extension step of 72°C for 10 min.

PCR products were visualized under an UV light in a 2-3% (wt/v) MS-8 agarose
gel (Pronadisa) after staining with EtBr. Molecular weight DNA marker used was
MHindII-Eco RI (Durviz).

2.- DNA extraction following procedures designed for samples with high concentrations

of secondary compounds (aromatic plants and algae) and subsequent PCR

First assay. DNA extraction from epiphytes was performed following Wattier et al.
(2000) procedure. Samples were broken by means of agitation (11.000 rpm during 6
min at room temperature) followed by vortexing with 5 mm stainless steel beads for 3
min. Two parallel tests were done, the first one strictly following the DNA extraction
procedure from Wattier et al. (2000), and the second just changing centrifuging
conditions (to 3900 rpm for 30 min) of the same procedure. DNA extractions were

visualized as above mentioned.
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Second assay. DNA extraction from epiphytes was performed following Khanuja et al.
(1999) procedure. Samples were broken using liquid nitrogen followed by mixing with
vortex and 5 mm stainless steel beads. The composition of cethyl trymethylammonium
bromide (CTAB) buffer cited in Khanuja et al. (1999) was slightly modified (2%
CTAB, 2% polyvinylpirrolidone (PVP), 1.4 M sodium chloride (NaCl), 20 mM
ethylenediaminetetraacetic acid (EDTA) (pH = 8), 100 mM Tris-hydrochloric acid
(Tris-HCI) (pH = 8), 2% 2-mercaptoethanol). DNA extractions from leaves of terrestrial
plants (Brassica oleracea, C. sempervirens and Rosmarinus officinalis) were also done
as controls. DNA extractions were visualized as above mentioned.

3.- DNA extraction following procedures designed for soils and subsequent PCR

First assay. DNA extraction from epiphytes and terrestrial plants (B. oleracea, C.
sempervirens and R. officinalis) was performed following Girvan et al. (2003)
procedure. A higher amount of sample was used (about 1 g FW) in comparison with
assays explained above. Samples were broken using two different protocols: (1) two
cycles of freezing (10 min at -80°C) and thawing (10 min at 65°C) followed by
vortexing with 5 mm stainless steel beads for 3 min; and (2) freezing the sample with
liquid nitrogen followed by vortexing with 5 mm stainless steel beads for 3 min. DNA
extractions were visualized as above mentioned.

Second assay. DNA extraction from epiphytes was performed following Girvan et al.
(2003) procedure. This procedure was modified using two alternatives: (1) addition of
0.1 g PVP g epiphyte FW and (2) addition of a CTAB buffer (1 ml CTAB buffer g
epiphyte FW). CTAB buffer composition was 2% CTAB, 2% PVP, 1.4 M NaCl, 20
mM EDTA (pH = 8), 100 mM Tris-HCI (pH = 8), 2% 2-mercaptoethanol. Samples were

broken using two cycles of freezing (10 min at -80°C) and thawing (10 min at 65°C)
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followed by mixing with vortex and 5 mm stainless steel beads. DNA extraction was
visualized as above mentioned.

Third assay. DNA extraction from epiphytes and different algae (Udotea spp. and
Corallina spp.) was performed following Zhou et al. (1996) procedure. Samples were
broken using liquid nitrogen followed by agitation with vortex and 5 mm stainless steel
beads. DNA extraction was visualized as above mentioned.

A PCR was performed using DNA extracted using protocols optimised for soils.

PCR was done using 1 ul DNA template in a final volume of 20 pl using Master Mix
(Eppendorf) according to manufacturer’s instructions. 5% DMSO was also added to the
reaction. Sets of primers used were EukA/B and Euk1A/516r-GC (Diez et al. 2001) and
PCR program included an initial denaturation at 94°C for 3 min, followed by 30 cycles
of denaturation at 94°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for
3 min, with a final extension step of 72°C for 10 min. PCR products were visualized as
above mentioned.
Fourth assay. DNA extraction from epiphytes was performed following Zhou et al.
(1996). Samples were broken using liquid nitrogen followed by agitation with vortex
and 5 mm stainless steel beads. Finally, a step of purification using DNeasy Plant Mini
Kit (Qiagen) was performed. DNA extraction was visualized as above mentioned.

A PCR was performed using DNA extracted from the fourth assay using a
protocol optimised for soils. PCR was done using a Master Mix (Eppendorf) in a final
volume of 20 pl according to manufacturer’s instructions. A total of 5% DMSO was
also added to the reaction and DNA template was increased (2 pl) in comparison with
previous PCR. We used the set of primers EukA/B (Diez et al. 2001) and Euk1A/New

516r-GC. Euk/New 516r-GC resulted as a modification of primer Euk 516r-GC (Diez et
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al. 2001), in which the nitrogenised base at the 3’ position was removed. ARB-SILVA
database (http://www.arbsilva.de, Pruesse et al. 2007) from ARB package
(http://www.arb-home.de, Ludwig et al. 2004) allowed us to design that new primer,
which was more appropriated to detect a wider spectrum of Rhodophyta, a relevant
component of the macroeukaryotic epiphytic fraction of P. oceanica leaves (Van der
Ben 1971; Ballesteros 1987). PCR program included an initial denaturation at 94°C for
130 s, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 54°C for 45
s, and extension at 72°C for 130 s, with a final extension step of 72°C for 10 min. PCR
products were visualized as above explained.

A new PCR was tested in order to diminish the concentration of PCR inhibitors.
PCR was done using a Master Mix (Eppendorf) in a final volume of 20 pul according to
manufacturer’s instructions. A total of 5% DMSO and polyvinylpolyipirrolidone
(PVPP) (about. 0.12 pg pl™") (Zhou et al. 1996) were also added to the reaction. DNA
template was 2 pl. Sets of primers used were EukA/B (Diez et al. 2001) and
Euk1A/New 516r-GC. PCR program included an initial denaturation at 94°C for 3 min,
followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 44°C for 60 s, and
extension at 72°C for 2 min, with a final extension step of 72°C for 10 min. PCR
products were visualized as above mentioned.

We finally tested another modification of PCR, in where different dilutions
(1:10, 1:50, 1:100) of DNA template were used in order to diminish the concentration of
PCR inhibitors. Sets of primers, PCR conditions and PCR program was the same as
above. PCR products were visualized as above mentioned.

We discarded set of primers Euk A/B as the combination Eukl1A/New 516r-GC

allowed an optimal DNA fragment (about 600 bp long) for the application of a
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molecular fingerprinting technique (Valentini et al. 2008). PCR was done using a
Master Mix (Eppendorf) in a final volume of 20 pl according to manufacturer’s
instructions. A total of 5% DMSO was also added to the reaction. PCR program
included an initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation
at 94°C for 30 s, annealing at 48°C for 60 s, and extension at 72°C for 3 min, with a
final extension step of 72°C for 10 min. PCR products were visualized as above
mentioned.

4.- Optimisation of PCR conditions

Because DNA extraction assays following procedures designed for soils and subsequent
PCR allowed us to obtain the best results, we tested some modifications to those PCR
conditions in order to eliminate non-specific DNA products (DNA fragments different
from the desired size). The presence of non-specific DNA products after PCR has been
linked both to low T, and/or prolonged melting time (Sambrook and Russell 2001a).
These amplifications were done after a purification step of the DNA extracted by using
DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions.

First assay. We tested a PCR program increasing annealing temperature (from 48°C to
52°C). PCR was done as above explained. A total of 5% DMSO was also added to the
reaction. Set of primers EuklA/New 516r-GC was used. PCR program included an
initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for
30 s, annealing at 52°C for 60 s, and extension at 72°C for 3 min, with a final extension
step of 72°C for 10 min. PCR products were visualized as above.

Second assay. We tested a ‘Reconditioning’” PCR and ‘Touchdown’ PCR, which has
previously shown a positive effect in the reduction of the presence of non-specific

products (Don et al. 1991; Thompson et al. 2002; Acinas et al. 2004). ‘Reconditioning’
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PCR is based on a dilution of amplification products into fresh reaction mixture
followed by amplification for a low number of cycles (Thompson et al. 2002) and was
performed using 1 ul of DNA template in a final 20 ul volume. PCR program, which
was explained in the first assay, included 15 cycles instead of 30. After that, we took 2
ul of that DNA product in a final 20 ul volume and we performed 3 additional cycles.
‘Touchdown’ PCR is based on the decrease of the annealing temperature to a
‘touchdown’ to obtain more specific products (Don et al. 1991) and was performed
decreasing 1°C annealing temperature during 10 cycles. ‘Touchdown’ PCR program
assayed included an initial denaturation at 94°C for 5 min, followed by 10 cycles of
denaturation at 94°C for 1 min and annealing at 58°C for 60 s (decreasing 1°C each
cycle). Finally, 29 cycles of denaturation at 94°C for 1 min, annealing at 48°C for 60 s
and extension at 72°C for 3 min were performed. PCR products were visualized as
above explained.

Third assay. A final PCR was tested using a Master Mix (Eppendorf) in a final volume
of 20 ul according to manufacturer’s instructions. A total of 5% DMSO was also added
to the reaction. Set of primers Eukl A/New 516r-GC was used. PCR program included
an initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C
for 30 s, annealing at 48°C for 60 s, and extension at 72°C for 3 min, with a final
extension step of 72°C for 10 min. PCR products were visualized as above.

5.- Optimisation of TGGE conditions

The optimisation of TGGE conditions (temperature gradient, migration time, band
staining) was necessary to determine which conditions allowed obtaining a clear

segregation of DNA products after PCR. Those assays were performed using PCR
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products obtained after DNA extraction from soils procedures, because they gave us the
best results.

First assay. The temperature gradient tested was 45-60°C, the migration time was 16 h
and the voltage was 130 V. TGGE gel was EtBr stained (at least during 10 min) and
DNA bands were revealed after visualization with an UV lamp.

Second assay. We tested a narrower temperature gradient (35-45°C) and a higher
migration time (17 h). The voltage remained invariable. TGGE gel was EtBr stained (at
least during 10 min) and DNA bands were revealed as above in the first assay.

Third assay. We used the same temperature gradient, migration time and voltage
conditions of the second assay. Finally, gel was silver-stained following a modification
of a protocol of Heuer et al. 1997. In brief, the gel was fixed in 10% (v/v) ethanol
(CH3CH,0H) plus 0.5% acetic acid (CH;COOH) (10 min). After removing fixing
solution, the gel was stained with 0.2% (wt/v) silver nitrate (AgNO3) (30 min). After
four thorough washes with bi-distilled water, a freshly prepared developing solution
containing sodium borohydride (NaBHy) (around 0.12 g '), 0.15% formaldehyde, and
1.5% (wt/v) sodium hydroxide (NaOH) was added to the gel. The development of the
gel was stopped by adding 0.75% (wt/v) sodium carbonate (Na,COs) solution (10 min.).
We tested silver staining because it has previously shown to be more sensitive to detect
DNA bands than EtBr (Radojkovic and Kusic 2000).

Fourth assay. We tested a narrower temperature gradient (35-40°C) and the other
TGGE conditions remain invariable. TGGE gel was silver-stained as above in third
assay.

6.- Excision of DNA bands obtained with TGGE
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Our goal was obtain a procedure to sequence DNA bands from TGGE gel, link these
DNA sequences to known and sequenced epiphyte taxa and reveal the identity of the
epiphytes present in the sample studied.

First assay. We slightly modified a procedure optimized to sequence DNA bands from
silver-stained gels (Gadanho and Sampaio 2004). In brief, bands were extracted from
TGGE gel and eluted in 50 pl ultra-pure water at 4°C overnight. After that, we
performed a re-amplification using 2 pl of the elution following PCR program above
mentioned. Finally, sequence of those bands was obtained.

Results

Both the DNA extractions following procedures designed for samples with high
concentrations of secondary compounds (aromatic plants and algae) and using DNeasy
Plant Mini Kit failed in the visualization of DNA bands in agarose gels for all the tests
performed due to the low yields in the extraction. However, the DNA extractions with
aromatic plants (such as R. officinalis) yielded good DNA concentrations. In addition,
PCR tests using these DNA extracts also failed for epiphytic samples, but were positive
for the DNA extracted from C. sempervirens leaves using both set of primers
EukA/EukB and Euk 1A/Euk 516r-GC.

DNA extractions following procedures designed for soil samples allowed the
visualization of DNA bands in an agarose gel when epiphytic cells were disrupted using
liquid nitrogen and agitation with vortex and stainless steel beads. However, only DNA
extractions that were purified in a final step with DNeasy Plant Mini Kit and diluted just
before the PCR allowed to amplify DNA using the new set of primers (Euk

1 A/EukNew516r-GC) (Fig. 10).
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Sample 1 Sample 2

ig. 10. PCR 2% (wt/v) agarose gel after purifying DNA extracts with DNeasy Plant
Mini Kit (Qiagen) in two different samples. A = non-diluted extract, B = extract 1:10
diluted, C = extract 1:25 diluted. C-: negative control (ultra-pure water), C+: positive

control. Molecular weight DNA marker (M) used was ‘Real Escala 2.

The best results in PCR tests assayed were obtained by maintaining a low
annealing temperature (48°C) and adding 5% DMSO to the reaction, which was able to
significantly reduce non-specific DNA products.

TGGE was also optimised and best results were obtained using a narrow
temperature gradient (35-40°C) and a high migration time (17 h). These conditions
allowed obtaining a clear segregation of DNA bands in TGGE gel. In addition, the
silver-straining method was able to detect a higher number of bands than that using the
EtBr staining method.

The sequencing of DNA from excised bands of the TGGE gel did not render
clear results. The sequenced fragments were short-length (less than 300 bp in most
cases) and the quality was very low in all cases.

DNA extractions, PCR and TGGE and staining procedures assayed and results

obtained are summarized in Fig. 11, 12 and 13, respectively.
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Epiphyte assemblage is

mainly composed of algae
(Lepoint et al. 1999;
Borowitzka et al. 2006)

DNeasy Plant Mini Kit

Sample preservation?
1) 4°C
2) Frozen (-80°C)
3) 4% formaldehyde-seawater

v

(Qiagen) (designed for
plant DNA extraction)

Sample amount? about 0.1 g FW

Sample disruption?
Pipette tips + freezing-thawing
Vortexing with stainless steel beads
Freezing-thawing + ultrasonication +
vortexing with stainless steel beads

\

No DNA
bands
visualized

Test other DNA extraction protocols

2002). Test procedures for samples with high

al. 1999; Wattier et al. 2000)
Use freezing as a sample preservation method
Increase sample amount about 1 g FW

Algae produce high amounts of secondary metabolites
and polysaccharides (Hong et al. 1997; Vidal et al.

concentrations of secondary compounds (Khanuja et

Test liquid nitrogen as a sample disruption method

l

Possible solutions?

Freezing is used as a sample preservation
procedure in a wide variety of studies
Test a sample amount about 1 g FW
Test more aggressive sample disruption
methods to release DNA from nucleus. Liquid
nitrogen is a common method (Phillips et al.
2001; Hu et al. 2004).

Test other DNA extraction protocols

J

Problems?

Sample preservation procedure?
Which one is the adequate?
Sample amount? Is it enough?
Sample disruption method? Is it
adequate?

DNA extraction protocol? Is it
adequate for epiphytes?

No DNA
bands
visualized

Problems?

Possible solutions?
Test more aggressive DNA

Are DNA extraction methods for

samples with high concentrations of
secondary compounds adequate for
epiphytes? Are they aggressive enough

to release DNA from nucleus

Fig. 11. Flux diagram of main DNA extraction procedures assayed and results obtained.
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Is it possible to visualize PCR
products although the DNA

Initial PCR conditions?
1. Master Mix (eppendorf)

extraction procedure does not

allow obtaining DNA bands?

Possible solutions?
Increase or decrease (dilutions of DNA extracted)
DNA template concentration?

Change primers to Euk1A/New516r-GC (using
ARB- SILVA database, Pruesse et al. 2007) and
decrease annealing temperature to favour the
reaction (Sambrook and Russell 2001a)

No PCR
products
visualized

DNA template concentration
decreased

New primers and annealing
temperature assayed gave us better
results!

DNA template concentration
increased

DNeasy Plant Mini Kit (Qiagen) 2.1 ul DNA template (final reaction volume 20 pl
(designed for plant DNA extraction) | — > 3. Addition of 5% DMSO to increase specificity of the reaction
(Sambrook and Russell 2001a)
4. Eukarya SSU primers: EukA/B, Euk1A/516r-GC (Diez et al. 2001)
Problems?
DNA extraction procedure No PCR
— Low/high DNA template — products
concentration? isualized
Adequate primers? visuatize

Problems?
High concentration of PCR inhibitory
compounds (Sambrook and Russell 2001a)

Problems?
Presence of non-specific products

Possible solutions?

Add PVPP (Zhou et al. 1996) and increase
annealing temperature (Sambrook and
Russell 2001a) to increase specificity of the
reaction
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Fig. 12. cont.)

Possible solutions?

Add PVPP (Zhou et al. 1996) and increase
annealing temperature (Sambrook and
Russell 2001a) to increase specificity of the
reaction

Problems?
Presence of non-specific products

Possible solutions?
Remove PVPP and test ‘Reconditioning’
PCR (Thompson et al. 2002) and
‘Touchdown’ PCR (Don et al. 1991)

PCR products
visualized. Non-
specific products
also visualized

PCR products
visualized. Non-
specific products
also visualized

No PCR
products
visualized

Fig. 12. Flux diagram of main PCR procedures assayed and results obtained.
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Test TGGE from PCR that
allowed obtaining PCR

TGGE conditions:
Temperature gradient: 45-60°C

v

v

products but not non-specific
bands

Migration time: 16 h
Voltage: 130 V

Staining method: EtBr

No clear band
segregation. Low
number of bands
detected

Possible solutions? Problems?
¢ Use a narrower temperature gradient (35-45°C) ¢ Wide temperature gradient
Increase migration time (17 h) Low sensitivity of EtBr to reveal DNA
bands
Problems? Possible solutions? :
o S . — . —_ High f
Low sensibility of EtBr to reveal DNA Use a higher sensitive method to stain gels: AgNO; '9 m{;glgg{eg bands
bands (Radojkovic and Kusic 2000; Heuer et al. 1997)

Short| Hand | i Excision, Onti ) " Is it possible to obtain a
ort-length and low quality reamplification and ptimum segregation o better band segregation?
sequences obtained sequencing of TGGE bands and High number Test a narrower gradient

bands (Gadanho and of band s detected (35-40°C). Stain gels

Sampaio 2004) with AgNO;

Fig. 13. Flux diagram of main TGGE and gel staining procedures assayed and results obtained.
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Discussion

The application of a molecular fingerprinting technique to study the structure of the
macroeukaryotic epiphytic fraction of P. oceanica leaves has showed that several steps
must be previously optimised to obtain reliable results.

The first step to be optimised was the DNA extraction of the macroeukaryotic
epiphytic fraction. Some assays were necessarily performed in order to visualize DNA
bands in an agarose gel. Different methods of sample disruption were assayed, and the
combination of liquid nitrogen and vortexing with stainless steel beads gave the best
results. Liquid nitrogen has been previously used to disrupt samples allowing the DNA
extraction of a wide variety of algae species (La Claire II and Herrin 1997; Phillips et al.
2001; Hu et al. 2004). DNA extraction was finally performed using a protocol for soil
samples, because it allowed obtaining PCR products with the set of primers
Euk1A/EukNew516r-GC. The use of less aggressive protocols (DNeasy Plant MiniKit)
or adapted for samples with large concentrations of secondary compounds were positive
for other samples but both failed in the amplification of epiphytic DNA. Those results
suggested that secondary compounds might be co-isolated with epiphytic DNA in
concentrations that were able to inhibit PCR. This was supported by the fact that the
purification of the DNA extraction and the dilution of DNA from epiphytes just before
PCR gave the best results. The addition of 5% DMSO showed to be effective in
reducing the presence of non-specific products in PCR from epiphytic DNA, as it has
been recognised previously (Sambrook and Russell 2001a).

TGGE fingerprinting technique was finally optimised using a narrow

temperature gradient, which showed a clear resolution of DNA bands, and the silver-
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staining was chosen because it was more sensitive in detecting bands than EtBR, as
other studies had previously shown (Radojkovic and Kusic 2000).

In summary, the procedure that gave us the best results for epiphytic samples
was the DNA extraction optimized for soil samples (Zhou et al. 1996) including a final
step of purification with DNeasy Plant Mini Kit. Cell disruption was performed using
liquid nitrogen and vortexing with stainless steel beads. DNA extracted after
purification step needed necessarily to be diluted just before the amplification, and the
addition of 5% DMSO was necessary to obtain DNA products without non-specific
spurious bands. Set of primers selected was EuklA/EukNew516r-GC because they
produced an optimal length of fragment for fingerprinting purposes (Valentini et al.
2008) and were able to amplify DNA fragments of a wider spectrum of Rhodophyta, an
abundant component of epiphytic macroalgae. TGGE optimal conditions were 35-40°C
(temperature gradient), 130 V (voltage), 17 h (migration time) and bands were revealed

with a silver-staining protocol.
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SECTION IV - Chapter 2

Detail of epiphytic Foraminifera on P. oceanica leaves

Application of TGGE to monitor changes in the structure of the eukaryotic leaf-
epiphytic community of P. oceanica

In: Medina-Pons FJ, Terrados J, Rossell6-Mora R (2008). Mar Biol 155(4): 451-460
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Application of TGGE to monitor changes in the structure of the eukaryotic leaf-

epiphytic community of P. oceanica

Background

A molecular method (DNA extraction, PCR and TGGE) was optimised to study the
structure of the macroeukaryotic leaf-epiphytic fraction of P. oceanica (Chapter 1). Our
main objective was testing the sensitivity of that molecular approach to detect
variability in the structure of two stages of the epiphytic assemblage. We were also
interested in comparing results obtained with a molecular technique with those obtained
with a classical microscopy method.

Materials and methods

Sample collection

The study was performed in February and September 2006 in a P. oceanica meadow
located at a depth of 7 m in LaVictoria (39° 51° N, 3° 11’ E, Alcudia Bay, Majorca,
Spain). A total of 20 P. oceanica shoots were haphazardly collected at each sampling
date by SCUBA diving and frozen at -80°C to keep nucleic acids intact. Five (in
February) and ten (in September) additional shoots were harvested and preserved in 4%
formalin seawater until their processing to identify the epiphytic taxa. Five to ten shoots
are considered as an adequate number to assess the taxa composition of the leaf-
epiphytic community using classical microscope methods (Panayotidis and
Boudouresque 1981; Ballesteros 1987).

TGGE technique

DNA isolation and purification
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We expected macroalgae to be a dominant fraction of the epiphytic biota (Lepoint et al.
1999). As DNA isolation of marine algae has proven to be very difficult due to the co-
isolation of polysaccharides and secondary metabolites which can inhibit PCR (Hong et
al. 1997; Vidal et al. 2002), we used a modification of an aggressive DNA isolation
method for soils (Zhou et al. 1996). PCR inhibiting molecules were removed from the
extracted DNA by using DNeasy Plant Mini Kit (Qiagen).

The epiphytic community of all leaves of a shoot (on average six leaves per
shoot) was carefully scraped into sterile filtered seawater with a clean razor blade (we
chose the whole epiphytic community of the shoot to obtain enough quantity of DNA to
perform the analyses). Epiphytes were then collected by centrifugation at 2,000 g and
room temperature for 15 min. Epiphyte mass (around 1 g of wet weight) was frozen
with liquid nitrogen and ground to a fine powder using 5 mm stainless steel beads
(Qiagen) and a vortex.

Disrupted cell material was suspended in 13.5 ml of extraction buffer [100 mM
Tris- HCI (pH = 8), 20 mM EDTA (pH = 8), 1.4 M NaCl, 2% PVP and 2% CTAB
(modified of Porebski et al. 1997)] and 100 pl of proteinase K (10 mg ml™). Tubes were
incubated horizontally at 37°C for 1 h with shaking. Then, 1.5 ml of 25% sodium
dodecyl sulfate (SDS) was added to each tube and samples were incubated for 2 h in a
65°C water bath. Tubes were mixed by inversion each 10—15 min. Extracts were then
left at room temperature for at least 20 min. After incubation, 15 ml equilibrated phenol
(pH = 8) (Amersham) was added to each sample and vigorously mixed and centrifuged
for 15 min at 2,000 g at room temperature. Aqueous supernatant was collected and
mixed with 15 ml of chloroform:isoamylic alcohol (24:1), vigorously shaken, and

centrifuged at 2,000 g at room temperature for 10 min. This step was repeated at least
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two times, or until no interface was seen. Finally, 1/9 volume of 3 M sodium acetate
(AcNa) (pH = 7) and 0.6 volume of isopropanol were added to the supernatant to
precipitate DNA. To increase recovery yields, samples were stored at 4°C overnight.
DNA was collected by centrifugation at 2,000 g for 30 min at room temperature and the
supernatant was discarded. Precipitated DNA was air dried at room temperature and
finally dissolved in 200 pl MiliQ sterile water.

To remove PCR inhibitors, isolated DNA was further purified using DNeasy
Plant Mini kit (Qiagen) following manufacturer’s instructions. Quality and quantity of
purified DNA was measured in 1% agarose gel with EtBr.
PCR conditions
Eukaryotic 18S ribosomal DNA gene fragments were amplified by PCR using (rDNA)-
specific primers EuklA (5’CTG GTT GAT CCT GCC AG3’) and EukNew-516r-GC
(5’CGC CCG CCG CGC CCC GCG CCC ETC CCG CeG ceec cea cecc GAC CAG
ACT TGC CCT C3’) (Diez et al. 2001). EukNew-516r-GC is a one nucleotide shorter
version at the 3’ end of the previously published oligonucleotide. Comparisons of 18S
rRNA gene sequence alignments in the ARB-SILVA database (http://www.arbsilva.de,
Pruesse et al. 2007), using ARB software package (http://www.arb-home.de, Ludwig et
al. 2004) allowed us designing a wider spectra primer set for Eukaryotes. This new set
allows distinguish Rhodophyta in contrary to the previously published (Diez et al.
2001).

A 600-bp fragment was generated with PCR using a Master Mix (Eppendorf) in
a final volume of 20 pl according to manufacturer’s instructions. A total of 5% DMSO
was added to increase specificity of the reaction (Sambrook and Russell 2001a). The

PCR program included an initial denaturation at 94°C for 3 min, followed by 30 cycles
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of denaturation at 94°C for 30 s, annealing at 48°C for 1 min, and extension at 72°C for
3 min, with a final extension step of 72°C for 10 min. Amplicons were visualized in a
2-3% MS-8 Agarose gel (Pronadisa) with EtBr. “Real Escala No 2” was used as a
quantification and size marker (Durviz).

TGGE conditions

PCR products were resolved by using the Biometra TGGE Maxi System with the
procedure in accordance with the manufacturer’s instructions. Acrylamide gel was
prepared with 6% acrylamide/bisacrylamide (37.5:1), 8 M urea, 2% glycerol, 1x Tris—
acetate—EDTA Buffer (TAE), and 20% deionized formamide. The gel was polymerized
by adding 38 ul N,N,N,N-tetra-methylethylenediamine (TEMED) and 63 ul 10%
ammonium persulfate (APS). The gel was let polymerizing at least for 3 h (modified of
Van Dillewijn et al. 2002). About 70 ng of each PCR product were run at a constant
voltage of 130 V for 17 h. For our purpose, the thermal gradient was optimal between
35 and 45°C. Finally, gels were silver-stained following a modification of a protocol of
Heuer et al. 1997. The gel was fixed in 10% (v/v) ethanol plus 0.5% CH3;COOH (10
min). After removing fixing solution, the gel was stained with 0.2% (wt/v) AgNO; (30
min). After four thorough washes with bi-distilled water, a freshly prepared developing
solution containing NaBH, (around 0.12 g 1), 0.15% formaldehyde, and 1.5% (wt/v)
NaOH was added to the gel. The development of the gel was stopped by adding 0.75%
(wt/v) Na,COj; solution (10 min.). Gels were finally conserved with 25% ethanol and
10% glycerol and dried. Alternatively, gels were stained by using SYBR Gold Nucleic
Acid Gel Stain according to manufacturarer’s instructions (Molecular Probes).

Band reamplification, sequencing and phylogenetic analysis
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To reveal the gene sequence, some bands were excised from the freshly stained gel with
SYBR gold (Molecular Probes) soaked in 30 ul of sterile water, and let stand at
overnight at 4°C. Acrylamide pieces were disaggregated by using a plastic stab.
Between 1 and 3 pl of each supernatant were used for reamplification by using the same
primers and PCR conditions as above. Sequencing was performed by using the Euk 1A
primer by the sequencing company Secugen SL. Partial sequences were revised and
corrected with Sequencher v 4.7 (Gene Codes Corp 2006). 18S rRNA gene alignments
were produced with the use of the ARB software package (http://www.arb-home.de,
Ludwig et al. 2004), introducing the new almost complete sequences into a preexisting
alignment available of about 208,000 single sequences (http//www.arb-silva.de, Pruesse
et al. 2007). Aligned partial sequences were inserted in a preexisting tree by the use of
the ARB-Parsimony tool as implemented in the ARB package (Ludwig et al. 2004).

Optical microscope technique

Following standard methods to describe the epiphytic community of seagrasses, we
studied the 10 cm apical portion of the oldest leaf (both outer and inner leaf sides) of
each shoot for it has been shown to adequately represent the epiphyte community
structure of the whole shoot (Vanderklift and Lavery 2000; Lepoint et al. 2007).
Moreover, the species richness and biomass of epiphytes in the apical portion of
seagrass leaves are usually higher that those of the basal portions (Reyes et al. 1998;
Trautman and Borowitzka 1999; Lepoint et al. 2007). Random scrapings (between 3
and 5) of this apical segment were mounted on glass microscope slides for the
identification of epiphytic taxa (Reyes and Sansén 1997) using an optical microscope

(ZEISS AX10).

Data analysis
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TGGE band profiles were manually translated into a binary (presence/absence) matrix
for each sampling date. All bands migrating with an identical velocity in TGGE were
identified as unique OTUs (Rossello-Mora and Lopez-Lopez 2008). To obtain
comparable results, amplicons of different sampling dates were run together in the same
gel. An averaged rarefaction curve (cumulative number of different OTUs vs. number of
shoots) was constructed by using 999 permutes of the band profiles of all shoots
collected in each sampling date. The minimum number of shoots required to represent
the band richness of each sample was reached when the relative increase of band
richness after including an additional shoot was smaller than 5%.

MDS based on the Bray—Curtis similarity index, and an analysis of similarity
(ANOSIM) were used to evaluate the differences between profiles.

Differences in number of OTUs per shoot between sampling dates were assessed
by one-way analysis of variance (ANOVA). Data were previously tested for
homogeneity of variances and normality using Levene’s test (P > 0.05) and
Kolmogorov—Smirnov test (P > 0.05), respectively. Variances were homogeneous and
data followed normal distribution. Similar to the TGGE data analysis we calculated
averaged rarefaction curves, and performed MDS, ANOSIM and one-way ANOVA
analysis on the data obtained using optical microscope.

All analyses were performed using PRIMER 5 (Plymouth Routines in
Multivariate Ecological Research) (Clarke and Gorley 2001), SIGMAPLOT 8.0 (SPSS
Science 2002) and STATISTICA 7.1 software (StatSoft Inc 2005).

Results
A total of 43 different OTUs were identified in the complete set of samples of February

and September shoots (Fig. 14). The February sample contained 30 of the total
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identified OTUs, whereas the September sample contained 38 of them. The number of
OTUs per shoot varied between 4 and 23 in February with a mean (+£SD) of 11.9 + 5.2
OTUs per shoot. In contrast, the number of OTUs per shoot in September varied
between 16 OTUs and 30 OTUs with a mean of 22.3 + 3.9 OTUs per shoot. One-way
ANOVA revealed significant differences in the number of OTUs per shoot between the

February and September samples (F; 3= 48.54, P <0.05).

| Feb. J September

Fig. 14. Barcoding of the leaf-epiphytic community of some of the
February and September shoots. Lane 1 of the TGGE represents a
February shoot and lanes 2-12 represent September shoots.
Sequenced OTUs and their codes are indicated and correspond to
that listed in Table 3.

A total of 37 epiphytic taxa were identified by optical microscopy. The total
number of epiphytic taxa identified was 10 in February shoots and 36 in September
shoots. The mean number (+£SD) of taxa per shoot was higher in September (14.9 +4.1)
than in February (6 + 2.1). One-way ANOVA revealed significant differences in taxa

richness per shoot among February and September samples (F;,13=20.32, P <0.05).
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The analysis of the relative increase of OTUs richness compared to the number
of shoots included in the sample indicated that four shoots in September and six in
February were enough to represent TGGE band richness (Fig. 15a). Similarly, seven
shoots in September and five shoots in February were necessary to represent the taxa

richness using the optical microscope (Fig. 15b).
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Fig. 15. Average rarefaction curves of the leaf-epiphytic community of P. oceanica in February and
September. Relative increase in (a) OTUs richness and (b) taxa richness as a function of the number of
shoots. The horizontal discontinuous line represents the 5% level considered to indicate minimum
number of shoots needed to evaluate total OTU richness or taxa richness, respectively. One sample of
each sampling date was unfortunately lost while processing in the lab.

MDS analysis produced a clear separation between the leaf epiphytic community
of February and September shoots when based both on OTUs (Fig. 16a) and on taxa
richness (Fig. 16b). ANOSIM tests confirmed the significance of the differences
between the two sampling dates (TGGE: R = 0.709, P < 0.01; optical microscopy: R =

0.877, P < 0.01).
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Fig. 16. MDS ordination of the leaf-epiphytic community of Posidonia oceanica shoots in February

and September using (2) TGGE and (b) optical microscope

A list of the epiphytic taxa identified in the February and September shoots
using optical microscopy is shown in Table 2 (according to the taxonomy of Furnari et
al. 2003). In general, the February epiphytic community was basically composed of
Rhodophyta and Phaeophyta, whereas in September, the community was much more
complex and it included Rhodophyta, Phaecophyta, Chlorophyta, and zooepiphytes.
Rhodophyta and Phaeophyta showed similar taxa richness in February shoots. However,
Rhodophyta (Ceramiales mainly) dominated in September shoots. Some epiphytes were
found in almost all samples (brown and red encrusting algae (M. magnusii, Hydrolithon
sp. and Pneophyllum sp.) and filamentous red algae such as Audouinella daviesii,
Audouinella sp., Erythrotrichia carnea and Spermothamnion sp.). However, others were
mainly present either in February (brown algae G. sphacelarioides) or in September
(Ceramiales, Chlorophyta (Phaeophila dendroides and Cladophora sp.) and
zooepiphytes (Bryozoa and Foraminifera). Zooepiphytes were less present than algae in

both sampling dates.
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Table 2. List of leaf-epiphytic taxa found in February and September shoots (taxonomy names
according to Furnari et al. 2003)

Species Shoots

February September

1 2 3 4 5 1 2 3 4 5 6 7 8 9 10

Bacillariophyta

Diatoms ® o L J ® & o o
Chlorophyta

Ulvales

Ulvella or Pringsheimiella sp. - ® ®
Cladophorales

Chaetomorpha sp.

Cladophora sp. & L J
Phaeophilales

Phaeophila dendroides w® ® & @ ® & &
Phaeophyta
Ectocarpales

F. Ectocarpaceae

Giraudia sphacelarioides

LN
LN
LN
LN
o000
LN
o0
o0
®

Myrionema magnusii

Rodophyta
Acrochaetiales
Audouinella daviesii ® o
Audouinella sp.

Ceramiales

Anotrichium tenue ®
Callithamnion corymbosum

Ceramium codii L J

Chondria sp.

Chondria or Laurencia sp. -
Dasya sp. L ] L J
Griffithsia sp.

Herposiphonia secunda @
Lophosiphonia sp.

Polysiphonia spp. L J L L J
F. Rodomelaceae

Spermothamnion spp. ] ® O o ® o o
Crytptonemiales

Hydrolithon + Pneophyllumspp. ® ® ® © © ® ® ©® & ©® © & © ¢ o
Erythropeltidales

Erythrotrichia carnea L J ® ® & @ @ & @ @ o @
Stylonematales

o0
e o000
* o0
® ®
o0 o0 O

Chroodactylon ornatum L

Stylonema alsidii *

Zooepiphytes

Bryozoans ® © & o ¢ ° o
Hydrozoans L J &
Foraminifera ® ¢ & & & & & o o
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Table 2 continued

Species Shoots
February September
1 2 3 4 5 1 2 3 5 6 7 8 9 10
Unknown epiphytes
Sp. 1 ] ® L L
Sp. 2 L]
Sp.3 L ] ®
Sp. 4 ®
Sp. 5 ] ] ¢ ¢
Sp. 6 @
Sp.7 [ ]
Sp. 8 ®

Six selected bands, representative of permanent and seasonal OTUs, were

excised, reamplified and sequenced. The sequence identity (Table 3) indicated that they

affiliated with Algae, Crustacea, Bryozoa, Annelida and Mollusca. Some of the bands

(i.e. OTU 003 and 006) represented sequences of organisms that had been detected

under the microscope.

Table 3. OTUs sequenced in this study. Similarity (%) is referred to the value of similarity between the
OTU and the best match (according with ARB software).

Accession  OTU  Sequence Best match Similarity ~ Phylogenetic Reference
number length (Accession Number) (%) affiliation
EU888848 003 430 Pneophyllum conicum 95 Rhodophyta Unpublished
(DQ628985) Florideophyceae
Corallinaceae
EU888849 004 527 Pontoeciella abyssicola 90 Crustacea Huys et al.
(AY627031) Maxillopoda 2006
Copepoda
EU888850 005 497 Parergodrilus heideri 81.5 Annelida Rota et al. 2001
(AJ310504) Polychaeta
EU888851 006 550 Bugula turrita 91 Bryozoa Passamaneck
(AY210443) Gymnolaemata and Halanych
Cheilostomata 2006
EU888852 007 541 Brania sp. 75 Annelida Struck et al.
(AY525633) Polychaeta 2005
EU888847 014 503 Pomacea bridgesi 83.5 Mollusca Giribet et al.
(DQ093436) Gastropoda 2006
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Discussion

Our purpose was to evaluate the applicability of TGGE to the study of the epiphytic
eukaryotic community of P. oceanica leaves comparing the results provided by this
technique with those produced by taxa identification using optical microscopy. We
obtained satisfactory amplification yields and clear TGGE banding profiles that could
be easily compared between the two sampling dates. The TGGE technique was
successful in detecting differences in the composition of the leaf epiphytic community
of P. oceanica between the two sampling dates, and rendered comparable results to
those produced by optical microscopy.

Each TGGE band represents a different SSU sequence. However, due to the
highly conserved nature of the gene (Eckenrode et al. 1985), and the fact that
paralogous genes may be nearly identical (Eickbush and Eickbush 2007; Ganley and
Kobayashi 2007), different bands may be attributed to different taxa. In this regard,
similar phylotype diversity evaluations have been previously made for microscopic
eukaryotes (Rowan and Powers 1991a; Rowan and Powers 1991b). We considered,
therefore, identically migrating bands as a unique OTU, and thus each OTU may be
considered a different taxon. This hypothesis has been corroborated by the excision and
sequencing of six representative bands on the gel. Despite the difficulties in
reamplifying and sequencing partial amplicons, the sequences retrieved were relatively
clean and could undoubtedly be affiliated to known sequences in the public databases.

TGGE and optical microscopy provided comparable results: (1) the number of
both OTUs per shoot and epiphytic taxa per shoot were higher in September than in
February; (2) the minimum number of shoots to represent OTUs richness and taxa

richness were similar; (3) MDS and ANOSIM detected significant differences between
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the epiphytic community in the two sampling dates and (4) TGGE detected a number of
common bands between the September and February shoots, and optical microscopy
identified some common taxa such as Hydrolithon sp., Pneophyllum sp. and
M.magnusii. These results agree with the identification of common bands (as OTU 003
affiliating with Pneophyllum conicum) with sequences of organisms that appear
permanent on shoots after classical optical inspection.

We found higher OTUs and taxa richness in September than in February shoots,
a result that is consistent with previous microscopy studies (Antolic 1986; Ballesteros
1987). Those studies reported that taxa richness of the epiphytic community of P.
oceanica was also higher in summer than in winter. The minimum number of shoots
required to represent the richness of the epiphytic community (either 4 or 7 shoots using
OTUs or identified taxa, respectively) was similar to that calculated in previous studies
(from 7 to 8 shoots: Panayotidis and Boudouresque 1981; Ballesteros 1987).
Furthermore, previous studies also found significant differences in the composition of
the leaf epiphytic community (Antolic 1986; Ballesteros 1987) between summer and
winter. Finally, the presence of a permanent group of taxa in the epiphytic community
of P. oceanica is widely accepted (Van der Ben 1971; Romero 1988; Buia et al. 1989;
Mazzella et al. 1989).

The use of optical microscopy to analyse the taxa composition of the epiphytic
community produced similar results to those described previously: higher taxa richness
in September shoots explained by the presence of numerous Rhodophyta (mainly
filamentous Ceramiales) as Van der Ben (1971) and Antolic (1986); encrusting

Rhodophyta and Phaeophyta characterized the community in February (Van der Ben
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1971; Ballesteros 1987); Chlorophyta were totally absent in winter (Tsirika et al. 2007;
but see Antolic 1986).

It is clear to us that both approaches are complementary and do not give
identical information. In first instance, TGGE targets all eukaryotes in the sample,
including microscopic taxa, whereas the microscopy study basically focuses on
macroalgae. This may explain the higher number of OTUs that TGGE renders, and
could be seen as an advantage of the molecular approach. While it is true that DNA-
based methods are biased (Dahllof 2002), we have optimized a DNA aggressive
purification method and PCR primer set to better reflect the real diversity of the
community. On the other hand, the optical identification may be biased towards
macroepiphytes and by the taxonomical expertise of the researcher.

In summary, the TGGE provides a consistent barcoding of the composition of
the eukaryotic epiphytic community, and allows the simultaneous handling of large
amounts of samples. Furthermore, TGGE also allows the study of a broader set of
eukaryotic organisms, thus giving a better idea of the whole community and not only on
specific groups. A practical benefit of the technique is that it relaxes the level of
taxonomical expertise necessary to describe the diversity of the community. This goal is
generally hampered by the fact that taxonomists are relatively specialized, and seldom
can identify organisms that are excluded of their taxonomic expertise. Hence,
fingerprinting techniques like TGGE appear as an alternative and excellent approach to
the study of the structure of the epiphytic assemblage of P. oceanica leaves. The
possibility to excise, reamplify and sequence single bands on the gel enhances the
resolution power of the approach. As we have shown by selecting representative bands,

the analysis of the affiliation of partial sequences by the use of the parsimony tool of the
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ARB program package allows the identification of putative taxa colonizing the P.
oceanica shoots. In this regard, we could identify the sequences of some detected taxa
by optical microscopy. However, as an additional benefit of the approach, we could as
well detect the presence of taxa not listed in our inventory. This may help in
overcoming the problems derived from the lack of expertise in morphologically

recognize observable taxa.
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Evaluation of SSU clone library approach to study the diversity of the

macroeukaryotic leaf-epiphytic community of the seagrass P. oceanica (L.) Delile

Background

TGGE was able to monitor changes in the structure of the macroeukaryotic leaf-
epiphytic fraction of P. oceanica. However, sequence data obtained from the excised
OTUs in TGGE gel were of low quality due to the low information content of DNA
fragments (short sequences), and the difficulties in obtaining clean sequences (Chapter
2). Our main objective was to overcome these limitations by obtaining high-quality
(almost complete) 18S rRNA gene sequences and evaluating the usefulness of the SSU
clone libraries to describe changes in the structure of the macroeukaryotic leaf-epiphytic
assemblage of P. oceanica. To that end, we compared the results of these libraries with
those provided by classical microscopic techniques.

Materials and methods

Sample collection

The samples were taken in February, June and September 2006 in a P. oceanica
meadow located at a depth of 7 m in La Victoria (39° 51’ N, 3° 11’ E, Pollenca Bay,
Majorca, Spain). Seven shoots (each one containing about six leaves) were haphazardly
collected by SCUBA diving in each sampling date and frozen at -80°C to keep nucleic
acids intact for the SSU clone libraries approach. This number of shoots was previously
considered adequate to represent the diversity of the epiphytic community in molecular
studies (Chapter 2). Additionally, five to ten shoots were collected in each sampling

event to assess the epiphytic taxa richness and the relative abundance of each taxon

79



SECTION IV - Chapter 3
In: Medina-Pons FJ, Terrados J, Lopez-Lopez A, Yarza P, Rossellé-Méra R (2009). Mar Biol 156(9):
1963-1976.

using classical microscopy methods (Panayotidis and Boudouresque 1981; Ballesteros
1987).

DNA extraction and eukaryotic SSU amplification

DNA extraction was performed according to Chapter 2. The eukaryotic SSU gene (18S
rRNA gene) was amplified using the specific primers Euk A Q and Euk B Q (Table
4). A fragment of a length of about 1,800 bp, covering the almost entire SSU, was
obtained by PCR using the Master Mix (Eppendorf) in a final volume of 20 pl
according to the manufacturer’s instructions. About three independent PCR reactions
per shoot were performed and mixed to diminish the bias of DNA polymerase. To
increase the specificity of the reaction, 5% DMSO was added to the PCR mixture
(Sambrook and Russell 2001a). PCR conditions included an initial denaturation at 94°C
for 3 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for
1 min, and extension at 72°C for 3 min, with a final extension step of 72°C for 10 min.
Amplicons were visualised under UV light after ethidium bromide staining in 1% MS-8
agarose gels (Pronadisa). PCR products of each sampling date were mixed in equal
concentrations (about 70 ng each amplicon) in eppendorf tubes and purified using
Qiaquick PCR Purificacion Kit (Qiagen). Finally, they were resuspended in 50 pl of
sterile MiliQ water according to the manufacturer’s recommendations.

Cloning and sequencing of SSU

SSU clone libraries were constructed for each sampling date. Purified amplification
products were cloned into the pGEM-T Easy vector system (Promega). Ligation
reactions were performed overnight at 4°C and transformed into JM 109 competent
cells (Promega) following the manufacturer’s instructions. Insert-containing clones

were selected by ampicillin resistance in a medium containing LB broth (15 g 1)
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(Pronadisa), agar (16 g 1), X-gal (2 pl mI™), IPTG (0.5 ul ml™) and ampicillin (1 pl ml°
1. About 100 positive clones (containing eukaryotic SSU gene) from each SSU library
were randomly selected for further analysis. Cloned fragments were partially sequenced
(about 500-700 bp length) using MI13F primer (Table 4) according to BigDye
Terminator v3.1 Cycle Sequencing Kit procedures (Applied Biosystems). Sequencing
was performed in “Servicios Cientifico-Técnicos” of the Balearic Islands University
(Majorca, Spain) onto an ABI 310 Capillary DNA Sequencer (Applied Biosystems).

Screening for P. oceanica SSU-coding clones

Scraping off leaf-epiphytes from P. oceanica may introduce leaf material and therefore
seagrass DNA may appear in the DNA extracts, and can be susceptible for
amplification. For this reason, a set of P. oceanica SSU specific primers, Euk A Q and
Pos 602 R (Table 4), was designed and used to screen for clones containing inserts
from this seagrass species. All the positive clones were discarded from the study prior to
the sequencing step. The PCR program included an initial denaturation at 94°C for 3
min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 1
min, and extension at 72°C for 3 min, with a final extension step of 72°C for 10 min.

Screening for Bugula spp. SSU-coding clones

A preliminary analysis of the first clone sequences with BLAST tool (National Center
for Biotechnology Information (NCBI), Maryland, USA,
http://www.ncbi.nlm.nih.gov/BLAST/) showed the presence of a high number of
sequences closely related to the Bryozoa Bugula turrita. We designed a set of Bugula
spp. SSU specific primers, Bugula F and Bugula R (Table 4), to make a pre-screening
of clone libraries and discard them for sequencing (although they were considered for

further analysis). The PCR program included an initial denaturation at 94°C for 3 min,
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followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 63°C for 1 min, and
extension at 72°C for 3 min, with a final extension step of 72°C for 10 min.

Sequence analyses

Partial SSU sequences were revised and corrected with Sequencher v 4.7 (Gene Codes
Corp 2006). Those with similarity values higher than 98% among their sequences were
grouped (this cut-off has been considered as a suitable value in other eukaryotic SSU
libraries) (Romari and Vaulot 2004; Luo et al. 2005). One representative of each of
these groups was chosen for the almost complete sequencing (about 1,800 bp length)
using the primers M13R, Euk 570 and Euk 1200 (Table 4). All these sequences have
been deposited in GenBank database (NCBI, http://www.ncbi.nlm.nih.gov/) under the

accession numbers FJ485946-FJ486117 (partial sequences) and FJ153747-FJ53795

(almost complete sequences).

Table 4. Primers used in this study

Primer Sequence (5°- 3") Sense Specifity Source
Euk A Q WACCTGGTTGATCCTGCCAGT Forward Universal for eukaryotic SSU gene Present study
Euk B Q TGATCCTTCYGCAGGTTCACCTAC Reverse Universal for eukaryotic SSU gene Present study

Pos 602 R ACACCATAGGCAGACC Reverse Posidonia oceanica SSU gene Present study
Bugula F GAGACTGCGGACGGCTCA Forward Bugula spp. SSU gene Present study
Bugula R CCCGCGTCTGACGCTTCA Reverse Bugula spp. SSU gene Present study

MI13F GACGTTGTAAAACGACGGCCAG Forward pGEM-T Easy vector Promega

M13R CAGAGGAAACAGCTATGACCATG Reverse pGEM-T Easy vector Promega
Euk 570 TGCCAGCAGCCGCGGKWA Forward Universal for eukaryotic SSU gene Present study
Euk 1200 CTTAATTTGACTCAACAC Forward Universal for eukaryotic SSU gene Present study

The phylogenetic inferences were carried out using the ARB software package

(Ludwig et al. 2004) and the corresponding SILVA SSUref 96 database (Pruesse et al.

2007). All sequences were automatically aligned using the SINA aligner implemented
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in the ARB program package (http://www.arb-silva.de/aligner/). The quality of the
alignments was after manually improved taking into account helix pairing bases. These
manual improvements were necessary due to the sparse sequence diversity of
macroeukaryotic organisms in the database. Almost complete sequences generated in
this study were inserted in a pre-existing tree using the ARB parsimony tool as
previously reported (Chapter 2). Upon the recognition of the clone affiliations, a
selection of 421 representative sequences, and our 49 almost complete sequences in this
study were submitted to different treeing approaches encompassing NJ (using the Jukes-
Cantor correction), ML (using RAXML version 7.0 with the GTRGAMMA model
(Stamatakis 2006), and ARB_PARSIMONY as implemented in the ARB program
package. Each of the algorithms was tested using the dataset treated with 30, 40 and
50% conservational filters, allowing 1,738, 1,671 and 1,544 positions of the entire
alignment, respectively. A bootstrap analysis of 100 replicates was carried out for
additional support of the final topology.

The 123 partial sequences reported in this study were then inserted into the pre-
existing trees using ARB PARSIMONY with local topology optimisation (data not
shown). All these trees showed equivalent topologies and finally the ML tree with 40%
conservational filter was selected. This tree was split into three subtrees corresponding
to Metazoa (Fig. 17a), Macroalgae (Fig. 17b) and ‘Other taxa’ (Fig. 17¢).

Onptical microscope technique

Epiphytic species present in shoots from each sampling date were recorded following
the procedure of Chapter 2. In brief, three to five random scraping of the 10 cm apical
portion of the oldest leaf in each shoot were performed using a razor blade and mounted

on glass microscope slides to identify the epiphytic taxa. In addition, 25 field views of 1

&3



SECTION IV - Chapter 3
In: Medina-Pons FJ, Terrados J, Lopez-Lopez A, Yarza P, Rossellé-Méra R (2009). Mar Biol 156(9):
1963-1976.

mm” were observed in each shoot under 400x magnification optical microscope (Zeiss
AX10) to determine the relative abundance of each epiphytic taxon. The eyepiece of the
microscope had grid points providing one hundred intersections per field view.

Data analysis and comparisons between microscopy and SSU clone libraries

Partial sequences from the three different SSU clone libraries were grouped in
operational phylogenetic units (OPUs) (Rossello-Mora and Lopez-Lopez 2008) after the
evaluation of the affiliations in the final ML tree. OPUs are considered as those groups
of clones forming independent clades in a phylogenetic tree that may reflect better a
biological significant unit rather than just a specific gene sequence similarity cut-off.
Rarefaction curves, representing number of OPUs as a function of the number of
analysed clones in each SSU library, were constructed using Analytic Rarefaction
software (Stratigraphy Lab, Department of Geology, University of Georgia, USA,
http://www.uga.edu/strata/sofware/).

In order to simplify the comparisons between microscopy and SSU libraries
data, OPUs (from SSU libraries analysis) and taxa (from microscopy data) were
classified in groups. These groups were Metazoa Bryozoa, other Metazoa, encrusting
Rhodophyta, filamentous Rhodophyta, Phaeophyta and ‘other taxa’. The relative
abundance of each group (%) was calculated from microscopy counts and SSU library
data. Shannon Diversity Index (H’) that considers both species richness and evenness
was calculated using the relative abundances of each of these groups in the SSU
libraries and the microscopy counts (Magurran 1989). Bray—Curtis similarity index (Igc)
was used to compare the epiphytic community between any two sampling dates in the

SSU libraries and the microscopy counts (Brower and Zar 1984).
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Results

Current status of eukaryotic SSU gene databases

The reliability of the results on the identification of new reported sequences from SSU
clone libraries is linked to the amount and quality (length, number of ambiguities®) of
sequences deposited in databases. In addition, representativeness, as referred to the
number and quality of sequences of each group in databases, is another important
parameter for this purpose. For this reason, we have done an evaluation of the public
repositories. Up to September 2008, 1,443,326 total SSU sequences were submitted to
EMBL (http://www. arb-silva.de/documentation/release-96/). Among them, only 41,331
sequences could be considered as eukaryotic SSU gene sequences with a minimum
quality according to SILVA-SSU Ref threshold (at least 1,200 bp length, less than 2%
ambiguities, less than 2% homopolymers”* and less than 5% identity with known vector
sequence in their sequences). The number of complete eukaryotic sequences (equal or
over 1,800 bp length) with no ambiguities decreases until 9,700. In this work we
deposited 49 fully sequenced clones corresponding to almost complete 18S rRNA genes
with an adequate quality (on average 1,770 bp length and less than 0.5% of ambiguities
in their sequences). The tree was calculated by selecting 470 representative sequences
of the database in regard to the affiliation of our clones. The tree reconstruction with the
almost complete sequences was biased due to the fact that the different taxonomic
groups were differently represented by unequal amount of sequences (Table 5). In
addition, just 111 were equal or over 1,800 bp length and without ambiguities.
However, and despite of the sequence quality and amount biases, this is the best tree

reconstruction based on the current public dataset.
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Table 5. Current status of eukaryotic SSU gene databases, new reported sequences in this study and approximated
numbers of described species of the relevant groups for this study. Data according to Hofrichter 2005, algacbase
database (Guiry and Guiry 2009) and EMBL taxonomy (release 96)

Duibed St gl SISO
SILVAQ6 " quences

Metazoa Bryozoa 4,500 25 8 10
Other Metazoa ‘ >165,000 2,235 395 17
Phaeophyta 1,800 157 38 1
Encrusting Rhodophyta ° >600 129 10 9
Filamentous Rhodophyta >3000 374 8 6
Other taxa >30,000 2,929 378 6
Total >200,000 >5,500 >800 49

* SSU gene sequences with a minimum quality according to SILVA-SSU Ref threshold, ° Considered as equal or over
1,800 bp-length, ° Referred to almost complete SSU sequences (on average, 1,770 bp-length and less than 0.5%
ambiguities in their sequences), ¢ Phylum Platyhelminthes (Order Polycladida and Order Rhabdocoela), Phylum
Nematoda, Phylum Mollusca (Class Gastropoda), Phylum Arthropoda (Subclass Copepoda and Subclass Podocopa),
Phylum Echinodermata (Class Ophiuroidea), © Order Corallinales, © Order Acrochaetiales, Order Ceramiales and
Order Rhodymeniales

Screening for P. oceanica SSU-coding clones

We screened for P. oceanica clones with a set of P. oceanica SSU specific primers,
Euk A Qand Pos 602 R. The proportion of clones belonging to P. oceanica was low
(< 10%) compared to those affiliated to epiphytic taxa. As mentioned, these clones were
not taken into account for our analyses (see “Materials and methods™).

OPUs analysis in SSU libraries

Three epiphytic SSU clone libraries were constructed, one for each sampling date. A
total of 354 clones were screened with the P. oceanica (see above), and Bugula spp.
(see below) specific primers (107 from February, 143 from June and 104 from
September). From these clones, 172 were further partially sequenced (70 from February,

40 from June and 62 from September). From them, 37 clones (29 from June and 8 from
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September) were not sequenced, but included for further analyses, as they were
identified as Bugula spp. with the specific PCR amplification. A total of 30 different
OPUs for the complete set of partial sequences of this study were detected. We obtained
the almost complete SSU sequence of at least one representative clone of each OPU and
their phylogeny were reconstructed using the RAXML algorithm. As it can be observed
in Fig. 17, the vast majority of OPUs are affiliated with Metazoa (especially Bryozoa
that represented one OPU with more than 50% of the partially sequenced clones). The
second major group was Macroalgae (about 20% of the partially sequenced clones
distributed in eleven different OPUs), whereas other groups such as Fungi, Protozoa,
Oomycetes and Labyrinthulida were much less represented (altogether five OPUs and
about 2% of the partially sequenced clones) (Table 5; Fig. 17).

Regarding the seasonal occurrence of clones, February SSU clone library
contained the lowest number of OPUs (7), June SSU library contained an intermediate
number of OPUs (14), whereas September exhibited the highest number (18). From the
30 different OPUs, only two were detected in all SSU clone libraries, and affiliated with
the Bryozoa B. turrita and the encrusting red algae Spongites yendoi. The highest
number of common OPUs (6) between two sampling dates occurred between June and
September libraries, and affiliated with the Bryozoa B. turrita, the encrusting red algae
P. conicum and S. yendoi, the filamentous red algae Laurencia filiformis and the

Annelida Polychaeta Grubeosyllis limbata (Table 6; Fig. 17).
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Table 6. Number of partial SSU sequences generated in this study, closest relative in the SILVA 96
database, its phylogenetic affiliation in database and group assigned to each OPU

OPU code Closest relative (accession number) Closest relative Similarity between Number of Phylogenetic affiliation Group
similarity sequences in partial SSU
(minimum- OPU (minimum- sequences
maximum) (%) maximum (%)
POEODD1 (*) Bugula turrita (AY210443) 76.25-88.87 77.82-100 132 Metazoa Bryozoa Gymnolaemata Metazoa Bryozoa
POE002 (S) Proxenetes flabellifer (AY775764) 93.86-93.86 - 1 Platyhelminthes Turbellaria Other Metazoa
Rhabdocoela
POE003 (S) Trisaccopharynx westbladi (AY775774) 83.50-83.50 - 1 Platyhelminthes Turbellaria Other Metazoa
Rhabdocoela
POE004 (S) Prostheceraeus vittatus (AJ312272) 96.48-97.28 98.17-99.87 5 Platyhelminthes Turbellaria Other Metazoa
Polycladida
POE00S (S) Balcis eburnea (AF120519) 97.96-98.97 99.11-99.87 5 Mollusca Gastropoda Other Metazoa
POE006 (J, S) Grubeosyllis limbata (AF474289) 98.29-99.54 98.03-99.74 7 Annelida Polychaeta Other Metazoa
POEO0OT (1) Viscosia viscosa (AY854198) 96.50-97.64 99.00-99.00 2 Nematoda Enoplea Other Metazoa
POE00S (J) Uncultured nematode (AY763131) 83.69-83.69 - 1 Nematoda (environmental sample) Other Metazoa
POE009 (S) Chromadora nudicapitata (AY854205) 96.71-97.99 97.17-917.17 2 Nematoda Chromadorea Other Metazoa
POEO10 (S) Praeacanthonchus sp. (AF036612) 98.94.98.84 - 1 Nematoda Chromadorea Other Metazoa
POEO11 (F) Xestoleberis hanaii (AB076633) 08.54-98.54 - 1 Crustacea Ostracoda Podocopa Other Metazoa
POE012 (S) Xiphichilus sp. (AB076624) 96.08-96.08 - 1 Crustacea Ostracoda Podocopa Other Metazoa
POEO13 (S) Bryocamptus pygmaeus (AY627015) 96.91-96.91 - 1 Crustacea Maxillopoda Podocopa Other Metazoa
POE014 (F) Amphipholis squamata (X97156) 99.15-99.50 99.01-99.72 5 Echinodermata Eleutherozoa Other Metazoa
Ophiuroidea
POEDI1S5 (J) Malassezia globosa (AAYY01000016) 99.88-99.88 - 1 Fungi Basidiomycota Other taxa
POE016 (J) Scytosiphon lomentaria (D16558) 97.41-98.18 97.76-99.55 4 Phaeophyta Ectocarpales Phaeophyta
POE017 (S) Haliphthoros milfordensis (AB284573) 99.04-99.04 - 1 Oomycetes Lagenidiales Other taxa
POEO0IS (F) Uncultured eukaryote (EF100415) 96.10-96.10 - 1 Eukaryote Environmental sample Other taxa
POED19 (S) Uncultured eukaryote (AB275005) 84.62-84.62 - 1 Eukaryote Environmental sample Other taxa
POE020 (F.J) Aspidisca aculeata (EF123704) 81.50-82.22 96.35-96.35 2 Alveolata Ciliophora Spirotrichea Other taxa
Euplotida
POED21 (S) Gloiosaccion brownii (AF085259) 99.23-99.43 99.61-99.61 2 Rhodophyta Filamentous
Florideophyceae Rhodymeniales Rhodophyta
POE022 (J) Pterothamnion villosum (DQ343658) 98.84-98.84 - 1 Rhodophyta Filamentous
Florideophyceae Ceramiales Rhodophyta
OPU code Closest relative (accession number) Closest relative Similarity between Number of Phylogenetic affiliation Group
similarity sequences in partial SSU
(minimum- OPU (minimum- sequences

maximum) (%) maximum (%)

POE023 (§) Womersleyella setacea (AF427537) 93.32-96.62 95.89-95.89 2 Rhodophyta Filamentous
Florideophyceae Ceramiales Rhodophyta
POE024 (1,S)  Laurencia filiformis (AF203894) 94.48-97.82 94.10-99.52 4 Rhodophyta Filamentous
Florideophyceae Ceramiales Rhodophyta
POE025 (F) Audouinella arcuata (AF079786) 99.34-99.71 99.21-99.61 2 Rhodophyta Filamentous
and Audouinella tenue (AF079796) Florideophyceae Acrochaetiales Rhodophyta
POE026(J,S)  Pneophyllum conicum (DQ628983, DQ628985) 97.59-98.63 97.59-100 10 Rhodophyta Encrusting
Florideophyceae Corallinales Rhodophyta
POE027 (1,S)  Pneophyllum conicum (DQ628983, DQ628985, 98.23-99.37 99.39-100 5 Rhodophyta Encrusting
DQ628986, DQ628987, DQ628989, DQ628994) Florideophyceae Corallinales Rhodophyta
POE028 (1) Hydrolithon gardineri (DQ628992) 97.78-97.78 - 1 Rhodophyta Encrusting
Florideophyceae Corallinales Rhodophyta
POE029 (1) Metagoniolithon chara (U60743) 98.37-98.37 - 1 Rhodophyta Encrusting
Florideophyceae Corallinales Rhodophyta
POE030 (*) Spongites yendoi (U60948) 97.04-98.59 98.90-99.70 6 Rhodophyta Encrusting
Florideophyceae Corallinales Rhodophyta

OPUs were classified as permanent (asterisk) (if present in all SSU libraries) or seasonal (F February, J June, § September) (if not present in all SSU libraries) in OPU code column
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Fig. 17. ML tree split in Metazoa (@), Macroalgae (b), and ‘Other taxa’(c) subtrees. New reported almost complete SSU sequences for the three sampling dates (Feb
February, Jun June, Sept September) are distributed in operational phylogenetic units (OPUs, shown inside shadowed areas) and groups. Arrows indicate the rooting
point for each subtree. Numbers at nodes represent the bootstrap percentages from 100 replicates. The scale bar corresponds to a distance of ten substitutions per 100

nucleotide positions.
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Rarefaction curves, H’ index and lpc index

Rarefaction curves, representing number of OPUs as a function of the number of
analysed clones, showed that earlier stages of the succession (February) tended to be
saturated before than intermediate and later stages of the succession (June and
September, respectively) (Fig. 18). H’ values from the three sampling dates showed the
same trend for microscopy and the SSU libraries approach indicating that the highest
diversity occurred in September. In addition, this index showed that OPUs and
epiphytic taxa were more evenly distributed among different groups in September than
in February and June. lgc values showed that the highest similarity between sampling
dates was obtained when comparing February and June data for both approaches (Table

7).

20 -
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Fig. 18. Rarefaction curves for February, June and September SSU libraries
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Table 7. Shannon Diversity index (H’) and Bray-Curtis similarity index (lgc)
(expressed as a percentage of similarity between any two sampling dates (%))
from SSU libraries data and microscopy counts in the three sampling dates

SSU libraries Microscopy counts

Sampling date H

February 0.67 0.41

June 0.88 0.42

September 1.33 0.76

Comparison between sampling dates Igc (%)

February-June 81 76
February-September 59 49
June-September 69 49

Relative abundance of each group in SSU clone libraries and microscopy approach

The relative abundance of each group in SSU libraries showed that Metazoa Bryozoa
was the most abundant group in all sampling dates (Fig. 19). At earlier stages of the
succession (February), the library was dominated by Metazoa (mainly Bryozoa; about
90% of total sequences) followed by a small fraction of encrusting and filamentous
Rhodophyta (about 5%). Phaeophyta were only detected in June (about 5%), when the
assemblage was mainly composed of Metazoa (specially Bryozoa; about 70%) and a
higher fraction of encrusting red algae (about 15%) compared to February (less than
5%). The September SSU library was dominated by Metazoa (Bryozoa (about 40%),
and other groups such as Mollusca, Crustacea and Annelida (about 30%)) and
Rhodophyta (about 25%). An increase of the presence of filamentous Rhodophyta was
detected in September (about 10%) when compared to February and June libraries
(about 3% in both cases), whereas the percentage of encrusting Rhodophyta was similar
to that in June (Fig. 19).

Microscopy data indicated that macroalgae were much more represented

(according to relative abundance) than Metazoa (Bryozoa and other Metazoa) in the
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three sampling dates. The February and June epiphytic assemblages were clearly
dominated by Phaeophyta (about 75% of microscopy counts in both cases). In February,
this group was basically represented by encrusting M. magnusii, whereas in June they
were represented by M. magnusii (about 50%), and filamentous Cladosiphon spp.,
Giraudia sphacelarioides and Sphacelaria spp. (altogether about 25%). The relative
abundance of encrusting Rhodophyta was higher in later stages of the succession (June
and September (about 20 and 40%, respectively) than in February (about 1%)).

Filamentous Rhodophyta were also more represented in September (about 30%) than in

February (about 25%) and June (less than 1%) Although filamentous red algae
represented a slightly higher percentage in September than in February, the former one
was composed by a high diversity of taxa (such as Polysiphonia spp., Lophosiphonia
spp., Herposiphonia secunda, Ceramium codii and Chondria spp.), whereas the later

one was basically represented by Spermothamnion spp. (Fig. 19).
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Fig. 19. Relative abundance of each group (%) in three sampling dates from SSU
libraries data and microscopy counts (Feb February, Jun June, Sep September).
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Discussion

Our main purpose was to evaluate the usefulness of SSU libraries to describe changes in
taxa richness and composition of the macroeukaryotic leaf-epiphytic assemblage of P.
oceanica in three different stages of the community. The SSU libraries were able to
detect changes in the structure of epiphytic communities along the succession because
we obtained a large number of seasonal OPUs (not present in all stages of the
succession studied). In addition, the vast majority of the partial SSU sequences from
this study were affiliated with macroeukaryotic organisms (more than 95% of the
partially sequenced clones). These are important facts that highlight the usefulness of
the SSU clone libraries approach to study diversity changes of the macroeukaryotic
epiphytic fraction of P. oceanica leaves. Indeed, these results were consistent with those
provided by DNA barcoding techniques, where all obtained SSU gene sequences were
assignable to macroepiphytes (Chapter 2).

The February SSU library represents an early stage of the succession and it was
characterised by the lowest diversity (according to number of OPUs and H’ value). For
this reason, the rarefaction curve of the February SSU clone library tended to saturation
at a faster rate than those of June and September libraries. These results were consistent
with the information provided by our microscopy study. Similar results were also
observed in previous works when late and early successional stages of the epiphytic
community were compared using microscopy techniques (Van der Ben 1971;
Ballesteros 1987) and a DNA barcoding technique (Chapter 2). Ig¢ values from SSU
libraries data were generally consistent with those from microscopy data. However,
similarity values obtained when comparing June and September data were significantly

lower in the microscopy approach than in the SSU libraries. This may be explained by
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the fact that Phacophyta were a very significant group in June but not in September in
the microscopy data.

Not all groups were equally represented with both approaches. Macroalgae were
the most abundant epiphytes in all sampling dates when analysed by microscopy,
whereas Metazoa (specially Bryozoa) were much more abundant in the SSU libraries.
The dominance of zooepiphytes using molecular techniques has been previously
recognised by our group (Medina-Pons et al. 2008). Previous microscopy studies show
that Bryozoa are dominant in winter (Romero 1988) and reach their maximum
development in spring (Ballesteros 1987). Our microscopy-based data revealed that
Bryozoa were only detected in spring (June) probably because of their highest
development (Ballesteros 1987). However, the SSU libraries showed that this group was
present in all sampling dates being more abundant in winter (February) as it has been
reported previously (Romero 1988). This result suggests that size or developmental
stage of Bryozoa (and probably other zooepiphytes) are not affecting their detection by
molecular approaches, which could be seen as an advantage of SSU libraries over
microscopy. Both techniques revealed that encrusting Rhodophyta were present in all
sampling dates, as many other studies have found (Van der Ben 1971; Romero 1988;
Buia et al. 1989; Mazzella et al. 1989). The application of DNA barcoding techniques
was also able to detect the presence of this group in winter and summer (Chapter 2).
Filamentous Rhodophyta (mostly Order Ceramiales) were also detected in all sampling
dates applying both techniques, being more represented in later stages of the succession
in agreement with previous reports (Van der Ben 1971; Antolic 1986; Ballesteros 1987).
On the other hand, Phacophyta were just represented in the spring (June) SSU library,

but detected in all sampling dates by microscopy. Actually, Phacophyta were mostly
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represented by encrusting M. magnusii in all sampling dates, whereas filamentous
brown algae were especially relevant in spring, which agrees with previous reports
(Ballesteros 1987; Romero 1988). The difference in M. magnusii presence between SSU
libraries and microscopy data suggests that this species is underrepresented in SSU
libraries. This bias could be explained either by the difficulties in extracting its DNA or
by the unsuitability of the primers used for this taxon. The SSU libraries were also able
to detect the colonisation of P. oceanica leaves by other much less represented taxa
such as Protozoa, Fungi, Labyrinthulida and Oomycetes, not recorded by microscopy in
our study. A wide taxa detection capacity is an advantage of the SSU clone libraries
approach to describe the diversity of the epiphytic community.

Our results show that both approaches give complementary information. SSU
libraries provided a wider spectrum of epiphytic taxa and a more accurate detection of
Metazoa colonising P. oceanica leaves, whereas our microscopy expertise gave us a
better description of macroalgal diversity. These differences might be explained by the
fact that DNA extraction from marine macroalgae has proven to be difficult due to the
presence of the cell wall and the co-isolation of polysaccharides and secondary
metabolites that can inhibit PCR (Hong et al. 1997; Vidal et al. 2002). For this reason,
DNA extraction and amplification from zooepiphytes could be favoured against
macroalgae when SSU libraries are constructed. On the other hand, the microscopic
identification of epiphytic taxa may be biased towards macroalgae, which were more
easily recognised under the microscope.

Reliable affiliation of novel sequences with known taxa is linked to both quality

and representativeness of taxa in the databases. The presence of highly underrepresented
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groups (as it is shown in Table 5) could be the explanation for the low sequence-
similarity values found in some OPUs against their closest relative in the database. This
fact, together with the generally low number of complete eukaryotic SSU sequences in
databases reveals the difficulty of selecting reference subsets for reliable phylogenetic
reconstructions. This fact highlights an additional value of our study due to our
contribution with a significant number of almost complete SSU sequences of some
underrepresented groups (specially Bryozoa and encrusting and filamentous
Rhodophyta), that in some cases increases in about 100% the high-quality sequences in
public repositories.

In summary, the clone library approach used here has demonstrated to be
complementary to that based on microscopical observations. An added value of the
approach for our goal is the fact that the microeukaryotic communities may be
underrepresented due to their relative low contribution on the community biomass, or to
DNA extraction difficulties. This macroeukaryotic-enriched DNA may better reflect the
microscopy counts that generally underestimate single cell eukaryotes towards
multicellular organisms. Clone libraries should be considered as complementary to
microscopy descriptions because both combined produce a wider view of the
community structure and dynamics. The former approach is less time-consuming,
independent of the know-how of the taxonomy, and targets both zooepiphytic and
phytoepiphytic biota. The later has the advantage of identifying organisms that due to
their structure are difficult to lysate and thus may remain underrepresented in the DNA
pools.

In addition, in the previous study (Chapter 2), we demonstrated similar

complementarities among TGGE and microscopical counts as that reported here. The
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choice of the molecular method for further studies may depend on the needs of the
researcher and the amount of samples in study. In one way, TGGE allows the
manipulation and comparison of large sets of samples, but the affiliation capabilities of
the DNA fragments is restricted due to the short size of the amplicon (low information
content), and the difficulties in obtaining clean sequences from reamplified excised
bands. The TGGE method would be useful for comparing the structure of communities
at different spatial or temporal scales. On the other side, clone libraries are not suitable
for comparing large amounts of samples, but better reflect their diversity due to the
screening capabilities and the larger information content of the cloned fragments
(almost complete 18S rRNA gene sequences). The 18S rRNA gene clone libraries
would be appropriate in studies that require a thorough description of the taxa

composition and genealogy of the community.
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Comparing the summer structure of the macroeukaryotic leaf-epiphytic
community in two P. oceanica (L.) Delile meadows by means of TGGE molecular

approach and classical microscopy techniques

Background

TGGE molecular technique demonstrated to be sensitive to detect variability in the
structure of macroeukaryotic epiphytic fraction of P. oceanica when comparing two
stages of the seasonal succession (Chapter 2). The main goal of this chapter is testing
the usefulness of TGGE to observe variability in the mature stage of the epiphytic
assemblage (summer) between two P. oceanica meadows. Summer stage of the
epiphytic assemblage was selected because it is generally characterised by showing the
highest diversity and biomass (together with spring stage) of the seasonal succession.
We also compared results obtained applying TGGE with those provided by classical
microscopy techniques.

Materials and Methods

Sample collection

The study was conducted in August 2006 and 2007 in two P. oceanica meadows
separated by 6 km in Majorca, western Mediterranean Sea. The two locations were
Victoria (39° 5° N, 3° 11’ E, Pollenga Bay, 7 m depth) and Torrent de Sant Jordi (39°
52’ N, 3° 5° E, Pollenca Bay, 5 m depth). Sampling was conducted in August because
the mature stage of the epiphytic community is achieved in summer (Antolic 1986;
Ballesteros 1987).

Three quadrates of 0.25 m” tens of metres apart were haphazardly selected in the

two locations and sampling dates. In each quadrate, seven shoots were haphazardly
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collected in each sampling event by SCUBA divers and frozen at -80 °C to keep nucleic
acids intact until their processing by means of TGGE molecular method. This number of
shoots was previously considered adequate to represent the diversity of the epiphytic
community in molecular studies within an area of 0.25 m” (Chapter 2).

Two 10 m transects separated thirty meters were also laid in each location and
sampling date. Five shoots were haphazardly harvested along each transect and
immediately preserved in 4% formalin-seawater until their processing to determine
eukaryotic leaf-epiphytic community structure (composition, taxa richness and relative
abundance of the morphological epiphyte groups (%)) by means of microscopy method
following the procedure of Chapter 2. This number of shoots has been recognised as a
representative number of the epiphytic community in classical microscopy studies
(Panayotidis and Boudouresque 1981; Ballesteros 1987). The distribution of epiphyte
taxa in morphological groups has demonstrated to be useful to describe variability in
community structure (Pardi et al. 2006; Piazzi et al. 2007).

Finally, ten additional shoots were haphazardly harvested along each transect in
each location and sampling date to quantify main descriptors of P. oceanica meadows in
the two locations.

TGGE molecular technique and optical microscope methods

DNA extraction, PCR, TGGE and optical microscope methods were performed
according to Chapter 2 procedure.

Epiphyte extracted DNA from Torrent de Sant Jordi samples in August 2006 and
August 2007 was additionally cleaned using Wizard DNA Clean-Up System (Promega)
before PCR was performed. This was done because we observed a large presence of

PCR inhibitors in those samples. PCR products from the extracted epiphyte DNA of
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shoots belonging to the same quadrate were mixed in equal concentrations for the two
locations and the two sampling dates. This was done to facilitate the comparisons
between OTUs profiles of both locations and sampling dates in TGGE.

Main descriptors of P. oceanica meadows

P. oceanica description in the two locations included epiphyte load and epiphyte organic
matter load on the shoots, vegetative features at shoot scale (number of leaves, nitrogen
(N) and phosphorus (P) content, biomass) and at meadow scale (shoot density), and
some variables associated to herbivory pressure on this seagrass and their epiphytes (sea
urchin density, fish bite marks shoot™') (Romero et al. 2007; Fernandez-Torquemada et
al. 2008).

Shoots collected for description of P. oceanica were gently cleaned from
epiphytes with a razor blade. Epiphytes collected in pre-weighed Whatman GF/C glass
fibre filters and cleaned shoots were separately dried at 60°C for at least 48 h to
determine dry weight (DW) and estimate shoot biomass (g DW) and epiphyte load (g
epiphyte DW g shoot DW). Six of the dried epiphytic samples were burned in an oven
furnace at 450°C for 6 h to estimate epiphyte organic matter load (g epiphyte Ash-free
Dry Weight (AFDW) g shoot DW) (Kendrick and Lavery 2001). N and P shoot
content (% DW) were estimated from at least four of these ten P. oceanica shoots for
each sampling date and location. N shoot content was estimated using an elemental
analyser CHN-O-RAPID (Heraeus). P content was estimated according to Fourqurean et
al. 1992 procedure. BCR standard beech leaves (SIGMA) was used to calculate P
recovery of the method and to make reliable comparisons among P content of different
sets of samples. Seagrass nutrient content has been previously considered as a way to

compare the nutrient availability for seagrass growth in coastal waters (Fourqurean et al.
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2007). Between five to ten quadrates of 0.04 m? were haphazardly selected along two
transects in the field and shoots were counted to estimate shoot density (shoots m™) in
the two locations and sampling dates (Delgado et al. 1999).

Herbivory pressure has been revealed as a relevant phenomenon over P.
oceanica shoots and their epiphytes. Sea urchins and S. salpa have demonstrated to be
able to decrease up to 50% of shoot biomass and between 60% and 80% of the epiphyte
load, respectively (Tomas et al. 2005a; Tomas et al. 2005b). While sea urchin density
has been considered relatively constant over time in other P. oceanica meadows (Tomas
et al. 2004), intense grazing on P. oceanica and epiphytes by fish S. salpa appears to be
a very relatively common phenomenon in P. oceanica meadows during summer months
(Tomas et al. 2005a). Sea urchin herbivory pressure over P. oceanica shoots and their
epiphytes was investigated in the two locations and sampling dates counting number of
sea urchins in quadrates of 0.25 m”. Fish herbivory pressure caused by S. salpa was
indirectly estimated counting the number of bite marks shoot in ten shoots collected in
both locations (Tomas et al. 2005a; Tomas et al. 2005b).

Statistical analyses

Samples belonging to the same transect (microscopy approach) or to the same
quadrat (TGGE) were grouped for statistical analyses constituting representative
replication units for each location and sampling date.

MDS based on the Bray-Curtis similarity index was used to represent epiphyte
taxa composition (presence/absence), relative abundance (%) of the morphological
epiphyte groups and OTUs profile (presence/absence) for the two locations and

sampling dates.
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A two-way crossed Permutational Multivariate Analysis of Variance
(PERMANOVA) (Anderson 2001) was used to evaluate significant differences in
epiphyte taxa composition (presence/absence), relative abundance of the morphological
epiphyte groups and OTUs profile (presence/absence) between the two locations and
sampling dates.

Similarity percentages - species contributions (SIMPER) analysis (Clarke 1993)
was performed to determine the morphological epiphyte groups (in terms of relative
abundance) that contributed most to the significant differences between locations and
sampling dates. We used the average contribution of each taxon/OTU to the overall
dissimilarity between locations and/or sampling dates, 9;, and the standard deviation of
this contribution SD (8;). We used the ratio of mean to SD as a statistic 6; / SD (§;) to
evaluate the contribution of each epiphyte group/OTU to the dissimilarity between pairs
of replication units. We used as an arbitrarily defined cut-off point a mean to SD ratio of
2, so that the mean contribution was higher than the variation.

Significant differences between the two locations and sampling dates in OTUs
richness and epiphyte taxa richness were analysed using a two-way crossed ANOVA.
An analogous statistical analyses was done to evaluate significant differences in the
main descriptors of P. oceanica meadows (epiphyte load, epiphyte organic matter load,
number of leaves shoot”’, N and P shoot content, shoot biomass, shoot density, sea
urchin density and fish bite marks shoot) between the two locations and sampling
dates.

Data used in ANOVA tests were previously tested for homogeneity of variances
and normality test using Levene’s test and Kolmogorov-Smirnov test, respectively. All

analyses were performed using PRIMER 5 (Clarke and Gorley 2001), SIGMAPLOT 8.0

105



SECTION IV — Chapter 4

(SPSS Science 2002), STATISTICA 7.1 (StatSoft Inc 2005) and PERMANOVA
software (Anderson 2001). Significance level in all statistical tests was 0.05.
Results

TGGE molecular technique and optical microscope methods

MDS showed differences in epiphyte taxa composition (presence/absence), relative
abundance (%) of the morphological epiphyte groups and OTUs profiles between
locations. It also showed differences between sampling dates in OTUs profiles for the
two locations and between sampling dates in relative abundance of the morphological
epiphyte groups for Torrent de St. Jordi location. PERMANOVA confirmed significant
differences between locations in epiphyte taxa composition, relative abundance of the
morphological epiphyte groups and OTUs profile. It also confirmed significant
differences between sampling dates in OTUs profile and between sampling dates and
the interaction of the two factors (location and sampling date) in the relative abundance
of the morphological epiphyte groups (Table 8; Fig. 20).

A list of epiphyte taxa (presence/absence) for the two locations and sampling
dates is provided (Table 9). Results (Mean + SE) indicated that the most abundant (%)
morphological epiphyte groups in Victoria for the two sampling dates were encrusting
Rhodophyta (60.99 + 4.56% and 38.92 + 1.99% in August 2006 and 2007, respectively)
and encrusting Phaeophyta (26.60 + 1.84% and 36.93 + 7.16% in August 2006 and
2007, respectively). The most abundant morphological epiphyte groups in Torrent de St.
Jordi for August 2006 were Hydrozoa and encrusting Rhodophyta (43.25 + 13.02% and
12.01 + 0.84%, respectively) and for August 2007 were filamentous Phacophyta and
encrusting Rhodophyta (66.32 + 2.65% and 19.33 + 1.59%, respectively). Chlorophyta

and Bryozoa generally exhibited lower relative abundances than Phaeophyta and

106



SECTION IV — Chapter 4

Rhodophyta groups for all the sampling events. The highest values for Chlorophyta and
Bryozoa were detected in Torrent de St. Jordi for August 2006 (10.05 + 6.92%) and in
Victoria August 2006 (12.62 + 5.12%), respectively. Foraminifera and Nematoda
relative abundances generally exhibited the lowest relative abundances (less than 1%) in
all sampling events (Fig. 21).

SIMPER analyses showed that dissimilarities between Victoria and Torrent de
St. Jordi in August 2006 and in August 2007 were mainly explained by differences in
relative abundances of encrusting Rhodophyta and filamentous Phaeophyta,
respectively. It also showed that dissimilarity in Torrent de St. Jordi between August
2006 and 2007 was mainly explained by differences in relative abundances of
filamentous Phacophyta and Hydrozoa. SIMPER analysis between Victoria August
2006 and August 2007 was not performed because MDS clearly showed no differences

in relative abundances of the morphological epiphyte groups (Fig. 20; Table 10).

Table 8. Results of two-way crossed PERMANOVA to evaluate significant differences in epiphyte taxa composition
(presence/absence), relative abundance (%) of the morphological epiphyte groups and OTUs profile (presence/absence)
between locations (Victoria vs. Torrent de St. Jordi) and sampling dates (August 2006 vs. August 2007). PERMANOVA
was conducted on Euclidean distance matrix. Significant values in bold. *p < 0.05; ** p < 0.01; *** p < 0.001.

Source df MS Pseudo-F P
Epiphyte taxa composition (presence/absence) Location 1 10.87 1.85 0.0217*
Sampling date 1 6.37 1.08 0.3931
Location x Sampling date 1 4.87 0.83 0.7219
Residual 8 5.87
Total 11
Relative abundance (%) of the morphological Location 1 13141 25.43 0.0040**
epiphyte groups Sampling date 1 25.58 4.95 0.0385*
Location x Sampling date 1 36.46 7.06 0.0263*
Residual 8 5.17
Total 11
OTUs profile (presence/absence) Location 1 15.92 6.16 0.0002***
Sampling date 1 9.58 3.71 0.0119*
Location x Sampling date 1 6.25 2.42 0.0599
Residual 8 2.58
Total 11
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(h) and Nematoda (i) in Victoria August 2006 (V 06), Victoria August 2007 (V 07), Torrent de St. Jordi August 2006 (T 06) and Torrent de St. Jordi August 2007 (T 07).
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Table 9. List of epiphyte taxa for each replication unit. The presence of epiphyte taxa is symbolized with (e). Victoria (V), Torrent de Sant Jordi (T), August 2006 (06),
August 2007 (07). (1) and (2) indicate number of replication unit. Bryozoa group was mainly composed by Electra posidoniae. Foraminifera group was mainly composed
by Lobatula lobatula, Spirillina vivipara and Rosalina spp. Polychaeta group was mainly composed by Family Syllidae.

Morphological epiphyte group Epiphyte taxa Vo6(d) VO06(2) VO0O7(1) VO07(2) To6(d) To06(2) TO07(1) TO07(2
Chlorophyta Chaetomorpha spp. ° °
Cladophora spp. ° °
Phaeophila dendroides ) ° ° °
Pringsheimiella + Ulvella spp. ° °
Pseudochlorodesmis furcellata ° ° ° ° ° °
Diatoms ) ° ° ° ° ° ° °
Encrusting Phaeophyta Myrionema magnusii ° ° ) ° ° ° ° °
Myrionema strangulans o
Encrusting Rhodophyta Hydrolithon + Pneophyllum spp. ) ° ° ° ° ° ° °
Filamentous Phaeophyta Dictyota spp. ° ° ° °
Giraudia sphacelarioides ) ° ° ° ° ° °
Sphacelaria cirrosa ) ° ° °
Sphacelaria fusca ) ° °
Sphacelaria spp. o o o ° ° ° °
Filamentous Rhodophyta Antithamnion plumula °
Audouinella daviesii ° ° ° ° ° ° ° °
Audouinella spp. ° °
Callithamnion spp. °
Ceramium spp. °
Chondria + Laurencia spp. ) ° ° °
Chroodactylon ornatum i i i g °
Dasya spp. °
Discosporangium mesarthrocarpum °
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Table 9. cont.)

Morphological epiphyte group

Epiphyte taxa

V 06 (1)

V 06 (2)

V07 (1)

V07 (2)

T 06 (1)

T 06 (2)

T 07 (1)

T 07 (2)

Filamentous Rhodophyta

Bryozoa

Crustacea

Foraminifera

Hydrozoa

Nematoda
Polychaeta
Porifera

Unknown epiphytes

Erythrotrichia carnea
Falkenbergia spp.
Family Ceramiaceae
Family Rodomelaceae
Haliptilon virgatum
Herposiphonia secunda
Jania spp.
Lomentaria chylocladiella
Lophosiphonia spp.
Polysiphonia spp.
Spermothamnion spp.
Stylonema alsidii

Class Acarida
Class Copepoda
Unknown crustacea

Obelia geniculata
Unknown Hydrozoa

Class Calciospongiae
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Table 10. Results of SIMPER analysis on relative abundance of morphological epiphyte groups for the

two locations and sampling dates. O; is the contribution of each taxon to the average Bray-Curtis
dissimilarity between Victoria August 2006 (V 06), Victoria August 2007 (V 07), Torrent de St. Jordi
August 2006 (T 06) and Torrent de St. Jordi August 2007 (T 07). Each morphological epiphyte group was
considered important for dissimilarities observed between groups if d; / SD was equal or higher than 2.

Average Relative abundance (%)

Morphological epiphyte group  Group V 06 Group V 07 S S;/SD
Encrusting Rhodophyta 61.00 38.93 10.24 5.04
Morphological epiphyte group  Group V 06 Group T 06 O; d;/ SD
Encrusting Rhodophyta 61.00 12.02 23.12 26.82
Hydrozoa 0.00 43.25 20.55 8.87
Encrusting Phaeophyta 26.60 6.93 9.40 3.66
Morphological epiphyte group ~ Group V 07 Group T 07 O; d;/ SD
Filamentous Phaeophyta 2.16 66.32 32.09 16.22
Encrusting Phaeophyta 36.93 2.51 17.22 4.09
Encrusting Rhodophyta 38.93 19.33 9.80 6.63
Filamentous Rhodophyta 16.93 2.49 7.22 2.68
Morphological epiphyte group ~ Group T 06 Group T 07 O; d;/ SD
Filamentous Phaeophyta 11.31 66.32 27.79 7.38
Hydrozoa 43.25 4.79 19.44 9.48
Encrusting Rhodophyta 12.02 19.33 3.70 3.55

Two-way crossed ANOVA showed significant differences in OTUs richness
between locations. Maximum OTUs richness (Mean + SE) was recorded in Victoria
August 2006 (16.33 + 2.03%) and minimum in Torrent de St. Jordi August 2007 (3.67 +
0.33%). No significant differences were observed for epiphyte taxa richness both for
locations and sampling dates and data (Mean + SE) ranged from 13.50 + 1.50%
(Victoria August 2006) to 17.70 + 2.10% (Torrent de St. Jordi August 2007) (Fig. 22;

Table 11).
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Fig. 22. OTUs richness (a) and epiphyte taxa richness (b) ) in Victoria August 2006 (V 06), Victoria
August 2007 (V 07), Torrent de St. Jordi August 2006 (T 06) and Torrent de St. Jordi August 2007 (T 07).

Table 11. Summary of values and results of the two-way factorial ANOVA to assess significant
differences in OTUs richness and epiphyte taxa richness between locations and sampling dates.
Significant values in bold. *p < 0.05, **p < 0.01, ***p < 0.001

Source df MS F P
OTUs richness Location 1 102.08 14.94 0.0048**
Sampling date 1 140.08 20.50 0.0019**
Location x Sampling date 1 24.08 3.52 0.097
Error 8 6.83
Total 11
Epiphyte taxa richness Location 1 11.05 2.72 0.1742
Sampling date 1 6.84 1.69 0.2637
Location x Sampling date 1 0.12 0.03 0.8691
Error 4 4.05
Total 7

Relevant descriptors of P. oceanica meadows

Significant differences in epiphyte load (g epiphyte DW g shoot DW) and epiphyte
organic matter load (g epiphyte AFDW g™ shoot DW) between locations were detected.
Epiphyte load (Mean + SE) was clearly higher in Torrent de St. Jordi (0.54 + 0.05 g

epiphyte DW g shoot DW and 0.87 + 0.10 g epiphyte DW g shoot DW in August 2006
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and 2007, respectively) than in Victoria (0.22 + 0.03 g epiphyte DW g shoot DW and
0.23 + 0.05 g epiphyte DW g’ shoot DW in August 2006 and 2007, respectively).
Epiphyte organic matter load (Mean + SE) was also higher in Torrent de St. Jordi (0.14 +
0.02 g epiphyte AFDW g shoot DW and 0.22 + 0.04 g epiphyte AFDW g' shoot DW in
August 2006 and 2007, respectively) than in Victoria (0.05 + 0.01 g epiphyte AFDW g
shoot DW and 0.08 + 0.02 g epiphyte AFDW g shoot DW in August 2006 and 2007,
respectively). Number of leaves shoot’ (Mean + SE) differed between locations and
sampling dates, and the highest value was recorded in Torrent de St. Jordi in August 2006
(7.50 + 0.50). N and P shoot content (% DW) did not show any significant differences
between locations and between sampling dates, but the highest values (Mean + SE) were
achieved in Torrent de St. Jordi in August 2007 (1.22 + 0.14% DW and 0.138 + 0.014%
DW, respectively). Shoot biomass (g DW) was significantly higher (Mean + SE) in
Victoria (0.96 + 0.11 g DW and 1.06 + 0.08 g DW in August 2006 and 2007,
respectively) than in Torrent de St. Jordi (0.75 + 0.10 g DW and 0.66 + 0.05 g DW in
August 2006 and 2007, respectively). Significant differences in shoot density (shoots m™?)
between locations and between sampling dates were observed. Higher values (Mean +
SE) were recorded in Victoria (25.90 + 3.98 shoots m™ and 33 + 0.41 shoots m™ in
August 2006 and 2007, respectively) than in Torrent de St. Jordi (14.40 + 1.53 shoots m™
and 18.50 + 1.57 shoots m™ in August 2006 and 2007, respectively). No significant
differences in fish bite marks shoot! (Mean + SE) between locations or between sampling
dates were detected. The highest value was achieved in Victoria August 2006 (1.10 +
0.67 fish bite marks shoot ) and the lowest in Torrent de St. Jordi in August 2006 (0.20 +
0.13 fish bite marks shoot'). No sea urchins were detected in any location and sampling

date and ANOVA was not performed (Fig. 23; Table 12).
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Fig. 23. Main descriptors of P. oceanica meadows: epiphyte load (a), epiphyte organic matter load (b), number of leaves
shoot™ (c), N shoot content (d), P shoot content (e), shoot biomass (f), shoot density (g) and number of fish bite marks
shoot™ (h) in Victoria August 2006 (V 06), Victoria August 2007 (V 07), Torrent de St. Jordi August 2006 (T 06) and
Torrent de St. Jordi August 2007 (T 07).
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Table 12. Summary of values and results of the two-way factorial ANOVA to assess significant
differences in epiphyte load (g epiphyte DW g shoot DW), epiphyte organic matter load (g epiphyte
AFDW g™ shoot DW), number of leaves shoot”, N shoot content (% DW), P shoot content (% DW),
shoot biomass (g DW), shoot density (shoots m™?), fish bite marks shoot™) between two locations and
sampling dates. Significant values in bold. *p < 0.05, **p < 0.01, ***p < 0.001.

Source df MS F P
Epiphyte load Location 1 0.46 20.62 0.0105*
(g epiphyte DW g* shoot Sampling date 1 0.06 2.69 0.1761
DW) Location x Sampling date 1 0.05 2.40 0.1962
Error 4 0.02
Total 7
Epiphyte organic matter Location 1 0.02 8.35 0.0029**
load (g epiphyte AFDW g™ Sampling date 1 <0.01 1.18 0.3384
shoot DW) Location x Sampling date 1 <0.01 0.17 0.6993
Error 4 <0.01
Total 7
Number of leaves shoot™ Location 1 3.38 3.07 0.0011**
Sampling date 1 1.62 1.47 0.0125*
Location x Sampling date 1 7.22 6.56 0.1112
Error 4 1.10
Total 7
N shoot content (% DW) Location 1 0.01 0.13 0.7381
Sampling date 1 0.08 1.45 0.2953
Location x Sampling date 1 0.02 0.31 0.6085
Error 4 0.06
Total 7
P shoot content (% DW) Location 1 <0.01 0.90 0.3973
Sampling date 1 <0.01 3.39 0.1396
Location x Sampling date 1 <0.01 1.71 0.2608
Error 4 <0.01
Total 7
Shoot biomass (g DW) Location 1 0.19 12.37 0.0245*
Sampling date 1 <0.01 0.01 0.9326
Location x Sampling date 1 0.02 1.16 0.3417
Error 4 0.01
Total 7
Shoot density (shoots m) Location 1 463.60 69.39 0.0011**
Sampling date 1 124.03 18.56 0.0125*
Location x Sampling date 1 27.75 4.15 0.1112
Error 4 6.68
Total 7
Fish bite marks shoot™ Location 1 0.84 1.16 0.3411
Sampling date 1 <0.01 0.01 0.9378
Location x Sampling date 1 0.12 0.17 0.6993
Error 4 0.72
Total 7
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Discussion

Both TGGE and microscope techniques were able to detect significant differences
between locations and/or sampling dates in the structure of the mature stage of the leaf-
epiphytic community of P. oceanica. TGGE showed significant differences in OTUs
richness and OTUs profile (composition) between locations and sampling dates,
whereas microscopy only detected significant differences in epiphyte taxa composition
between locations. Those results could be explained for different reasons: (1)
underestimation of the real diversity: epiphytic assemblage description based on
microscopy could be biased by the taxonomical expertise of the researcher, (2)
taxonomic impediment: some individuals (juvenile, broken,...) are difficult to
determine under microscope and (3) TGGE technique could detect the presence of taxa
even with low relative abundance in the assemblage (Valentini et al. 2008). Although
microscopy approach was able to detect a higher number of OTUs than TGGE, which
was not in accordance with results obtained in Chapter 2, it must be taken into account
that PCR products belonging to the same quadrat were joined before applying TGGE to
simplify comparisons between locations. For this reason, OTUs from the highest
abundant taxa were probably favoured against those from the lowest abundant taxa in
TGGE gel.

Microscopy approach showed that the relative abundance of the morphological
epiphyte groups was more sensitive than epiphyte taxa composition to detect differences
in the composition of the assemblage either between locations or sampling dates. Our
results showed that the mature stage of the epiphytic community in Victoria was mainly
composed by encrusting and filamentous Rhodophyta, whereas in Torrent de St. Jordi

the assemblage differed between sampling dates, being mainly composed by Hydrozoa
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and by encrusting and filamentous Phaeophyta in August 2006 and 2007, respectively.
Significant differences in the relative abundance of the morphological (or functional)
epiphyte groups in the mature stage of the assemblage have been previously observed
when comparing different locations (Piazzi et al. 2004; Pardi et al. 2006). According to
previous studies, the composition of the mature stage of the epiphytic assemblage
followed the general trend (Van der Ben 1971; Ballesteros 1987) in Victoria, but not in
Torrent de St. Jordi. Other studies have documented an increase in the relative
abundance of filamentous Phaeophyta related to water column nutrient additions in P.
oceanica meadows (Prado et al. 2008).

Balata et al. 2007 concluded that differences in epiphytic assemblages between
meadows appeared to be related to local differences in environmental factors that were
more evident in habitats influenced by human disturbance. Here, we analysed patterns
of relevant descriptors of P. oceanica meadows, which have been previously linked to
environmental conditions (Romero et al. 2007). Significant differences in epiphyte load,
epiphyte organic matter load, number of leaves shoot™, shoot biomass and shoot density
were mainly found between locations. Higher values of epiphyte load and epiphyte
organic matter load in Torrent de St. Jordi than in Victoria could be explained because
of the higher relative abundance of filamentous Phacophyta in the former location.
While filamentous Phaeophyta has been recognised as a relevant contributor to epiphyte
biomass in other studies, other epiphyte groups (i.e. filamentous Rhodophyta) have been
considered that represent a limited biomass in the assemblage (Romero 1988; Lepoint et
al. 2007). Shoot biomass and shoot density also exhibited differences between locations
reaching higher values in Victoria than in Torrent de St. Jordi. It could be explained by

the fact that a biomass increase in an epiphytic assemblage, as it was observed in
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Torrent de St. Jordi, might reduce the amount of light reaching P. oceanica shoots,
causing seagrass decline (Drake et al. 2003). Although differences in the epiphyte load
and epiphyte assemblage composition have been linked in previous studies to
differences in nutrient inputs (Prado et al. 2008) and herbivory magnitude of
macroherbivores (sea urchins and the fish S. salpa) on P. oceanica (Tomas et al. 2005b;
Prado et al. 2007b), we did not detect differences in N and P shoot content, sea urchin
density and fish bite marks shoot ' between locations.

In summary, both methods used here (TGGE and microscopy) were able to
detect spatial variability in epiphyte community, although molecular method allowed to
overcome some problems related to microscopy approach, such as taxonomic
impediment. The use of the relative abundance of morphological epiphyte groups
revealed to be more sensitive than epiphyte taxa composition to determine that spatial
variability in microscopy approach. Differences found in epiphyte assemblages and
relevant descriptors of P. oceanica meadows between locations could not be explained
by differences in environmental conditions (nutrient availability and herbivory

pressure), suggesting that other factors are operating to explain that variability.
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Seasonal variability of the structure of the macro-eukaryotic leaf-epiphytic
assemblage of P. oceanica (L.) Delile applying TGGE and classical microscopy

approach

Background

TGGE was able to detect variability in the structure of two stages (February and
September) of the macroeukaryotic leaf-epiphyte assemblage (Chapter 2) and in the
structure of the mature stage (summer) of that assemblage in two P. oceanica meadows
(Chapter 4). We were interested in applying TGGE to study seasonal variability in the
structure of the epiphyte community along a two-year cycle. Results obtained applying
this molecular technique was compared with those from classical microscopy approach.
Materials and Methods

Sample collection

The study was conducted in a P. oceanica meadow located in Victoria (39°51 N, 3°11
E, Pollenga Bay, Majorca western Mediterranean Sea, Spain) in 2006 and 2007.
Samples were collected at intervals of about 2-3 months.

Three quadrates of 0.25 m” tens of metres apart were haphazardly selected in
each sampling date. In each quadrate, seven shoots were haphazardly collected in each
sampling event by SCUBA divers and frozen at -80 °C to keep nucleic acids intact until
their processing by means of TGGE molecular method. This number of shoots was
previously considered adequate to represent the diversity of the epiphytic community in
molecular studies within an area of 0.25 m”* (Chapter 2).

Two 10 m transects separated thirty meters were also laid in each sampling date.

Five shoots were haphazardly harvested along each transect and immediately preserved
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in 4% formalin-seawater until their processing to determine eukaryotic leaf-epiphytic
community structure (composition, taxa richness and relative abundance of the
morphological epiphyte groups) by means of microscopy method following the
procedure of Chapter 2. This number of shoots has been recognised as a representative
number of the epiphytic community in classical microscopy studies (Panayotidis and
Boudouresque 1981; Ballesteros 1987). The distribution of epiphyte taxa in
morphological groups has demonstrated to be useful to describe variability in
community structure (Pardi et al. 2006; Piazzi et al. 2007).
Finally, ten additional shoots were haphazardly harvested along each transect in

each sampling date to quantify main descriptors of P. oceanica meadow in Victoria.

TGGE molecular technique and optical microscope methods

DNA extraction, PCR, TGGE and optical microscope methods were performed
according to Chapter 2 procedure. Samples belonging to the same quadrat (TGGE) or
transect (microscopy approach) were grouped to constitute a representative unit of
replication.

Some relevant OTUs along the sampling dates were picked from TGGE gels, re-
amplified and sequenced, and a putative identification was assigned to each of them (see
Chapter 2 for further details).

Main descriptors of P. oceanica meadow

P. oceanica description in Victoria included epiphyte load and epiphyte organic matter
load on the shoots, and vegetative features at shoot scale (number of leaves, N and P
content, biomass) and at meadow scale (shoot density).

Shoots collected for description of P. oceanica were gently cleaned from

epiphytes with a razor blade. Epiphytes collected in pre-weighed Whatman GF/C glass
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fibre filters and cleaned shoots were separately dried at 60°C for at least 48 h to estimate
shoot biomass (g DW) and epiphyte load (g epiphyte DW g shoot DW). Six of the
dried epiphytic samples were burned in an oven furnace at 450°C for 6 h to estimate
epiphyte organic matter load (g epiphyte AFDW g shoot DW) (Kendrick and Lavery
2001). N and P shoot content (% DW) were estimated from at least four of these ten P.
oceanica shoots for each sampling date. N shoot content was estimated using an
elemental analyser CHN-O-RAPID (Heraeus). P content was estimated according to
Fourqurean et al. 1992 procedure. BCR standard beech leaves (SIGMA) was used to
calculate P recovery of the method and to make reliable comparisons among P content
of different sets of samples. Seagrass nutrient content has been previously considered as
a way to compare the nutrient availability for seagrass growth in coastal waters
(Fourqurean et al. 2007). Between five to ten quadrates of 0.04 m® were haphazardly
selected along two transects in the field and shoots were counted to estimate shoot
density (shoots m™) in each sampling date (Delgado et al. 1999).

Statistical analyses

Samples belonging to the same transect (microscopy approach) or to the same quadrat
(TGGE) were grouped for statistical analyses constituting representative replication
units for each location and sampling date.

MDS based on the Bray-Curtis similarity index was used to represent epiphyte
taxa composition (presence/absence), relative abundance (%) of the morphological
epiphyte groups and OTUs profile (presence/absence) for each sampling date.

A one-way PERMANOVA (Anderson 2001) was used to evaluate significant

differences in epiphyte taxa composition (presence/absence), relative abundance of the
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morphological epiphyte groups and OTUs profile (presence/absence) between sampling
dates.

Significant differences between sampling dates in OTUs richness and epiphyte
taxa richness were analysed using a one-way ANOVA. An analogous statistical
analyses was done to evaluate significant differences in the main descriptors of P.
oceanica meadows (epiphyte load, epiphyte organic matter load, number of leaves
shoot”, N and P shoot content, shoot biomass and shoot density) between sampling
dates.

The Spearman rank correlation (rs) analysis was used to evaluate if there was
any association between epiphyte taxa richness, relative abundance of the
morphological epiphyte groups, OTUs richness and P. oceanica meadow descriptors in
Victoria.

Data used in ANOVA tests were previously tested for homogeneity of variances
and normality test using Levene’s test and Kolmogorov-Smirnov test, respectively. All
analyses were performed using PRIMER 5 (Clarke and Gorley 2001), SIGMAPLOT 8.0
(SPSS Science 2002), STATISTICA 7.1 (StatSoft Inc 2005) and PERMANOVA
software (Anderson 2001). Significance level in all statistical tests was 0.05.

Results

TGGE molecular technique and optical microscope methods

MDS showed differences in OTUs profile and epiphyte taxa composition between
sampling dates (Fig. 24). PERMANOVA confirmed those differences in OTUs profile
(F = 6.6498, p = 0.0001) and epiphyte taxa composition (F = 2.6040, p = 0.0001)
between sampling dates. Post-hoc Tukey HSD test showed significant differences in

OTUs profile between all the sampling dates (p < 0.05), with the exception of June 2006
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vs. April 2007 (p = 0.1510), April 2007 vs. June 2007 (p = 0.1150) and October 2007

vs. November 2007 (p = 0.2360). Epiphyte taxa composition differed between February

2006 and April 2006 (p = 0.0256), February 2006 and June 2006 (p = 0.0343) and

February 2006 and November 2007 (p = 0.0443). A list of epiphytic taxa in each

sampling date is provided (Table 13). Some epiphytic taxa were present in all samplin
pling p piphy p pling

dates (Hydrolithon + Pneophyllum spp. (encrusting Rhodophyta) and M. magnusii

(encrusting Phaeophyta)) while others were characteristic of a season (Cladosiphon spp.

(spring)).
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Fig. 24. MDS ordination of OTUs profile (a), epiphyte taxa composition (b) and relative abundance (%) of
morphological epiphyte groups (c) for different sampling dates. Each sampling date is represented for two
replication units. February (feb), April (apr), June (jun), September (sep), October (oct), November (nov),

2006 (06), 2007 (07).
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Table 13. List of epiphyte taxa for each replication unit and sampling date. The presence of epiphyte taxa is symbolized with (e). February (F), April (A), June (J), September
(S), October (0O), November (N), August 2006 (06), August 2007 (07). (1) and (2) indicate number of replication unit. Bryozoa group was mainly composed by Electra
posidoniae. Foraminifera group was mainly composed by Lobatula lobatula, Spirillina vivipara and Rosalina spp. Polychaeta group was mainly composed by Family Syllidae.

Morphological Epiphyte taxa FO6 F06 A06 A06 J06 JO6 S06 S06 NO6 NO6 FO07 FO07 A07 A07 JO7 JO7 O07 O07 NO7 NO7
epiphyte “m»a o oo e oo o o o - 6 G- o -6 6 GO o GO 9 GO O
group
Chlorophyta Chaetomorpha spp. ° ° °
Cladophora spp. . ° ° ° ° ° ° °
Entocladia viridis
Phaeophila dendroides ° ° ° ° ° ° ° ° ° °
Pringsheimiella + Ulvella spp.
Pseudochlorodesmis ° ° ° ° °
furcellata
Diatoms ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Encrusting Myrionema magnusii ° ° ° ° ° ° ) ° ) ° ° ° ° ° ° ° ° ° ° °
Phaeophyta
Encrusting Hydrolithon + Pneophyllum ° ) ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Rhodophyta spp.
Filamentous Cladosiphon spp. ° ° ° ° ° ° ° °
Phaeophyta
Dictyota spp. ° ° ° ° °
Ectocarpus spp. ° ° °
Family Ectocarpaceae ° ) ° °
Giraudia sphacelarioides ° ) ° ° ° ° ° ° ° ° ° ° ° ° °
Sphacelaria cirrosa
Sphacelaria spp. ) ° ° ° °

Acrothamnion preissii
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Table 13.
cont.)
Morphological Epiphyte taxa F06 F06 A06 A06 JO6 JO6 S06 S06 NO6 NO6 F07 FO07 A07 A07 JO7 J07 O07 O07 NO7 NO7
epiphyte m @ O O O @ O 0 O 0 O 0 O O O @ O @ O
group
Filamentous Aglaothamnion spp. °
Rhodophyta Anotrichium tenue °
Audouinella daviesii ° ° ° ° ° ) ) ° ) ) ° ° ° ° ° ° ° °
Audouinella spp. ° ° ° ° ° ° ° ° ° ° ° °
Callithamnion spp. °
Ceramium spp. . ° ° ° ° ° ° ° ° ° ° °
Champia spp. b
Chondria + Laurencia spp. i d i d i
Chroodactylon ornatum i i b
Ctenosiphonia spp. °
Dasya spp. °
Erythrotrichia carnea ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Family Ceramiaceae ° ° ° ° ° ° ° ° ° ° ° °
Family Rodomelaceae ° ° ° ° ° ° ° ° ° ° ° °
Griffithsia spp. ° ° °
Herposiphonia secunda ° °
Jania spp. °
Lophosiphonia spp. ° ° °
Polysiphonia spp. ° ° ° ° ° °
Spermothamnion spp. ) ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Stylonema alsidii ° ° ° ° ° ° ° °
Bryozoa ° ° ° ) ° ° ) ° ° ° ° ° ° ° ° °
Crustacea Class Copepoda ° ° ° ) ) ° ° ° °
Unknown crustacea ° ° ° ° ° ° ° ° ° °
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Table 13.

cont.)

Morphological Epiphyte taxa F0O6 F06 A06 A06 J06 J06 SO06 S06 NO6 NO6 FO07 FO07 A07 A07 JO7 JO7 O07 O07 NO7 NO7
epiphyte ma o o o -6 e - - 6 O o - e - o n G GO O
group
Hydrozoa Obelia geniculata ° °

Plumularia obliqua °
Sertularia perpusilla °
Unknown Hydrozoa ° ° ° ° ° ° ° ° ° ° ° °

Nematoda ° ° ° ° ° ° ° ° ° °
Polychaeta °
Unknown ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
epiphytes
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OTUs picked from TGGE gels, re-amplified and sequenced were putatively
identified to encrusting Rhodophyta, Crustacea Copepoda, Annelida Polychaeta (2
OTUs), Mollusca Gastropoda and Bryozoa taxa (see Chapter 2 for further details). OTU
corresponding to encrusting Rhodophyta taxon was present in all sampling dates, which
mirrored with results obtained from classical microscopy approach.

Significant differences in OTUs richness between sampling dates were found,
but they were not mirrored with differences in epiphyte taxa richness. The highest
OTUs richness (+ SE) was observed in September 2006 (21.16 + 1.01) and the lowest in

June 2007 (8.28 + 0.74) (Fig.25; Table 14).
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Fig. 25. Mean (+ SE) OTUs richness (a) and epiphyte taxa richness (b) in February 2006 (Feb-2006), April 2006
(Apr-2006), June 2006 (Jun-2006), September 2006 (Sep-2006), November 2006 (Nov-2006), February 2007 (Feb-
2007), April 2007 (Apr-2007), June 2007 (Jun-2007), October 2007 (Oct-2007), November 2007 (Nov-2007).
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Table 14. Results of one-way ANOVA to evaluate significant differences in OTUs richness and
epiphyte taxa richness between sampling dates. Significant values in bold. *p < 0.05; ** p < 0.01;
*** pn < 0.001.

Source df MS F P
OTUs richness Sampling date 9 4278  19.87  0.0000***
Residual 20 2.15
Total 29
Epiphyte taxa richness Sampling date 9 16.66 1.95 0.1564
Residual 10 8.54
Total 19

One-way ANOVA showed significant differences in relative abundance (%) of
encrusting Rhodophyta, encrusting Phaecophyta, filamentous Phaecophyta and
Chlorophyta morphological epiphyte groups (Table 15). Encrusting Phaecophyta and
encrusting Rhodophyta were present in all sampling dates. Post-Hoc Tukey HSD test
detected significant differences between sampling dates in relative abundance of
encrusting Phaeophyta, but no clear temporal trend was observed, whereas relative
abundance of encrusting Rhodophyta remained very constant along two-year cycle.
Maximum relative abundance of encrusting Rhodophyta and encrusting Phacophyta was
in November 2007 (about 70%) and in February 2006 (about 74%) and minimum was
in February 2006 (about 3%) and October 2007 (about 5%), respectively. Relative
abundance of filamentous Phaeophyta was significantly higher in spring, especially in
2006 (about 23%, either in April or June), than in other sampling dates (Post-hoc Tukey
HSD test, p < 0.05). Chlorophyta relative abundance was lower than Phacophyta and
Rhodophyta (encrusting and filamentous) and significantly higher in November 2006
(about 4%) than in other sampling dates (Post-Hoc Tukey HSD test, p < 0.05) (Fig. 26).

Zooepiphytes (Bryozoa, Foraminifera and Hydrozoa) were far less abundant than
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macroalgae in the assemblage for all the sampling dates. Those differences were

mirrored in MDS representation (Fig. 24c).

Table 15. Results of one-way ANOVA to evaluate significant differences in relative abundance (%) of
morphological epiphyte groups between sampling dates (a). Significant values in bold. *p < 0.05; ** p <
0.01; *** p < 0.001.

Source df MS F P
Encrusting Rhodophyta Sampling date 9 1188.84 4.34 0.0158*
Residual 10 274.08
Total 19
Filamentous Rhodophyta Sampling date 9 296.19 1.20 0.3891
Residual 10 247.41
Total 19
Encrusting Phaeophyta Sampling date 9 1086.73 9.93 0.0006***
Residual 10 109.48
Total 19
Filamentous Phaeophyta Sampling date 9 183.04 7.36 0.0022**
Residual 10 24.88
Total 19
Chlorophyta Sampling date 9 3.24 5.83 0.0055**
Residual 10 0.55
Total 19
Hydrozoa Sampling date 9 1.29 0.76 0.6541
Residual 10 1.70
Total 19
Foraminifera Sampling date 9 0.04 2.24 0.1122
Residual 10 0.02
Total 19
Bryozoa Sampling date 9 10.14 1.22 0.3778
Residual 10 8.30
Total 19
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Fig. 26. Relative abundance (%) of encrusting Rhodophyta (a), filamentous Rhodophyta (b), encrusting Phaeophyta (c),
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(06), 2007 (07)).
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Relevant descriptors of the P. oceanica meadow

Significant differences were also found in epiphyte load, epiphyte organic matter load
number of leaves shoot’ and shoot biomass between sampling dates (Table 16).
Epiphyte load and epiphyte organic matter load also exhibited the highest values in
spring (April and June) (about 0.2 g epiphyte DW g shoot DW and about 0.07 g
epiphyte AFDW g shoot DW) and the lowest in autumn (November) (about 0.1 g
epiphyte DW g shoot DW and about 0.03 g epiphyte AFDW g shoot DW). Post-Hoc
Tukey HSD test (p < 0.05) confirmed that epiphyte load and epiphyte organic matter
load significantly differed between those two seasons. Number of leaves shoot™ differed
between June 2007 (about 5 leaves shoot™) and autumn 2007 (October and November)
(about 6.5 leaves shoot™) (Post-Hoc Tukey HSD test, p < 0.05). The highest values of N
shoot content (% DW) were recorded in autumn and winter (about 1.8% DW) and the
lowest in late summer and spring (about 1.4% DW). Differences between those seasons
in N shoot content were confirmed by Post-Hoc Tukey HSD test (p < 0.05). P shoot
content (% DW) not exhibited a clear trend along two-year cycle. Shoot biomass
showed a maximum in June 2006 and June 2007 (about 1.4 g DW and 0.9 g DW,
respectively) and post-hoc Tukey HSD test revealed significant differences between
June 2006 and all other sampling dates (p < 0.001). No significant differences in shoot
density between sampling dates were found, but slightly higher values in spring (April)
(about 700 shoots m?) than in autumn (November) (about 650 shoots m™) were
observed (Fig. 27).

Spearman rank correlation (rs) analysis showed significant correlations (p <
0.05) between some of the variables studied. Strong positive correlation was found
between epiphyte load and epiphyte organic matter load (r; = 0.891). Those two

variables were also positively correlated with shoot biomass (r; = 0.673 and ry = 0.648,

133



SECTION IV — Chapter 5

respectively), whereas epiphyte load showed a negative correlation with number of
leaves shoot™ (1, = -0.719) and epiphyte organic matter load with N shoot content (r, = -
0.745). N shoot content was positively correlated with P shoot content (r; = 0.636). The
relative abundances of encrusting and filamentous Phaeophyta exhibited positive
correlations with epiphyte load (r; = 0.782 and ry = 0.948, respectively) and epiphyte
organic matter load (r; = 0.636 and r; = 0.936, respectively). Shoot biomass was also
positively correlated with relative abundance of filamentous Phacophyta (rs = 0.644)
(Fig. 28).

Table 16. Results of one-way ANOVA to evaluate significant differences in epiphyte load, epiphyte organic matter
load, number of leaves shoot!, N and P shoot content, shoot biomass and shoot density between sampling dates.
Significant values in bold. *p < 0.05; ** p < 0.01; *** p < 0.001.

Source df MS F P
Epiphyte load (g epiphyte DW g™ shoot DW) Sampling date 9 0.004 6.609 0.0034**
Residual 10 0.001
Total 19
Epiphyte organic matter load (g epiphyte AFDW Sampling date 9 0.001 5.410 0.0072**
g™ shoot DW) Residual 10 <0.001
Total 19
Number of leaves shoot™ Sampling date 9 0.862 4.491 0.01410*
Residual 10 0.192
Total 19
N shoot content (% DW) Sampling date 9 0.167 6.882 0.0029**
Residual 10 0.024
Total 19
P shoot content (% DW) Sampling date 9 0.002 5.727 0.0058**
Residual 10 <0.001
Total 19
Shoot biomass (g DW) Sampling date 9 0.124 16.257 < 0.0001***
Residual 10 0.008
Total 19
Shoot density (shoots m™) Sampling date 9 8.063 0.436 0.7392
Residual 10 18.477
Total 19
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Discussion

Our study showed significant differences between sampling dates for almost all the
variables studied. The application of TGGE fingerprinting technique and classical
microscopy techniques were able to detect significant differences in composition of the
macroeukaryotic leaf-epiphytic fraction of P. oceanica, when analysing OTUs profile
and epiphyte taxa composition, respectively. Hence our results confirm those of
previous evaluations of the sensitivity of the molecular technique to analyze the
structure of this community (Chapters 2 and 4). On the one hand, OTUs profile differed
between almost all pairs of sampling dates, but it was noticeable that composition not
differed between June 2006 and April 2007 and between April 2007 and June 2007.
Spring assemblage composition has been previously considered as highly homogeneous
between P. oceanica shoots (Ballesteros 1987). In accordance with other studies (Van
der Ben 1971; Ballesteros 1987; Romero 1988), our microscopy approach also detected
a high relative abundance of encrusting and filamentous Phacophyta (between 50% and
80%) and the presence of epiphytic taxa (Cladosiphon spp.), restricted to spring months
(April and June). On the other hand, although microscopy approach found significant
differences in epiphyte taxa composition between sampling dates, those differences
were only attributed to the comparison of February 2006 with April 2006, February
2006 with June 2006 and February 2006 with November 2007. Results obtained
suggested that TGGE molecular approach was able to detect more differences than
microscopy method. It could be explained for different reasons: (1) underestimation of
the real diversity: leaf-macroeukaryotic epiphytic assemblage description based on
microscopy could be biased by the taxonomical expertise of the researcher, (2)

taxonomic impediment: some individuals (juvenile, broken,...) are difficult to
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determine under microscope and (3) TGGE technique could detect the presence of taxa
even with low relative abundance in the assemblage (Valentini et al. 2008). In addition,
OTUs richness and epiphyte taxa richness did not show the same trend (Fig. 25). Those
reasons could also explain the detection of significant differences between sampling
dates in OTUs richness, but not in epiphyte taxa richness. The highest OTUs richness
was detected in late summer (September 2006), which corresponds to the mature stage
of the assemblage and was consistent with other studies (Ballesteros 1987; Mazzella et
al. 1989) and the lowest in late spring (June 2007), when the biomass and relative
abundance of Phaeophyta is significantly higher than other epiphyte morphological
groups (Ballesteros 1987; Romero 1988).

All relevant descriptors of P. oceanica meadows, with the exception of shoot
density, showed significant differences between sampling dates. Mean shoot density (+
SE) in April was 725 + 5.0 and 642.5 + 18.7 in November, but no statistical differences
were observed between those sampling dates. That result was consistent with previous
studies (Guidetti et al. 2002). Shoot biomass reached a maximum in late spring (June),
which was consistent with other studies that found a peak in May-June (Mazzella and
Ott 1984; Buia et al. 1992; Guidetti et al. 2002). Number of leaves shoot™ also differed
between sampling dates although temporal variations were lowest when comparing with
other descriptors of P. oceanica. The highest values were generally recorded in autumn
(October and November) and the lowest in spring (April and June). Guidetti et al. 2002
also found an increase in number of juvenile and adult leaves shoot” in autumn.
Maximum epiphyte load and epiphyte organic matter load were basically detected in
spring and were related with the significant relative abundance of filamentous

Phaeophyta (Ballesteros 1987; Romero 1988). High values of epiphyte organic matter
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load were also detected in late summer (September 2006), related to significant relative
abundance of filamentous Rhodophyta (Ballesteros 1987; Mazzella et al. 1989).
Although N shoot content exhibited higher values in autumn and winter than in spring
and late summer, as it was previously recorded (Fourqurean et al. 2007), P shoot content
not showed this clear trend.

The relative abundance of filamentous Phacophyta was positively correlated
with epiphyte load and epiphyte organic matter load, whereas the relative abundance of
encrusting Rhodophyta was negatively correlated with those descriptors of P. oceanica
meadows. While Phaeophyta has been previously recognised as the most relevant
contributor to epiphyte biomass assemblage, the contribution of Rhodophyta to biomass
is limited (Romero 1988; Lepoint et al. 2007). On the contrary, epiphyte taxa richness
and OTUs richness did not exhibit significant correlations with any relevant descriptor
of P. oceanica meadows.

In summary, TGGE approach has demonstrated to be an excellent method to
study the structure of the macroeukaryotic lef-epiphytic fraction because it was more
sensitive than microscopy approach to detect changes along the temporal succession of
the assemblage. Furthermore, TGGE fringerprinting technique allowed simultaneously
processing a large number of samples and resulted useful to overcome taxonomy
limitations contrasting microscopy approach. It was relevant that relative abundance of
the main morphological epiphyte groups was more correlated with relevant descriptors
of P. oceanica meadows than OTUs richness and epiphyte taxa richness. That result
suggested that finding a method to measure the relative contribution of different OTUs
in different stages of the assemblage could be useful in the description of the structure

of the community.
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NR activity in seagrass (P. oceanica) leaf-epiphytic macroalgae

Background

Relationships between diversity and ecosystem functioning have been deeply explored
in literature in different assemblages. Nitrogen acquisition from water column, which
strongly depends on the activity of the enzyme NR in autotrophic organisms, is a key
process in ecosystems dominated by seagrasses. Leaf-epiphytic macroalgae of the
Mediterranean seagrass P. oceanica has been recognised as a highly diverse and
dynamic assemblage that significantly contributes to nitrogen acquisition from water
column. The present study evaluated NR activity, using an “in vitro” assay, in two
stages of the leaf-epiphytic macroalgae with different taxa composition (summer vs.
winter). Our main hypothesis is that leaf-epiphytic macroalgae composition is a relevant
factor to explain NR activity of the leaf-epiphytic macroalgae fraction.

Materials and methods

Study site and sampling design

The study was performed in a shallow (depth < 12 m) P. oceanica meadow located in
western Mediterranean Sea (Sant Elm, Majorca, Spain) (39° 34’ N, 2° 20’ E).
Leaf-epiphytic macroalgae NR activity and community structure (taxa richness
and composition) were assessed in P. oceanica shoots collected inside quadrates of 0.25
m” both in late winter (February 2009) and in late summer (September 2009). Three
quadrates were haphazardly placed in each of three sites (haphazardly selected) that
were located hundreds of meters apart from each other. Within each site, the three
quadrates were separated tens of meters from each other. Fourteen P. oceanica shoots

were haphazardly collected in each quadrate at each sampling date. Half of the shoots
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were used to measure leaf-epiphytic macroalgae NR activity and the remaining seven
shoots were used to describe the assemblage structure. This number of shoots is
representative of the P. oceanica leaf-epiphytic community in an area of 0.25 m’
(Chapter 2).

Fourteen additional shoots were collected in each of the quadrates at one of the
sites to assess the response of leaf-epiphytic macroalgae NR activity to a short-term
NOs  pulse both in winter and in summer.

All shoots harvested in the field were kept in ice until arrival to the laboratory.

P. oceanica leaf-epiphytic macroalgae assemblage structure

We pooled the leaf-epiphytic community of seven shoots to constitute a single sample
and thus we had three replicate samples from each site and sampling date (one from
each quadrate). We only considered the epiphytes present on 10 cm leaf sections closest
to the tip of the oldest and entire leaf (both outer and inner leaf sides) of each shoot, as it
represents the mature stage of the community (Lepoint et al. 2007). Leaf-epiphytic
macroalgae taxa richness (number of taxa until the lowest taxonomic level possible) and
composition, measured as relative abundance (%) of the main macroalgae groups in P.
oceanica leaves (encrusting Phaeophyta, encrusting Rhodophyta, filamentous
Phaeophyta, filamentous Rhodophyta and other algae) were recorded for each sample
following the procedure of Chapter 2. Other algae groups were referred to Chlorophyta
and unknown epiphytic macroalgae. Macroalgae groups have been extensively used in
other studies to study the spatio-temporal variability of the composition of macroalgae
epiphytic assemblages (Piazzi et al. 2004; Pardi et al. 2006; Balata et al. 2008).

NR “in vitro” assay
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Shoots harvested to measure leaf-epiphytic macroalgae NR activity were frozen in
liquid nitrogen and subsequently stored at -80°C until their processing. This sample
storage procedure preserved NR activity allowing us to obtain an estimation of ““in situ™
enzymatic activity (Lartigue and Sherman 2002). NR “in vitro” assay was performed
adapting the procedure described in Scheible et al. (1997) for P. oceanica leaf-epiphytic
macroalgae. All glass material used to measure NR activity was cleaned with 4.5% HCl
and rinsed with distilled water before performing the analyses.

NR activity measurements have been performed in the literature following either
an “in vivo” or “in vitro” method. The “in vivo” approach requires membrane
permeabilization to allow the buffered solution with NOs™ to contact with the enzyme
inside otherwise intact cells, where it is reduced to NO, by NR using endogenous
NADH. In the “in vitro” method the tissue is homogenised to obtain a suspension of the
enzyme in a buffer solution that is supplied with NOs;™ and NADH to estimate NR
activity. Interpretation of the ““in vivo™ assay is constrained by the difficulty to know
substrate concentrations and the diffusion rates of NOjs™ into the cells and NO, out of
the cells (Hurd et al. 1995; Lartigue and Sherman 2002). The ““in vitro” approach
provides an estimation of the potential maximum NR capacity because enzyme activity
is not limited by NO;" diffusion or transport into the cells. “In vitro” measurements of
NR activity have been used in several studies to estimate the maximum capacity of
nitrogen uptake (Berges 1997).

Similar to the community structure samples, we pooled the leaf-epiphytic
community of seven shoots to constitute a single sample and thus we had three replicate
samples from each site and sampling date (one from each quadrate). The epiphytic

community of the shoots was gently scrapped off the leaves, pooled and a portion of
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each sample was weighed (FW) and ground to a fine powder in a mortar with liquid
nitrogen for determination of NR activity.

The homogenised sample was mixed and extracted with 2.5 ml ice-cold
extraction buffer (100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid —
potassium hydroxide (HEPES-KOH) (pH = 7.5), 5 mM magnesium acetate
(Mg(CH3COO0),), 1 mM EDTA, 1% (w/v) bovine serum albumin (BSA), 5 mM (w/v)
dithiothreitol (DTT), 10% (v/v) glycerol, 0.1% (v/v) Triton X-100, 0.5 mM (w/v)
phenylmethylsulfonyl fluoride (PMSF) (diluted in 99% (w/v) ethanol), 20 uM flavin
adenine dinucleotide (FAD), 25 uM leupeptin, 5 uM sodium molybdate (Na,MoO4) and
1% (w/v) PVPP). BSA is included in the buffer because it could stabilize NR by
binding inhibitory compounds and provide protein in higher concentration that the
proteases can degrade in preference to NR (Berges and Harrison 1995; Lartigue and
Sherman 2002). Leupeptin has been previously observed as an effective compound
against NR-specific proteases in other species (Ingemarsson 1987). The addition of
EDTA, DTT and the detergent Triton X-100 into the extraction buffer has been also
related to maintaining NR activity (Hurd et al. 1995). Similarly, the addition of FAD to
the extraction buffer was based on enhancement of NR activity in the presence of FAD
in some species of microalgae (Vennesland and Solomonson 1972; Berges and Harrison
1995).

500 pl from an assay mix solution containing 100 mM HEPES-KOH (pH = 7.5),
5 mM potassium nitrate (KNOs), 5 mM EDTA and 0.25 mM NADH were immediately
mixed with 100 pl of sample extract obtained in the previous step and incubated at
ambient seawater temperature (15°C for winter and 26°C for summer) and at the

constant temperature of 17.5°C (annual mean seawater temperature in the location
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studied). Incubations were performed at a constant temperature to separate variability in
NR activity associated to seasonal changes of leaf-epiphytic macroalgae assemblage
structure to that linked to seasonality of water temperature.

Samples were incubated in a water bath with slight shaking (Lauda E100) for 60
min. The linearity between NO, produced (from NOs™ reduction) and incubation time
was previously checked at reaction times of 2, 5, 10, 30 and 60 min and we found that
the optimal incubation time to detect leaf-epiphytic macroalgae NR activity was 60 min
(data not shown). After the incubation time, the reaction was stopped by adding to each
tube 25 ul 0.6 M zinc acetate (Zn(O,CCHj3)(H20),) and 75 pl 0.15 mM phenazine
methosulphate (PMS). The NO, formed by NR was determined by adding to each tube
300 pl 1% (w/v) sulphanilamide (C¢HsN>O,S) in 3 M HCI and 300 ul 0.02% (w/v) N-
(1-naphthyl)-ethylenediamine (NED) and measuring the absorbance (OD) at 540 nm in
a Hitachi U-2900 spectrophotometer after 20 min. Three replicate tubes and a time zero
control tube (containing 25 pl 0.6 M Zn(O,CCHj3)(H20), and 75 pl 0.15 mM PMS
prior to adding the assay mix solution) were run for each sample and temperature. To
correct for any internal NO,™ present in algal tissue when performing the analyses, NO,
found in time zero control tube was subtracted from NO, determined in the three
replicate tubes.

After measuring NO,’, we dried the samples at 60°C during at least 48 h and
determined the leaf-epiphytic DW to establish a relationship between FW and DW (see
below).

NR activity recovery

The possible loss of NR activity during extract preparation was assessed by adding a

commercial NR enzyme (NR from Arabidopsis thaliana, SIGMA) into the extracts and
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calculating the recovery of its activity (Munzarova et al. 2006). NR activity was
measured in three different extract preparations: 100 pl extraction buffer with leaf-
epiphytes (a), 1 pul commercial NR + 100 pl extraction buffer with leaf-epiphytes (b)
and 1 pl commercial NR + 100 pl extraction buffer without leaf-epiphytes (c). The
recovery of NR activity for each sample was calculated from values of enzymatic
activity measured in the three different extracts according to the following formula: NR
activity recovery (%) = (b—a/c) *100.

A slight modification of this procedure was tested by adding 5 mM nickel
chloride (NiCly) to our extraction buffer (Munzarova et al. 2006). NiCl, has been
previously recognised as an agent preventing negative effect of cyanogenic glycosides
on NR activity (Munzarova et al. 2006), but it failed in increasing the recovery of
commercial NR enzyme (data not shown).

Relationship between leaf-epiphytic FW, DW and AFDW

Leaf-epiphytic FW and DW determinations were used to calculate a conversion
factor between them (DW = 0.1757 FW + 0.0227, r* = 0.85). It is important to notice
that more than 80% of leaf-epiphytic DW are minerals (carbonates of encrusting
epiphytes, sediment particles) (Terrados and Medina-Pons 2008), which do not contain
NR enzyme. For this reason, we considered that NR activity based on leaf-epiphytic
DW might be underestimated and expressed that variable as nmol NO3'g”" AFDW min™

using an AFDW = 0.2 DW conversion factor (unpublished data).

Relationship between NOj availability and leaf-epiphytic macroalgae NR activity
The response of leaf-epiphytic macroalgae NR activity to a short-term NOj;™ pulse was
investigated by incubating seven shoots with the attached leaf-epiphytic community in

filtered seawater (Whatman GF/C glass fibre filters) supplied with NO;3™ to achieve an
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external concentration 5 pM above ambient concentrations. Water column NOj
concentrations in NW Mediterranean Sea generally varies from 0.1 uM to 0.5 uM
(Lepoint et al. 2004), reaching values of 5 uM in highly eutrophic areas (i.e. NW
Adriatic Sea) (Unesco (1990)). For this reason, we considered that short term NO;3
pulses of that magnitude could be ecologically relevant in that area. The remaining
seven shoots were incubated in filtered seawater without supplying NOj3™ (control). All
incubations were performed in a refrigerated incubator (Raypa, IRE-160) for two days.
This duration of the exposure to high NOs™ availability has previously demonstrated to
be long enough to increase NR activity in algae and vascular plants species (Cedergreen
and Madsen 2003; Chow and de Oliveira 2008). Winter and summer shoots were
incubated in filtered seawater collected at each sampling date and exposed to ambient
photoperiod and temperature conditions (winter: 13:11 h light-dark (LD) cycle and
15°C, summer: 13:11 h LD cycle and 26°C). Both types of shoots were irradiated with
200 pmol m™ s™ photosynthetically active radiation (PAR) (LI-COR Biosciences, LI-
1400) and supplied with continuous air bubbling (Resum, AC9906). After incubations,
shoots were frozen in liquid nitrogen, subsequently stored at -80°C and processed
following the NR “in vitro” assay (see above).

Data analysis

Nested ANOVA was performed to evaluate if leaf-epiphytic macroalgae taxa richness
and relative abundance (%) of the main groups in P. oceanica leaves (encrusting
Phaeophyta, encrusting Rhodophyta, filamentous Phacophyta, filamentous Rhodophyta
and other algae) were significantly different between sampling dates (winter vs.
summer) and sites (1 to 6). Site was nested in sampling date (winter sites: 1 to 3,

summer sites: 4 to 6).

147



SECTION V — Chapter 6

Significant differences in leaf-epiphytic macroalgae NR activity (nmol NO; g
AFDW min™) between sampling dates (winter vs. summer), temperatures (ambient vs.
mean) and sites (1 to 6) were also assessed by means of a nested ANOVA. Site was
nested in the interaction between temperature and sampling date.

A two-way factorial ANOVA was used to determine if leaf-epiphytic
macroalgae NR activity (nmol NO;* g' AFDW min") was significantly different
between treatments (short-term 5 uM NOj;™ pulse vs. control) and temperatures (ambient
vs. mean) for each sampling date (winter and summer).

Significance level in all statistical analyses was 0.05. Homogeneity of variances
and normality of data were tested before performing ANOVA analyses using Cochran’s
C test and Kolmogorov—Smirnov test, respectively.

All analyses were performed using SIGMAPLOT 8.0 (SPSS Science 2002) and
STATISTICA 7.1 software (Statsoft Inc. 2005).

Results

P. oceanica leaf-epiphytic macroalgae assemblage structure

P. oceanica leaf-epiphytic macroalgae assemblage showed significant differences in
relative abundance (%) of the main algal groups between sampling dates. Winter
assemblage was mainly composed by an encrusting layer of Phaeophyta (basically, M.
magnusii) and Rhodophyta (Hydrolithon + Pneophyllum spp.). These two groups
constituted more than 80% of the total leaf-epiphytic macroalgae abundance in winter
samples. A small fraction (about 10% of total abundance) of filamentous Phaeophyta
(mainly, G. sphacelarioides and Cladosiphon spp.) was also recorded in winter samples.
Summer leaf-epiphytic macroalgae assemblage was basically composed of a mix of

encrusting Rhodophyta (Hydrolithon + Pneophyllum spp.) and filamentous Rhodophyta
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(generally, species belonging to Acrochaetiales and Ceramiales). These two groups
could reach up to 84% and 22%, respectively, of the total abundance in the summer
leaf-epiphytic macroalgae assemblage (Fig. 29a; Table 17). Leaf-epiphytic Chlorophyta
(basically, Cladophora spp. and Phaeophila dendroides) were less abundant than other
macroalgae groups in both sampling dates. Zooepiphytic groups (Bryozoa,
Foraminifera, Hydrozoa and Nematoda) were more frequent in summer than in winter,
although they represented a very low fraction compared tot epiphytic macroalgae on P.
oceanica leaves in the two sampling dates. The significant differences
in dominance patterns of the main groups of leaf-epiphytic macroalgae between

sampling dates were not mirrored in taxa richness differences (Table 17).
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Table 17. Results of nested ANOVA to evaluate if leaf-epiflora taxa richness and relative abundance (%)
of the main leaf-epiflora groups of P. oceanica were different between sampling dates (winter vs.
summer) and sites (1-6). Site was nested in sampling date (winter sites: 1-3, summer sites: 4-6).

Significant values in bold. *p < 0.05; ** p < 0.01; *** p <0.001. * Data were square root-transformed.

Source of variation df MS F p
Encrusting Sampling date 1 21.76 13.71 0.003 **
Rhodophyta®  Site (Sampling date) 4 3.24 2.04 0.152
(%) Error 12 1.59
Total 17
Encrusting Sampling date 1 85.01 39.23 <0.001 ***
Phaeophyta®  Site (Sampling date) 4 2.03 0.94 0.475
(%) Error 12 2.17
Total 17
Filamentous Sampling date 1 31.54 21.37 <0.001 ***
Rhodophyta®  Site (Sampling date) 4 4.61 3.12 0.056
(%) Error 12 1.47
Total 17
Filamentous Sampling date 1 19.09 8.80 0.012 *
Phaeophyta®  Site (Sampling date) 4 5.47 2.52 0.096
(%) Error 12 2.17
Total 17
Other algae * Sampling date 1 0.72 3.30 0.094
(%) Site (Sampling date) 4 0.06 0.30 0.872
Error 12 0.22
Total 17
Leaf-epiflora Sampling date 1 10.89 2.36 0.150
taxa richness  Site (Sampling date) 4 14.44 3.13 0.056
Error 12 4.61
Total 17

NR activity

Leaf-epiphytic macroalgae NR activity (nmol NO;” g AFDW min™") showed significant
differences (p = 0.01) between sampling dates. The winter assemblage exhibited higher
NR activity than the summer assemblage. Leaf-epiphytic macroalgae NR activity

measured at ambient temperature did not differ from that measured at mean annual
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seawater temperature at Sant Elm in both seasons. The comparison between sites

(nested in the interaction temperature and sampling date) showed no differences (Fig.

29b; Table 18).

Table 18. Results of nested ANOVA to evaluate if leaf-epiphytic macroalgae NR activity (nmol NO, g AFDW
min™') was different between sampling dates (winter vs. summer), temperatures (ambient vs. mean) and sites (1-
6). Ambient seawater temperature in St. Elm was 15 °C and 26 °C in winter and summer, respectively. Mean
annual seawater temperature in St. Elm was 17.5 °C. Site (random factor) was nested in the interaction between
temperature and sampling date (fixed factors) (winter sites: 1-3, summer sites: 4-6). Significant values in bold.
*p <0.05; ** p <0.01; *** p <0.001.

df NR activity NR activity NR activity
MS F p
Temperature 1 0.0710 0.5378 0.471
Sampling date 1 1.0316 7.8094 0.010 **
Site(Temperature x Sampling date) 9 0.0857 0.6485 0.745
Error 23 0.0011
Total 35

Relationship between NO; availability and leaf-epiphytic macroalgae NR activity

No significant differences were observed between NR activity of leaf-epiphytic

macroalgae exposed to short-term 5 uM NOj; pulse and ambient seawater (control)

either in winter or in summer. The interaction between treatment and temperature

(ambient seawater temperature vs. mean seawater temperature) was also not significant

(Fig. 30; Table 19).
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Table 19. Results of two-way factorial ANOVA to evaluate if leaf-epiphytic NR activity (nmol NO; g
AFDW min") was different between treatments (short-term 5 pM NO; pulse vs. control) and
temperatures (ambient vs. mean). Winter and summer analyses were individually performed. Ambient
seawater temperature in St. EIm was 15 °C and 26 °C in winter and summer, respectively. Mean annual
seawater temperature in St. Elm was 17.5 °C. Significant values in bold.

*p <0.05; ** p <0.01; *** p <0.001.

Source of variation df MS F p
Winter Treatment 1 0.006514 0.0433 0.840
Temperature | 0.198134 1.3166 0.284
Treatment x Temperature | 0.003161 0.0210 0.888
Error 8 0.150487
Total 11
Summer Treatment 1 0.28914 0.6799 0.433
Temperature 1 0.136228 0.3203 0.587
Treatment x Temperature 1 0.038831 0.0913 0.770
Error 8 0.425259
Total 11

Discussion

Leaf-epiphytic macroalgaec assemblage structure on P. oceanica varied
significantly between sampling dates. The relative abundance of the main leaf-epiphytic
macroalgae groups changed from dominance of an encrusting layer of Rhodophyta and
Phaeophyta in winter to a dominance of encrusting and filamentous Rhodophyta in the
summer assemblages. Similar seasonal changes have been previously described for the
leaf-epiphytic macroalgae assemblage of P. oceanica (Van der Ben 1971; Ballesteros
1987; Mazzella et al. 1989). However, in those studies leaf-epiphytic macroalgae taxa
richness increased from winter to summer, whereas taxa richness in our study remained
unaffected. P. oceanica leaf-epiphytic macroalgaec composition and taxa richness did
not vary significantly among the sampling sites separated by hundreds of meters,
suggesting similar growth conditions and availability of epiflora propagules. This is

consistent with other studies where variability of P. oceanica leaf-epiphytic macroalgae
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assemblage is lower at hundreds of m scale than at cm or km scale (Piazzi et al. 2004;
Piazzi et al. 2007).

The winter and summer leaf-epiphytic macroalgae communities also differed in
NR activity, with higher rates in the winter than in the summer assemblage. Pedersen
and Borum (1997) suggested that slow-growing (e.g. encrusting) algae should display
lower NOs™ uptake rates than fast-growing (e.g. filamentous) algae. However, Lepoint et
al. (2007) observed higher NO; uptake rates in encrusting Rhodophyta than in
encrusting and filamentous Phacophyta, while growth rates of filamentous Phaeophyta
were higher than those of encrusting Rhodophyta. NOs™ uptake, NR activity, and algal
growth are not always positively correlated (Thompson and Valiela 1999; Teichberg et
al. 2007). NOs™ uptake and NR activity depend on the internal NO;™ pools, Nitrogen
concentration in tissues, and the Nitrogen requirements established by growth rates
(Thompson and Valiela 1999; Lartigue and Sherman 2005; Young et al. 2007).
Phycobiliproteins are major pigments and nitrogen storage of Rhodophyta (Ryther et al.
1981; Lapointe and Duke 1984; Rico and Fernandez 1996; Smit et al. 1997) which
implies high Nitrogen requirements. Rhodophyta dominance of community
composition, as we found in summer, and the high NO; uptake rates of encrusting
Rhodophyta measured by Lepoint et al. (2007) in P. oceanica leaf epiphytes suggest,
that NR activity might be higher in summer than in winter. We found the opposite
though because NR activity was higher in the winter assemblage when Phacophyta
accounted up to 60% of the epiphytic macroalgae abundance, most of it as encrusting
forms. High NOj; availability promotes NR activity (Thompson and Valiela 1999;
Cedergreen and Madsen 2003; Lartigue and Sherman 2005; Teichberg et al. 2007)

which suggests that winter NR activity might reflect a higher availability of NO3™ during
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this season compared to summer. However we did not detect an increase of the NR
activity of the leaf-epiphytic macroalgae assemblage when exposed to short-term 5 uM
NOj;™ pulse neither in summer nor in winter which suggests that the differences in NR
activity between sampling dates might not be related to differences of NO;™ availability.
Short-term NO;™ pulses (equal to or less than two days) have been observed to
increase NR activity in different aquatic macrophytes (Cedergreen and Madsen 2003;
Chow and de Oliveira 2008). Nevertheless, the stimulating effect of NO3™ pulses on NR
activity was achieved in those studies at much higher NOs availability (about 500 uM)
than in our study. Short-term NO; pulses similar to those assayed here induced an
increased NR activity for 12 h immediately after 6 and 30 pM NOj; additions in
Enteromorpha sp. (Lartigue and Sherman 2005). Other studies have also found that NR
activity remained high when measured after an exposure period of 24 h - 48 h with 500
uM NO;™ (Touchette and Burkholder 2001; Cedergreen and Madsen 2003). All these
data suggest that the duration of the exposure to the NO; used in our study could be
adequate to detect induction of leaf-epiphytic macroalgae NR activity but at pulses of a
higher concentration than ours. It is important to notice that a moderate NOs" increase,
similar in magnitude to the pulse assayed here, has shown significant effects on P.
oceanica leaf-epiphytic macroalgae composition and biomass at least in summer
assemblages. However, these effects were observed when the community was exposed
to increased NOj™ availability during longer periods of time than assayed here (Balata et
al. 2008; Prado et al. 2008). All these evidences would indicate that a NO3™ pulse much
higher than assayed in our study might increase leaf-epiphytic macroalgae NR activity

but it would not be ecologically relevant.
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NR activity recovery assay with commercial NR enzyme showed that a
significant portion of activity was lost during extract preparation. In order to improve
NR stability in the epiphytic macroalgae extracts we added NiCl, (following the
procedure of Munzarova et al. (2006)) but no improvement of the recovery of enzyme
activity was obtained (data not shown), probably because vascular plants and algae
species may differ in the content of chemical compounds inhibiting NR activity.
Munzarova et al. (2006) is the only study that has evaluated the loss of NR activity
during extraction, showing that enzyme activity recovery from Glyceria maxima leaf
extracts was less than 20%. In that study, the addition of NiCl improved NR activity
recovery in G. maxima leaf extracts but no significant effect was observed in other
extracts from the same species. Previous estimations of NR activity in literature should
be considered with caution because the recovery of NR activity is almost never done
and we are aware that we might have underestimated leaf-epiphytic macroalgae NR
activity. Hence, comparison between our data and results obtained in other studies is
difficult because of two reasons: (1) information about loss of NR activity during
sample preparation is not available in most of the studies and (2) NR activity has mainly
been studied in individual species and not in assemblages with a high fraction of
minerals such as seagrass epiphytic communities.

The NR activity of leaf-epiphytic macroalgae of the tropical seagrass T.
testudinum varied between 4 and 12 nmol NO;™ g frozen weight min™ while those of
the temperate seagrass A. antarctica varied between 3 and 7 nmol NOs g frozen
weight min” (Young et al. 2005). These values are higher than the NR rates we
measured in the epiphytic algae on P. oceanica leaves but those studies does not

provide information about the mineral content of the epiphytic communities assayed or
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about its species composition, which makes it difficult to conclude anything about the
differences in the NR activity of epiphytic communities of those seagrass species and
that of P. oceanica..

Assuming that NR activity indicates the potential NOs; uptake rate, we
compared the P. oceanica leaf-epiflora NR activity measured in the present study with
P. oceanica epiflora NO; uptake rates measured by Lepoint et al. (2007). They
estimated that the annual mean NOs™ uptake rate was about 2 nmol NOj3 g'1 AFDW min
" in encrusting Rhodophyta and 0.6 nmol NO; g’ AFDW min™ in encrusting and
filamentous Phaeophyta. These NOs™ uptake rates are similar to the NR rates measured
here suggesting that the NR activity in the leaf-epiphytic macroalgae assemblage on P.
oceanica was high enough to account for a major part of the expected NO;™ uptake from
the water column.

In summary, the results obtained in the present study suggest an association
between NR activity and the composition leaf-epiphytic macroalgae assemblage on P.
oceanica. Although temperature and NOj availability have been previously reported as
major factors determining NR activity (Gao et al. 2000; Touchette and Burkholder
2001), they were not able to explain the detected differences in NR activity between
winter and summer leaf-epiphytic macroalgae assemblages. Moreover, both leaf-
epiphytic macroalgae composition and NR activity were similar among sites hundreds
of meters apart, emphasising the importance of species composition for enzymatic
activity. Hence, the seasonal succession of the P. oceanica leaf-epiphytic macroalgae
assemblage is likely to play a significant role in nitrogen dynamics in this ecosystem.
Further investigations are needed to evaluate how changes in leaf-epiphytic macroalgae

assemblage composition driven by eutrophication will affect NR activity.
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SECTION VI - General discussion

Detail of epiphyte diatom on P. oceanica leaf
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Studies about the structure of the macroeukaryotic epiphytic fracion of P. oceanica
leaves, a highly dynamic and diverse assemblage, have been traditionally performed
using classical microscopy methods. Most of those studies have focused in a specific
group of that assemblage (Van der Ben 1971; Antolic 1986; Ballesteros 1987; Hayward
1975; Boero 1981). Number of studies focusing on whole macroeukaryotic epiphytic
fraction is significantly lower (Casola et al. 1987; Mazzella et al. 1989). This fact is
probably related to limitations in the knowledge of taxonomy of such a wide spectrum
of epiphytic groups.

Alternative molecular techniques based on SSU genes have progressively
replaced classical techniques to study the structure and dynamics of microbial and
microeukaryotic communities since mid-80’s. They have solved some limitations of
classical culture techniques of microorganisms (Head et al. 1998; Fuhrman 2008),
discovering an unknown diversity in different environments (Giovannoni et al. 1990;
DeLong 1992; Bruemmer at al. 2004) and allowing obtaining diversity estimations
independently from the taxonomical expertise of the researcher. Based on those
advantages, we proposed to apply two commonly used molecular techniques, TGGE
and clone libraries, to study the structure of the macroeukaryotic epiphytic fraction of P.
oceanica leaves as an alternative to classical microscopy approach. Main conclusions
obtained could be summarized in:

1. TGGE and SSU clone libraries resulted to be excellent approaches to monitor
changes in the structure of the macroeukaryotic epiphytic fraction of P. oceanica

leaves when comparing different stages of the seasonal succession (Chapters 2,

4 and 5) and the mature stage in two different locations (Chapter 3).
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2. Results obtained applying the two molecular techniques were similar to those
from microscopy approach and were in accordance with that from previous
studies, although molecular techniques were generally able to detect higher
diversity than microscopy approach. Some reasons that could explain that fact,
in addition to the bias caused by taxonomical expertise of the researcher, were
the taxonomic impediment (the determination of some individuals (juvenile,
broken,...) was difficult under microscope) and molecular methods allowed the
detection of low abundant taxa in the assemblage (Valentini et al. 2008).

3. On the one hand, TGGE and SSU clone libraries were suitable to simultaneously
analyse large amounts of samples and, therefore, involving less time-consuming
than classical microscopy approach. The application of molecular approaches
was also independent from the knowledge of the taxonomy of groups composing
the epiphytic assemblage, contrasting to microscopy methods.

4. On the other hand, the application of molecular methods involved a higher
economic cost (mainly due to the use of reagents, including phenol, acrilamide,
AgNOs,...) than microscopy approach.

5. Comparing the two molecular techniques, TGGE resulted to be less time-
consuming than SSU clone libraries, but the later approach was more
appropriate than the former one to putatively identify epiphytic taxa explaining
variability in the structure of that assemblage. Contrasting to SSU clone
libraries, TGGE would be more recommended to rapidly assess the structure of
different stages of the assemblage. SSU clone libraries would be more

recommended to deeply assess the structure of different stages of the
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assemblage, allowing the identification of epiphytic taxa composing the

community.

The second main objective of this PhD thesis was studying the relationship
between diversity/composition of the epiphytic assemblage and ecosystem functioning
(Chapter 6). Traditional studies have been focused in the description of the structure and
the diversity of a wide spectrum of communities. However, recently, relationships
between diversity/composition of assemblages and ecosystem functioning in aquatic
and terrestrial environments have been found (McGrady-Steed et al. 1997; Stachowicz
et al. 1999; Aoki and Mizushima 2001; Cardinale et al. 2002; Downing and Leibold
2002; Lepoint et al. 2007). We focused our attention in studying the relationship
between the diversity/composition of the macroalgae epiphytic component of
P.oceanica leaves and nitrogen assimilation capacity from water column, which is a key
process in coastal ecosystems dominated by seagrasses (Romero et al. 2006). We
measured NR activity, which is responsible of the initial reduction of NO;™ to NO;y")
(Solomonson and Barber 1990; Romero et al. 2006), in two stages of the macroalgae
epiphytic component (winter vs. summer). We selected those two different stages
because they presented a different composition in macroalgae epiphytic component, as
we detected using both classical microscopy and molecular methods. Main conclusion
obtained could be summarized in:

1. Diversity/composition of the macroalgae epiphytic component was linked to
variability in NR activity of the assemblage, reinforcing the relationship between
diversity and ecosystem functioning found in other communities. The

composition of the assemblage suggested playing a relevant role in determining

160



SECTION VI — General Discussion

nitrogen assimilation capacity from water column in different stages of the

epiphytic assemblage.
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'clonal plants: a group of genetically identical plants that have grown in a given
location, all originating vegetatively (not sexually) from a single ancestor.

endemic: an organism exclusively native to a place or biota.

Sstenohaline: an organism that can not handle a wide fluctuation in salinity of water.

*nutrient retranslocation: nutrient removal from plant tissue into the perennial part of
the plant prior to senescence. The percentage of nutrients retranslocated is
generally greater on nutrient-poor sites reflecting the role of retranslocation as a
nutrient conservation mechanism.

*epiphyte: an organism growing on plants.

%hydrodynamics: the branch of science that deals with the dynamics of fluids,
especially incompressible fluids, in motion.

‘genes: the fundamental physical and functional units of heredity, which carries
information from one generation to the next. Segments of DNA, composed of a
transcribed region and regulatory sequences that make possible transcription.

*homologous genes: two or more genes that are derived from the same ancestral gene.

’genome: the total genetic content contained in a haploid set of chromosomes in
eukaryotes, in a single chromosome in bacteria, or in the DNA or RNA in
viruses.

Ppaleoecological: the study of fossil animals and plants in order to deduce their
ecology and the environmental conditions in which they lived.

Holigotrophic: lacking in plant nutrients and having a large amount of dissolved
oxygen throughout.

phage: an organism composed by an outer protein capsid enclosing genetic material.
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Bplasmid: a DNA molecule that is separate from, and can replicate independently of,
the chromosomal DNA. They are double-stranded and, in many cases, circular.
Plasmids usually occur naturally in bacteria, but are sometimes found in
eukaryotic organisms.

“host cells: living cells in which a virus reproduces. Host cells used for DNA libraries
are generally rapid growth.

Ptransition: DNA substitution mutations consisting in interchanges of two-ring purines
(Ae*G) or of one-ring pyrimidines (C4+T), which involve bases of similar
shape.

"transversion: DNA substitution mutations consisting in interchanges of purine for
pyrimidine bases, which involve exchange of one-ring and two-ring structures.

"melting Temperature (Ty): Temperature at which half of a DNA molecule will
dissociate and become single strand DNA. Depends on both the length of the
molecule and the specific nucleotide sequence composition of that molecule. It
is generally calculated from the following formula: Ty, =4 (G+C) + 2 (A+T).

®motifs: short, recurring patterns in DNA that are pressumed to have a biological
function. They often indicate sequence-specific binding sites for proteins such as
nucleases and transcription factors. Others are involved in important processes at
the RNA level, including ribosome binding, mRNA processing and transcription
termination.

Ppalindromes: nucleic acid sequences that are the same whether read 5’ to 3> on one
strand or 5’ to 3’ on the complementary strand. Primers that contain those
sequences should be avoided in PCR because they can form secondary

structures.

191



ANNEX I — Glossary

*%degeneracy: number of unique sequence combinations in a PCR primer sequence.
Degenerate primers may be used to amplify DNA in situations where only the
protein sequence of a gene is known, or where the aim is to isolate similar genes
from a variety of species.

*'polyprurines: a continuous sequence of purines. Purines are nitrogen-containing
bases consisting of a six-membered and a five-membered nitrogen-containing
ring, fused together.

*polypyrimidines: a continuous sequence of pyrimidines. Pyrimidines are nitrogen-
containing bases consisting of a six-membered nitrogen-containing ring.

ambiguities: positions in nucleic acid sequences that can be occupied for more than
one kind of nucleotide. For example, R symbolizes A or G, according to the
rules of the International Union of Pure and Applied Chemistry (IUPAC).

**homopolymers: a sequence of identical bases, such as AAAA or TTTT.
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