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ABSTRACT

Posidonia oceanica and Cymodocea nodosa are marine angiosperms widely distributed in the
Mediterranean Sea. As habitat builders, they have crucial importance for coastal ecosystems; however,

because of human activities and environmental changes populations are in regression.

My thesis focuses on the effect of temperature on the distribution and persistence of P. oceanica. |
approached the topic from two different perspectives. First, | looked at heat-induced oxidative stress
response of the species, in comparison with the other Mediterranean seagrass C. nodosa, assessing the
variations in gene expression of antioxidant genes. Second, | looked at the putative role of latitudinal and
bathymetric thermoclines in shaping distribution and genetic diversity patterns of the species. Among all
populations analyzed, two main clusters draw attention on Anatolian coastline: the Aegean
metapopulation and the Mediterranean one. Between these, Kas population appears to be a transition
area. While results suggest a panmixia in Aegean area we see a more structured population on the
Mediterranean Basin. The gene expression study results suggest in both experiment there is a difference
between two species and two ecotypes analyzed. P. oceanica shows more intense response to heat stress

comparing to C. nodosa.



CHAPTER 1: INTRODUCTION

1.1Seagrasses

Seagrasses are clonal marine angiosperms which are distributed all over the world. Seagrasses are present
worldwide with 60 species belonging to 4 families which are Posidoniaceae, Cymodoceae,
Hydrocharitaceae, and Zosteraceae. Among those families, Posidoniaceae harbor a single genus which is
only distributed in the Mediterranean Sea and along the coastline of Australia; Zosteraceae and
Cymodoceae have four and five genera respectively, while 3 marine genera are present in the
Hydrocharitaceae, that include also freshwater genera (Les, Cleland, & Waycott, 1997). Even though they
are represented by really few species comparing to their terrestrial relatives, the convergence of their
morphological characters to adapt to marine environment causes ambiguity of their taxonomy (Olsen et

al., 2016; Papenbrock, 2012; York et al., 2017)

Seagrasses are part of the Alismatales order of Monocots and secondarily colonized marine environments.
The adaptation to the marine environment took place at least in three independent events (Les et al.,
1997). The change of environment from terrestrial to submerged in the marine realm required
morphological and physiological adaptations. Seagrasses lack stomata and guard cells, and they do
internal gas transport (Kuo & Den Hartog, 2007). They have epidermal chloroplast because they require
more oxygen to support their nonphotosynthetic rhizomes and roots which are often growing in sediment

with high-level sulfide and they do hydrophilous pollination (Les et al., 1997; Olsen et al., 2016).

Seagrass meadows fulfill important ecological services, including high carbon storage and oxygen
production (Green & Short, 2003) not only by themselves but also by macro- and microepiphytes that
they host. They fulfil an important role for blue carbon reserve (Oreska, Mcglathery, & Porter, 2017); for

example, the Posidonia oceanica matte has a millennial stability potential (Arnaud-Haond, Duarte, Diaz-



Almela, Marba, et al., 2012). By producing a high level of oxygen, they improve the water quality (Green
& Short, 2003). Some of the species trap sediment and prevent coastal erosion by lifting the sea bottom
through an organogenic structure called matte, formed by remains of plant tissue, on which the meadow
overgrows. They also create banquettes, that are wedge-shaped leaf deposits from a few cm to meters
on the seashore (Mateo, Sanchez-Lizaso, & Romero, 2003). They are an important food source for larger
marine animals like sea turtles, manatees or several species of fishes, and they are an important nursery
area for many species. Intertidal seagrasses create a supralittoral habitat and host insects and crustacean

(Defeo et al., 2009).

Despite the importance and great value of seagrass ecosystems (Costanza et al., 1997), an accelerated
decline has been observed since 1940 (Waycott, Michelle, Duarte et al., 2009). Seagrass loss is directly or
indirectly caused by human activities, and by natural processes. Direct human activities are boat mooring
(Hastings, Hesp, & Kendrick, 1995), dredging (Erftemeijer & Lewis, 2006), anchoring, fishing and
aquaculture (Marba, Santiago, Diaz-Almela, Alvarez, & Duarte, 2006), coastal construction (Fyfe & Davis,
2007) and introduced exotic species (Williams, 2007). Indirect human activities are water quality
degradation through nutrient addition (Burkholder, Tomasko, & Touchette, 2007) and sediment run-off,
overfishing, and climate change (Waycott, Michelle, Duarte et al., 2009). Natural causes are extreme

events like flood, pathogen, hurricanes, sea level rise, and heat waves (Duarte, Marba, & Santos, 2004).

There are four seagrass species in the Mediterranean which are Posidonia oceanica, Cymodocea nodosa,
Zostera noltii and Zostera marina (Procaccini et al., 2003). Recently, another species, Halophila stipulacea,
entered the Mediterranean Sea through Suez Canal and is spreading in the basin (Den Hartog, 1972;
Gambi, Barbieri, & Bianchi, 2009; G. Procaccini, Acunto, Fama, & Maltagliati, 1999). P. oceanica and C.

nodosa are the most abundant seagrass species in the basin and they are the subject of this study.



1.2 The Mediterranean Sea

The Mediterranean Sea is the largest semi-closed sea, and is located between latitude 30° and 46° N and
longitudes 6° W and 36° E. There are eleven sub-basins in the Mediterranean, which are Alboran, North-
Western, South Western, Tyrrhenian Sea, lonian Sea, Adriatic Sea, Central, Aegean Sea, North-Levantine
and South-Levantine (Laubier, 2005) (Figure 1). It is connected to the Atlantic Ocean on the western side
through the Strait of Gibraltar and to the Red Sea on the South-East side through the man-made Suez

Canal. The Marmara Sea separates the Mediterranean from the Black Sea.
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Figure 1: Map of the Mediterranean Sea and its sub-basins

The Mediterranean sea is a hot spot of species diversity (Lejeusne, Chevaldonné, Pergent-Martini,
Boudouresque, & Pérez, 2010) and it continues to receive newly introduced species through Suez Canal
and ballast waters of ships (Williams, 2007). Besides species invasion, it is under the effect of climate
change which facilitates species introduction from a warmer climate (Raitsos et al., 2010). According to
Micheli et. al. (2013), the cumulative impact of 22 anthropogenic drivers (i.e. acidification, SST increase,
UV increase, fisheries) has the highest average in the Alboran and Levantine Basins in the context of
ecoregions. Among those 22 drivers, climate change (acidification, SST increase, UV increase), demersal

fisheries-high bycatch and shipping have the greatest average impact in the Mediterranean and the Black



Sea (F. Micheli et al., 2013). On Figure 2, climatic and land-based drivers effect are given. The Levantine
basin is under high impact by climatic drivers, higher in comparison to the western Mediterranean, while

land-based drivers have high impacts especially at North-Western, Adriatic, Central, Aegean and Levantine

basin.

Figure 2: Spatial distribution of cumulative impact of driver categories. Driver categories are: climate (i.e. the combined
cumulative impact of temperature and UV increase, and acidification; left) and land-based drivers (nutrient input, organic
pollution, urban runoff, risk of hypoxia and coastal population density; right) (figure modified from (F. Micheli et al., 2013)

doi:10.1371/journal.pone.0079889.g004)

On Figure 3, sea surface temperature (SST) time series shows an annual positive trend in all sub-basins of
the Mediterranean sea (Shaltout & Omstedt, 2014). Temperature increase can have an important impact
on species turnover, by increasing beta-diversity and decreasing the compositional stability of

communities (Hillebrand, Soininen, & Snoeijs, 2010).



-+ AAM -» Alboran - Algerian -+ Tyrrhenian s LPC lonian =s= Levantine — Aegean Adriatic == Black Sea

sea surface temperature [°C]

.,
3

q
GH1
O
TR3 H
R o
GRS o
L
GET o
(LG
GHY o
q
o]
2 o
HE
k]
s
U
Wi o
%95 |
999 -
o0
LU

2002

200

A 4

A5

XM

N7

Nes

A —

Ay o

EHREE
W12 A
201

Figure 3: SST time series for the various sub-basins based on daily AVHRR data (AAM= Active Atlantic Mediterranean sub-basin

to the west of the Strait of Gibraltar) (taken from Shaltout & Omstedt, 2014)

The Atlantic water is much warmer than the Alboran Sea water and it enters as surface water into the
Mediterranean Sea (Figure 4) (Millot & Taupier-Letage, 2005). While this water entrance creates two
clockwise circulations following each other on the eastern side of Alboran Sea, it continues to flow
eastward by creating the Algerian current. The current sometimes loses its stability and creates eddies
but a strong current comes from Egypt to Northern Levant and turns to west on Turkish coastline. In

general, there are two anticlockwise currents, one is in the Western basin and the other is in Eastern one.
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Figure 4: Circulation of Atlantic water in the Mediterranean Sea (taken from (Millot & Taupier-Letage, 2005))

1.2.1 Aegean vs. Levantine Basin
Aegean and Levantine basins are directly connected 2N —
however they are contrast at some aspects like
geography and bathymetry. While Aegean coastline is  4o°n
quite indented and there are approximately 3000
islands, Levantine basin constitutes less geographical
barriers. As shown in Figure 5 there is a temperature
gradient in the Aegean Sea and there is a circulation

36°N
which comes from south to north and two gyres in the

middle of the Aegean Sea. 22°E

Figure 5: Summer general circulation pattern of
Aegean Sea with average SST field of summer
1991 on the background (taken from Sayin,
Eronat, Uckag, & Besiktepe, 2011)



1.3 General Characteristics of P. oceanica and C. nodosa

The most abundant seagrass species in the Mediterranean basin are P. oceanica and C. nodosa. C. nodosa
is considered an opportunistic species, due to its relatively fast shoot turnover rate and time to reach
sexual maturity, physiological resistance, and response to disturbance (Cancemi, Buia, & Mazzella, 2002);
P. oceanica is a persistent species with slow shoot turnover (Marba & Duarte, 1998), long lifetime (Arnaud-
Haond, Duarte, Diaz-Almela, Marba, et al., 2012) longer life cycle, and slower recovery (Kilminster et al.,

2015).

P. oceanica is endemic to the Mediterranean Sea where it is distributed almost all over the coast
(Chefaoui, Assis, Duarte, & Serrdo, 2016) including the Marmara Sea (Meinesz et al., 2009). However, it
doesn't exist along most of the Egypt coastline (Por, 1978) and in the Black Sea (Gobert et al., 2006) and
it is absent between Mersin and its eastern side on the Turkish coasts (Celebi, Gucu, Ok, Serdar, & Akoglu,

2007) (Figure 6).

It is a slow growing plant, leaf longevity can reach 303 days and leaf length is up to 1.4 m being 75 cm in
average with 1 cm wideness (Pérez-Lloréns et al., 2014). Its horizontal rhizome elongation rate is 2 cm/y
and vertical rhizome elongation rate per year is 1 cm (Marba & Duarte, 1998). P. oceanica is a monoecious
plant with irregular sexual reproduction and has mainly a vegetative growth (Pérez-Lloréns et al., 2014).
P. oceanica does not form seed banks and seeds germinate in ten days (Pérez-Lloréns et al., 2014) after
dispersing on the sea surface according to the hydrodynamics of the area (Ruiz-Montoya, Lowe, Van Niel,

& Kendrick, 2012).



Figure 6: Current distribution of P. oceanica meadows, right (taken from (Telesca et al., 2015)); current distribution of C. nodosa;

green area shows the distribution, left (taken from Espino et al. (2008))

C. nodosa is present throughout the Mediterranean, Portugal and North-Western coast of Africa up to
Senegal, including Canary Islands (Chefaoui et al., 2016). It is a pioneer species and can be found up to 30-
40 m depth depending on water clarity on sandy or sandy-muddy bottoms. It has a tropical origin and is
tolerant to 10-30°C and to 26-44 salinity (Pérez-Lloréns et al., 2014). C. nodosa is a dioecious species,
flowering frequency depends on the locality (Terrados, 1993) and occurs in spring-summer on more than
one year older shoots. Its horizontal elongation rate is quite high with 40 cm per year (Marba & Duarte,

1998; Pérez-Lloréns et al., 2014).

1.4 Seagrass dispersal and genetic connectivity
Seagrasses are rhizomatous plants and create meadows which vary from small patches to a field of tens
of thousands ha and they can extend up to 50 m depth (Telesca et al., 2015; Unsworth & Cullen-Unsworth,

2017).

Seagrasses can disperse sexually through the passive transport of pollen and fruits by water current and
asexually with the dispersal of disassembled shoots. The experiment of Rasheed (2004), shows that in
some tropical species the main dispersal is through the vegetative way. The dispersal distance changes
species to species. The longest distance known for fruit dispersal belong to Enhalus acroides with 400 km

and it is 76 km for Posidonia australis (Kendrick et al., 2012). Fruit dispersal distance depends from fruit



persistence and duration but also from patterns (direction and speed) of marine currents. Dispersal
simulations based on sea currents can allow to infer are used to determine the potential connectivity
(Jahnke et al., 2017; Serra et al., 2010). Thus, realized and potential connectivity can be related, and
priority areas for genetic hotspots can be identified to be used for management purposes (Jahnke et al.,

2017).

1.4.1 Dispersal and genetic connectivity of P. oceanica

Genetic diversity of P. oceanica is a well-studied subject for Western Mediterranean and it continues to
improve with dispersal models (Arnaud-Haond et al., 2014; Arnaud-Haond, Marba, Diaz-Almela, Serrao,
& Duarte, 2009; Jahnke et al., 2017; Serra et al., 2010). After usage of microsatellites, detection of genetic
variability has increased (Alberto et al., 2003; G Procaccini, Orsini, Ruggiero, & Scardi, 2001; G Procaccini
& Waycott, 1998; Ruggiero, Turk, & Procaccini, 2002). Thus an East-West cleavage has been suggested for
P. oceanica and Siculo-Tunisian Strait is an important genetic boundary (Arnaud-Haond et al., 2007; C.

Micheli et al., 2005).

1.5 Heat Stress on Seagrasses

As mentioned above, one of the effects of climate change is elevated temperature. All over the world
heatwaves started to be observed more frequently, intense and longer (Perkins, Alexander, & Nairn,
2012). Seagrass meadows are also potentially impacted by high temperatures. According to Jorda, Marba,
& Duarte (2012), if we don’t do anything to stop warming and remove local impacts, meadow functionality

will be lost in 30 years due to a rapid decrease of shoot density.

1.5.1 Heat Stress Induced Oxidative stress
Heat stress affects plants in different aspects including protein unfolding, lipid peroxidation, changes in

membrane fluidity, cytoskeleton disassembly and enzymatic activities (Ruelland & Zachowski, 2010). We

10



observe the effect of these changes in molecular, metabolic, and cellular level. One of the organelle which

is affected by heat stress is chloroplast.

As aerobic organisms, plants continuously produce reactive oxygen species (ROS) as a result of different
metabolic pathways (Mittler et al., 2011). Under normal conditions ROS are scavenged by antioxidants
and reduced to less damaging forms by enzymes. Under stress conditions, which can be heat, chilling,
light, drought etc., scavenging mechanism cannot sufficiently transform the molecules and so oxidative
stress occurs. ROS gives damages to protein, DNA and membranes which drive the cell to homeostatic

unbalance and eventually to death (Sharma, Jha, Dubey, & Pessarakli, 2012).

The pioneers of oxidative stress defense are chaperons and ROS scavengers. After oxidative stress occurs,
signaling molecules step in and start to regulate gene expression of chaperons, ROS scavenging enzymes.
Hydrogen peroxidase (H,0z) is one of the signaling molecule as a ROS itself (Foyer, Lopez-Delgado, Dat, &

Scott, 1997; Neill, Desikan, Clarke, Hurst, & Hancock, 2002).

ROS are singlet oxygen (10,), hydrogen peroxide (H.0,), superoxide radical (057), hydroxyl radical (OH*).

They are scavenged by enzymatic and non-enzymatic molecules and reduced to less damaging molecules.

ROS are generated by mitochondria, NAD(P)H oxidases, peroxisomes and chloroplast (Selles, 2013).

A few of these studies report on the specific response to oxidative stress and on the activity of
antioxidants in seagrasses. The MnSOD gene has been shown to play and important role in the
response to heat stress tolerance in Zostera marina (Winters et al., 2011; Liu et al., 2016). Massa
et al., 2011 suggest that Glutathione-S-transferase (GST) participates to heat stress response in

Zostera noltii.
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Thesis aims

In this study, | aimed to characterize genetic diversity of P. oceanica’s Turkish coastline
population and to analyze the stress response of the seagrasses P. oceanica and C. nodosa in

controlled conditions to enhanced heat.

| collected samples from edges of the population distribution of Turkey and filled the between
considering geographical barriers of the area. By collecting samples from above and below
summer thermocline, | wanted to have the opportunity to characterize population by latitudinal

and by depth gradient.

| analyzed the changes in the expression of genes involved in different steps of the stress
response, with particular focus on antioxidants. We selected genes codifying for proteins
involved in the regeneration of glutathione or ascorbate, the ROS scavengers, heat-shock
proteins, an apoptosis-related gene, and other generic stress-responsive genes. Through this
approach, | also aimed to identify target genes that can be utilized as indicators of plant response

to heat stress.
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CHAPTER 2

Genetic characterization of P. oceanica populations along Turkish
coastline

2.1 Introduction

Posidonia oceanica is distributed all around the Mediterranean basin. Meadows cover about
1,225,000 ha, along 12,000 km of coastline (Telesca et al., 2015). Meadow distribution is affected
by the presence of suitable substrate and of freshwater inputs, that impede species survival in
proximity of river deltas. Human impact is having a profound effect on the distribution and

density of P. oceanica meadows.

P. oceanica meadows show different levels of genetic diversity all around their distribution.
Meadow’ genetic diversity result for the interplay of recruitment of new offspring and clonal
growth of existing genotypes. Almost uniclonal meadows have been observed in different
localities (Arnaud-Haond et al., 2007; Ruggiero et al., 2002) raising concern about their capability
to face abrupt environmental changes. A metadata analysis showed that meadows with low
genetic diversity are absent in localities with high human-driven cumulative impact, suggesting a
sensitivity of the species toward environmental alterations that overcome its resilience threshold
(Jahnke, Olsen, & Procaccini, 2015) and stressing the importance of genetic polymorphism in
facing adverse conditions. The species suffers in particular from enhanced turbidity, lowering
light availability, increased sea water temperature and direct removal (Boudouresque, Bernard,
Pergent, Shili, & Verlaque, 2009). Recent studies provided experimental evidence on the

mechanisms of response to high temperature and to changes in the light (Dattolo, Marin-Guirao,
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Ruiz, & Procaccini, 2017; Marin-Guirao, Entrambasaguas, Dattolo, Ruiz, & Procaccini, 2017;
Lazaro Marin-Guirao, Ruiz, Dattolo, Garcia-munoz, & Procaccini, 2016). Shallow and deep
portions of the same meadow (i.e. about 5 and 20 m depth) seem to be adapted to their local
conditions, and modulate their metabolism accordingly (Gabriele Procaccini et al., 2017), with

low plasticity to perform in reciprocal conditions (Dattolo et al., 2017).

Adding to that, meadows show a clear genetic structure across the basin, with the presence of
clearly identified population groups, connected by low levels of gene flow. Two main population
groups are present, the western Mediterranean populations and the Eastern Mediterranean
population, connected by a transition zone represented by the Sicily channel (Arnaud-Haond et
al., 2007; Serra et al., 2010). Grouping results by the evolutionary history of the species in the
basin but also by limited present-day gene flow, constrained by direction of current dispersal and

life time of the main dispersal vehicles (i.e. floating fruits).

Little is known about the genetic diversity and structure of P. oceanica and the factors limiting its
distribution areal at the easternmost boundary of its distribution. The only existing study on
Turkish populations points to the isolation of Marmara Sea meadows in respect to Aegean
Turkish ones, probably related to the geomorphological history of the enclosed basin and the
relatively recent changes in water flows direction through the Dardanelles Strait (Meinesz et al.,
2009). No data exist to now on the genetic diversity of P. oceanica populations distributed along

the Southern coasts of Turkey.

The Mediterranean Sea is going through profound changes in biodiversity, due to the

introduction of alien species facilitated by the enhanced ship traffic, opening of new ways of
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introduction (best example is the Suez Channel), and increased sea water temperature (Carlo
Nike Bianchi, 2007). Distribution of the winter isotherms seem to be one of the main factors
driving the distribution of biodiversity and the spreading of new introduced species (Carlo Nike
Bianchi, 2007). Almost all Turkish coasts are included in two temperature zones, whose
boundaries are defined by the 15°C and the 16°Cisotherms. Most of the Aegean coast has winter
temperatures comprised between 15°Cand 16°C, while the southern coast is comprised between
16°C and 17°C. The 17°C isotherm seems to track quite nicely the easternmost boundary of the

species which is known to be the Turgutlar cove in Mersin (Celebi, 2007).

The goal of this study is to assess the genetic diversity and structure of P. oceanica along the
Turkey coasts. Where possible, populations have been sampled at different depth in order to
assess genetic structure along a bathymetric gradient. Resulting patterns of genetic structure
have been related with isotherm distribution and with passive current dispersal, in order to
disentangle neutral gene flow from adaptive response to temperature, one of the main drivers

affecting P. oceanica distribution and persistence in the Mediterranean basin.

2.2 Materials and Method

Samples were collected from 10 distinct localities in the regions as indicated in Figure 7 and Table
1, between May 29 and June 14, 2015. Populations along the Southern coasts of Turkey (from
Kas to Tu) are from now-on defined as “Mediterranean”, while populations along the Western
coasts of Turkey (from Go to Bod) are defined as “Aegean”. During sampling, three leaves were
cut from the same shoot. Samples were collected at least five meters apart, to minimize sampling
from the same rhizome, following a zigzag route. After diving, samples were cleaned from the

epiphytes with a scalpel, without damaging the leaf tissue, in the first suitable place during the

15



day, wrapped in individual gauze cloths, numbered, and dried by silica gel. In the following days,
according to the color-indicating silica gel condition, if necessary silica gel was changed and the
samples were kept dry. Although the dive sites were primarily determined by the literature, they
have been selected also according to the information and logistical facilities available to the dive
centers that have been operating in the area for years. Both shallow and deep-water samples

could be collected in 6 localities, while three of the remaining 4 stations could be sampled only

Figure 7: Map of sampling stations. Elipses shows the areas used for different groupings for variance analysis.
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at one depth (Figure 7). Two of the three sheets collected from each individual were delivered to

4

METU-DBE, Turkey, while one sheet was transferred to the Stazione Zoologica Anton Dohrn in

Napoli (Italy) for microsatellite analysis.

2.2.1 DNA extraction and microsatellite analysis
Leaf samples weighting approximately 60 mg were powdered individually in Tissuelyser and
genomic DNA isolation was carried out using the Macherey-Nagel NucleoSpin 96 Plant Il kit,
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following a protocol optimized for a Biomek FX robotic station (see Tomasello et al., 2009). After
isolation, DNA was visualized by gel electrophoresis, and isolation was repeated if unsuccessful.
Of the 639 samples extracted, 480 samples (30 samples from each population or depth) were

selected for subsequent analyses.

All samples were genotyped with 20 selected microsatellite regions (Alberto et al., 2003; Arranz
etal., 2013; G Procaccini & Waycott, 1998), assembled in two separate multiplexes and amplified
by PCR using QIAGEN Multiplex PCR Kit. Selected microsatellite regions and multiplex assembly
are reported in Table 2. Genotyping was performed using a ABI Prism 3730 automated DNA
sequencer (Applied Biosystems) using the following conditions: 95 °C for 15 min, 35 cycles of 94
°Cfor30”,60°Cfor90” and 72 °Cfor 60", followed by 30" at 60 °C. Peak identification and scoring
was performed using the Applied Biosystem Peak Scanner Software 2. Only samples showing
<10% missing data were included in the analysis, samples with more missing data were removed
from the dataset. One of the marker (Poc-trn) is chloroplastic, because of that it is removed from
further analysis. Another marker Pooc-PCO03HQ9 presented at least three similar peaks in more than

half of the samples. Because of the genetic mosaicism showed it was also removed from further analysis.

2.2.2 Statistical Analysis

The presence of identical genotypes (MLGs) was assessed by the software RClone (Bailleul,
Stoeckel, Arnaud-Haond, & Poisot, 2016), and all the following analysis were performed on MLGs,
retaining only one of the identical samples of the same genotype. For each population, genotypic
diversity was assessed as the R ratio: R = G-1/N-1, where G is the number of genotypes and N is

the number of samples.
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In order to identify putative outlier loci, a neutrality test was performed using two different
approaches, implemented in the software Lositan (Antao, Lopes, Lopes, Beja-Pereira, & Luikart,
2008) and Bayescan (Foll & Gaggiotti, 2008) . Lositan was used with a confidence interval of 0.95
with 50000 simulations, Neutral mean Fst, and Forced mean Fst options. The Bayescan program

was used with default settings.

Genetic diversity indices, genetic distance calculations, PCoA, Mantel’s test and AMOVA were
performed with the software Genalex 6 (Peakall & Smouse, 2006). Values of number of alleles
per locus (Na), effective number of alleles per locus (Ne), observed (Ho) and expected
heterozygosity (He), fixation index (F) and percent of polymorphic loci per locus are reported in
Table 1. The inbreeding coefficient per population was calculated with the FSTAT software
(Goudet, 1995). Assignment test was carried out with the GeneClass2 software (Piry et al., 2004)
by using Bayesian method (Rannala & Mountain, 1997). For that we used Paetkau, Slade, Burden,
& Estoup, (2004) simulation algorithm for probability computation with 1000000 simulation
steps and a type 1 error of 0.05. Bayesian cluster analysis was performed with the STRUCTURE
software using the three sets of neutral, putative outlier, and all markers together. In all analyses,
the options admixture model, run length 100000, 100000 MCMC iterations and related allele
frequency, were selected. In order to identify the most suitable grouping, 15 iterations were
performed for each grouping level. The STRUCTURE output was processed according to the
Evanno method (Evanno, Regnaut, & Goudet, 2005) by the Structure Harvester (Earl & vonHoldt,
2012) program and the correct number of clusters was determined. For visualization of results,
STRUCTURE output was used in CLUMPAK software (Kopelman, Mayzel, Jakobsson, Rosenberg,

& Mayrose, 2015). The program EDENetwork (Kivela, Arnaud-Haond, & Saramaki, 2015) was used
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to measure and visualize genetic distance. In the analysis setup, allele sharing was selected as for

distance index.

2.2.3 Dispersal analysis

In order to conduct Lagrangian analyses and infer the physical connectivity along the coasts of
Turkey, we released and tracked a set of point-like particles being passively advected by currents.
Particles are released on the surface along the coast around each sampling sites in a disk-like area
with a radius of Rsite = 4 km. Starting in May and during 90 days, a batch of 25600 particle couples
was released from every sampling site and their position was recorded after 28 days, which has

been considered the maximum time of fruits floating persistence (see Serra et al., 2010).

From the particles trajectories computed with ROMS, we inferred the fine-grained Lagrangian
PDFs which give the probability density function of a particle leaving its initial location and
reaching a given location of interest (here any point in the Tyrrhenian Sea), after a given
advection time scale. Then, we inferred from the Lagrangian PDFs the physical connectivity
matrix which gives the probability that a particle leaving a given sampling site reaches another
sampling site. The combined analysis of Lagrangian PDFs and connectivity matrix allows for a

complete drawing of the seascape and its related transport dynamic.

2.3 Results

A total of 424 samples, that were under the threshold of missing data, were utilized in the
analysis. After genotyping assessment, 365 MLGs were identified. Number of MLGs ranged from
19 in TU-S to 28 in KAL-D, with respective R values of 0.7 and 1 (Table 1). The population with the

highest number of alleles per locus (Na) was KAL-D, with a value of 3.1, followed by FO-S, where
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the highest percent of polymorphic loci was recorded. At the other extreme, there was TEK-S,

with Na = 1.9. The population with the lowest expected heterozygosity was CE-S (0.25), while the

highest value was recorded in BOD-D (0.36).

Table 1: Genetic diversity indices. Populations are grouped in the two big areas of Aegean Sea and Mediterranean Sea. For each
population, the following indices are shown: Depth, the number of samples, with missing values of microsatellite alleles < 10%

(N), the number of genotypes (G), the genotypic diversity (R= G-1/N-1), the number of alleles (Na), the effective number of
alleles (Ne), the observed (Ho) and expected (He) heterozygosity, the Fixation index (F), the Fis and the percentage of

polymorphic loci.
Sea Populations

GO-S

GO-D

FO-S

FO-D

CE-S

Aegean Sea

CE-D

KUS-S

BOD-S

BOD-D

KAS-D

KEM-S

KAL-S

Mediterranean Sea

Ho and Fis showed regional differences.

Depth
5m
25m
59m
25-27 m
5-7m

25-27 m

7-9m
25 m
22m

7-12m

N

30

23

24

25

26

26

28

28

22

24

27

29

29

29

27

27

G

22

22

23

19

24

23

25

20

19

24

24

27

28

24

22

19

0.7

1.0

1.0

0.8

0.9

0.9

0.9

0.7

0.9

1.0

0.9

0.9

1.0

0.8

0.8

0.7

Na

2.4

2.4

2.7

2.2

24

2.4

2.6

2.6

2.6

2.8

2.2

2.9

3.1

1.9

2.1

2.0

Ne

1.5

1.7

1.7

1.6

1.6

1.7

1.8

1.8

1.9

1.9

1.7

1.9

1.7

1.6

1.7

1.5

Ho

0.24

0.28

0.29

0.31

0.29

0.29

0.33

0.33

0.32

0.39

0.32

0.30

0.31

0.33

0.41

0.28

He

0.26

0.29

0.32

0.27

0.25

0.31

0.33

0.32

0.36

0.34

0.29

0.32

0.32

0.29

0.33

0.28

0.15

0.00

0.33

0.06

-0.07

0.20

0.10

0.10

0.26

0.01

0.04

0.13

0.02

-0.07

-0.02

0.13

Fis

0.26

0.23

0.28

0.08

0.10

0.27

0.24

0.24

0.21

0.09

0.03

0.17

0.20

-0.07

-0.22

-0.07

% of Polymorphic Loci
77.78%
61.11%
88.89%
66.67%
61.11%
72.22%
66.67%
77.78%
77.78%
72.22%
72.22%
77.78%
83.33%
72.22%
83.33%

66.67%

While Aegean populations has higher Fis with less

variation, Mediterranean has opposite features (p<0.01). Observed heterozygosity is higher in

the Mediterranean populations and variation is higher than Aegean ones (p<0.05) (Figure 2).
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Figure 8: Regional differences of Fis and Ho

The outlier analysis performed with Lositan identified Poc-5 and Pooc-229 as loci under positive
selection (Figure 3), while Pooc-PC047G07, Po-5-39 and Pooc-330 were in balancing selection.

Bayescan gave the same result except for Pooc-330 that was not identified as a putative outlier.
Fst/He

0.10

.P 0-5-30

003
.P o0e-330

0o 507
L ]

-0.05

-0.10
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

He

‘ & Markers Candidate balancing selection Candidate neutral — Candidate positive selection

Figure 9: Results from the outlier analysis performed in LOSITAN

A total of 245 genotypes (67%) were correctly assigned to the populations in which they were
sampled. The population with the lowest number of correctly assigned individuals is GO-S (27%)
and the percent of correct assignment increases going from Northern to Southern populations

along the Aegean coasts. The best correctly assigned population is KAS-D (88%). Among
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Mediterranean populations, all but KAL-D show values above 70%. We can almost see a boundary

between area 1 and 3-4 (Figure 7) in terms of percentage of receiving migrants (see 1).

Considering together shallow and deep portions of the same locality, Figure 4 shows that KAS has

the highest retention level and GO has the lowest one. KAL is an important source for genotypes

dispersal by giving genotypes to five different and far distance locations. GO receives genotypes

from five different sources. The highest genotypes dispersal traffic is among Aegean populations,

while the two populations TEK and TU are the only ones that do not give any genotype to other

populations.
Among Region All
Sea
Depth
Within Populations All
Sea 57%
Depth 63%
Among Populations All
Sea 19%
Depth 37%

No-outlier
11%

No-outlier

No-outlier
21%

29%

68%
34%

only-outlier

only-outlier

only-outlier

Table 2: Results of AMOVAs performed with two groupings; Sea includes Aegean and Mediterranean, and Depth includes

shallow and deep habitats. Values shows percentage of explained variance.
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Figure 10: Migration plot. The plot shows the percentage of immigrants that are given to- or received from- any population
considered in the analysis.

We tested isolation by distance (IBD) via Mantel test by utilizing different sets of data, according
to the grouping of Figure 7. Results showed that there is a significant IBD when we utilize all
samples (r= 0.470, p=0.01). When we utilize only Aegean samples we obtained lower correlation
(r=0.171, p=0.01), while Mediterranean samples have a similar correlation to all samples’ result

(r=0.424, p=0.01).

The AMOVA was also performed with different sets of loci and with different grouping, in order
to identify the highest variance in the set of data (Error! Reference source not found.). The
highest variance value was observed in the analysis separating Aegean and Mediterranean
populations, using only outlier loci (variance =51%). The same value dropped down to 11%, using
only neutral loci. Variance within regions, instead, was higher for neutral loci (68%) compared to

outliers (39%).

The Bayesian grouping performed with STRUCTURE indicates that the most significant K value is

2, with both all markers and only outlier loci. Using all loci, KAS appears as a transition zone
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between the clearly identified Aegean and Mediterranean groups (

K=2 a
=3 b
2] @ o
«op qdo § g &
=2 C
e ¢ g 9 e
€ $ s & 8
=3 d
o P o
& & $ & & a).

Although less significant, the analysis obtained with K = 3 shows that both KAS and KEM represent
a transition between the two main population groups (Figure 5b). In the analysis performed with

only neutral loci, instead, the KAS, KEM, and KAL (S and D) populations present a mixed
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composition, with almost all individuals shared between the two groups (Figure 5c). Also, in this

analysis, KAS and KEM separate from the rest when K=3 was considered (Figure 5d).

K=2

=3 d

@ 2 2
g & $ é é

& &

Figure 11: STRUCTURE analysis results in neutral loci and all loci used, respectively. Figures a and b: all loci; figures c and d:
outlier loci.

A similar pattern was obtained by the PCoA analysis performed on different sets of data. The

analysis conducted using all loci identified a pattern similar to STRUCTURE, with KAS located as a
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middle point along the first axis (61%) between the Aegean and Mediterranean groups. In most
of the cases, shallow and deep populations of the same locality fall close to each-other in the
PCoA space. The shallow population of TEK represents one of the exceptions, being located on

the far negative side of the first axis. (Figure 6).

Principal Coordinates (PCoA)_All

* TEK-S
® CES
¢ CED ¢ FOD
# BOD-D
. ® FO-S
R @ TEK-D
- ¢ TU-S ¢ KALD
~ * KALS # BOB-sKU®S Go-s
s
] ¢ GO-D
o
(&)
# KAS-D
® KEM-S

Coord.1 61%

Figure 12: PCoA plot showing that populations are mainly distributed along the first axis, explaining the 61% of the total variance
The separation between Aegean and Mediterranean populations appears evident also from the
EDENetwork analysis shown in Figure 7. The Aegean group appears more homogeneous, with
individuals from the peripheral southern populations of Bodrum distributed at boundaries of the
main group. Mediterranean populations are more scattered. Most of the connections between

Aegean and Mediterranean samples occur through the individuals of the shallow populations of

KAL and BOD.
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Figure 13: EDENetwork genetic distance analysis result

2.1. Lagrangian dispersal simulation

The dispersal simulation analysis was performed on sea current data from the years 2010-2013.
The panels in Figure 8, collect all the simulations where the particles were released from the
distinct sampling stations along 90 days, and trajectory was calculated for 10 and 28 days of
passive dispersal. The main patterns of current circulation agree in identifying two main areas of
dispersal, which correspond to the Aegean and the Mediterranean coasts. CES, TU, KAL, TEK, KEM
and FO are the populations with the highest source strength. KUS has the highest retention
strength and after it FO and GO have the highest. Particle released from the Aegean populations
never reach Southern localities remaining trapped with the system of islands surrounding the
Aegean Turkish coast. Particles originated from GO are drifted by current only to Northern part.

FO and CES originated particles trapped in the island system and due to their distance, the
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dispersal areas overlap. Unfortunately, dispersal simulations from Bodrum were made
impossible due to the coastal morphology and the model resolution. Particle released from the
Mediterranean populations move toward the west, but never reaching the Aegean populations
in the due time. TU and TEK sourced particles drifted to both west and east side and they have a
possibility to reach Cyprus coasts. On the other hand, KAL originated particles drifted to Antalya
Bay, which connects KEM population to KAL. It must be said that particles released in the last
days of the releasing period are less probable to represent a real fruits migration, since fruits

release is easier to happen during the first two months (i.e. March and April).
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FO FO
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CE CE
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Figure 14: Connectivity between populations, 10 days (left), and 28 days (right) simulation results
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2.4 DISCUSSION

In this study, we combined genetic and physical connectivity approaches to investigate the
genetic structure of Anatolian P. oceanica populations and their possible connectivity through
surface currents. Microsatellite analysis identified two main genetic clusters, corresponding to
the Aegean populations collected along the Western Turkey coasts and the herein called
Mediterranean populations, collected along the southern Turkey coasts. Mediterranean
populations appear more heterogeneous, while Aegean populations are more homogeneous and
are connected by higher levels of gene flow, which is indicative of panmixia which has been

observed also for other species (Giantsis, Mucci, Randi, Abatzopoulos, & Apostolidis, 2014).

The indented Aegean coastline reflects in a complex surface circulation system (Olson,
Kourafalou, Johns, Samuels, & Veneziani, 2007) while the Mediterranean coast of Anatolia is
mostly under the effect of a dominant westward current (C. N. Bianchi et al., 2012). The complex
coastal profile and the presence of small islands along the coasts act as a barrier to long distance
dispersal, isolating the Aegean populations form the Southern coast of Turkey and resulting in

the lack of a directional gene flow and IBD.

The separation of the two population groups is confirmed both by the genetic connectivity data
(realized connectivity, sensu Jahnke et al., 2016) and by the current dispersal modelling (potential
connectivity). Nevertheless, realized and potential connectivity do not always correspond.
Potential connectivity data indicate the Aegean locality of KUS as the one with the highest
retention strength after 10 days of simulated dispersal, although according to the realized

connectivity assessment, the Eastermost populations of TEK and TU are the ones with the highest
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retention level. The model obtained after 28 days of dispersal indicates that propagules from KUS
can reach the nearby populations of CE and FO, suggesting a correspondence between potential
and realized connectivity for longer dispersal times. The considerable maritime traffic, mainly
due to touristic activities, among Aegean localities can also mask natural dispersal patterns and
act as a vehicle for moving around vegetative propagules. This could be at the basis of the high
realized connectivity (higher genetic homogeneity) among Aegean populations, in comparison to

Mediterranean ones.
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2.5 Appendix

not assigned to

G its own pop | any pop | total %

GO-S 22 13 3 16 27
GO-D 22 14 1 15 32
FO-S 23 10 4 14 39

c | Fo-D 19 8 1 9 53
go CE-S 24 11 1 12 50
< | CED 23 9 2 11 52
KUS-S 25 7 3 10 60
BOD-S 20 2 2 4 80
BOD-D 19 2 1 3 84
KAS-D 24 0 3 3 88

c [ KEM-S 24 2 2 4 83
% KAL-S 27 5 2 7 74
S| KAL-D 28 9 3 12 57
5 | TEKs 24 4 1 5 79
= | TEK-D 22 1 2 3 86
TU-S 19 1 3 4 79

Appendix 1: GeneClass2 assignment results

GO-S GO-D FO-S

0.000
0.046
0.036
0.051
0.052
0.070
0.033
0.056
0.073
0.134
0.134
0.124
0.128
0.254
0.153
0.168

0.000
0.053
0.068
0.083
0.087
0.041
0.038
0.084
0.083
0.114
0.104
0.119
0.225
0.122
0.164

0.000
0.028
0.037
0.032
0.025
0.046
0.055
0.106
0.147
0.101
0.103
0.210
0.121
0.143

FO-D CE-S

0.000
0.042
0.038
0.049
0.056
0.062
0.129
0.196
0.124
0.137
0.251
0.154
0.181

0.000
0.062 0.000

0.064 0.058 0.000

0.073 0.078 0.036 0.000
0.062 0.074 0.057 0.045
0.153 0.113 0.099 0.084
0.187 0.165 0.127 0.119
0.140 0.111 0.104 0.080
0.150 0.116 0.118 0.092
0.239 0.206 0.226 0.207
0.138 0.129 0.124 0.117
0.176 0.155 0.165 0.158

Appendix 2: Pairwise Fst results of all loci used data set

0.000
0.110
0.155
0.098
0.112
0.196
0.105
0.169

0.000
0.087
0.096
0.117
0.196
0.091
0.147

0.000
0.084
0.095
0.188
0.106
0.101

0.000
0.025
0.114
0.074
0.089

0.000
0.105
0.073
0.067

CE-D KUS-S BOD-S BOD-D KAS-D KEM-S KAL-S KAL-D TEK-S TEK-D TU-S

GO-S
GO-D
FO-S
FO-D
CE-S
CE-D
KUS-S
BOD-S
BOD-D
KAS-D
KEM-S
KAL-S
KAL-D
0.000 TEK-S
0.066 0.000 TEK-D
0.109 0.075 0.000 TU-S
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CHAPTER 3

Assessment of oxidative stress response to heat stress of P. oceanica
and C. nodosa

3.1 Material & Methodology
3.1.1 Study area, sample collection and experimental design

Samples were collected along Spanish Mediterranean coast from two distant regions (ca. 700
km) and with contrasting thermal regimens were selected in this study. In these regions, dense
and healthy shallow P. oceanica (5-7 m) and C. nodosa (1-2 m) meadows were chosen to sample
plants from contrasting thermal environments (Fig. 1). P. oceanica plants were collected in
extensive meadows in Cala Montgo (Catalonia: 42°6.38' N, 3°10.27’ E) and in Isla Grosa (Murcia:
37° 43.7 N, 0° 42.75 W) for cold-adapted (C-plants) and warm-adapted (W-plants) plants
respectively (Beca-Carretero et al., in press). Mean summer temperature (+SD), from July to
September (i.e. the period in which the experiment was conducted), naturally experienced by P.
oceanica C-plants and W-plants is 22.78 + 0.89°C and 25.17 + 0.88°C respectively, according to
the temperature time series available from the network of oceanographic buoys of the Spanish

Ministry of Development (http://www.puertos.es/es-es/oceanografia/Paginas/portus.aspx).

C. nodosa plants were collected also in Isla Grosa and in a locality at the Ebro Delta (Catalonia:
40° 35.23’' N, 0° 37.38' E). Summer water temperatures are higher in the Delta due to the shallow
and semi-enclosed geomorphological nature of the system, where they can rise levels above
30°C, and consequently, plants from the Delta are considered W-plants (warm-adapted) while
those from Isla Grosa are considered C-plants, as evidenced in Beca-Carretero et al. (In press).
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Plant collection was conducted from May 28 to June 3, 2015. Large fragments of rooted P.
oceanica and C. nodosa rhizomes bearing apical growth meristems and a large number of
connected shoots were carefully collected by scuba divers to maintain clonal plant integrity.
Plants were transported in large coolers under controlled conditions (i.e. temperature and
oxygen concentration) to be transplanted in the mesocosms systems of the Oceanographic
Centre of Murcia within 36 hours after uprooting. The experimental system for P. oceanica is
composed of twelve 500-liter tanks described in detail in Marin-Guirao et al (Lazaro Marin-
Guirao, Sandoval-Gil, Bernardeau-Esteller, Ruiz, & Sanchez-Lizaso, 2013), and that for C. nodosa

has similar characteristics but is composed of lower volume tanks (100-liter).

P. oceanica plant fragments of similar size and a similar average number of interconnected
vertical shoots (i.e. 42 18) were individually transplanted in plastic pots filled with coarse
carbonate sediments. Four randomly selected pots (transplantation units, TUs) were allocated
inside each experimental tank. C. nodosa apical plant fragments with no less than 10
interconnected vertical shoots were selected and fixed with plastic clamps to plastic grids (3-4
fragments per grid, 41 + 10 shoots grid-1). Four randomly selected grids (i.e. TUs) were allocated
in each experimental tank and superficially buried in sediments from the collection site.
Sediments employed in the experiment were thoroughly washed and sun-dried before
transplantation to remove organic matter and reduce the potential increase in phytotoxic gases
promoted by high temperatures (e.g. H,S; Knoblauch and Jorgensen, 1999). The sediment redox
potential measured in TUs at the end of the heatwave showed positive and similar levels in
control and heated treatments (i.e. from 130 to 156 mV in P. oceanica TUs and from 110 to 163

mV in C. nodosa TUs) evidencing the absence of enhanced anoxic conditions due to warming.
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After transplantation, experimental plants were allowed to acclimate under constant salinity
(37.5 psu) and a light regime of 300 + 10 and 340 + mmol photons m-2 s-1, for P. oceancia and C.
nodosa respectively, and a 14/10 h light/dark photoperiod. During plant acclimation, water
temperature in experimental tanks was progressively increased (0.2 ° C day-1) from the
temperature levels recorded at the time of sampling up to mean summer temperatures: P.
oceanica C-plants from 19.5 °Cto 23° C, P. oceanica W-plants from 23 °C to 25 °C, and C. nodosa
C-plants and W-plants from 23 °C and 24 °C, respectively, to 25 °C. After an acclimation period of
three weeks, temperature in half of the tanks containing plants of each species and thermal
environments was progressively increased of 4 °C (rate of 0.5 °C day-1) to simulate a heatwave.
The exposure lasted six weeks after which temperature was returned to control levels to allow

plants to recover for another six weeks.

Leaf tissues were sampled in two-time points during the heat exposure to follow the molecular
mechanisms involved in warming-induced flowering: two weeks after the beginning of
temperature increase (T1) and four weeks later (T2), at the end of the heat exposure. A 7 cm leaf
segment from the middle part of the youngest fully developed leaf were collected (14:00 h) from
one randomly selected shoot per pot and immediately cleaned from epiphytes and stored in RNA
later. Leaf pieces of similar biomass (25 mg W.W.) of the four pots of each tank were pooled (n=3

per treatment).

3.1.2 RNA extraction and cDNA synthesis
RNA was obtained from RNA later® fixed samples using the BIORAD Aurum™ Total RNA mini kit.

Total RNA was analyzed at Nanodrop for quality and quantity, and tested with gel electrophoresis
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to confirm purity from DNA contamination. Retrotranscription has been done with BIORAD

iScript™ cDNA synthesis kit according to the manufacturer.

3.1.3 Target gene selection and primer design
Target genes were selected considering the most affected cell compartments, key stress enzymes

and proteins (Table 1). More in detail, Glutathione reductase (GLURED), Monodehydroascorbate
reductase (MDHAR), Glutathione synthetase (GLUSYN), Glutathione-S-transferase (GST) and two
isoforms of Ascorbate peroxidase (APX3 and cytosolic APX) are ascorbate-glutathione cycle
enzymes involved in hydrogen peroxide (H,0;) detoxification. Glutathione peroxidase (GPX) is an
important enzyme that also contributes to H,O, removal in plants (Rouhier et al., 2008).
Superoxide dismutase (SOD), Catalase (CAT) and Peroxiredoxin Q (PrxQ) are ROS scavengers. The
former directly converts the superoxide radical (O;7) into O, and H,0; and the latter two catalyze
the decomposition of H,0, into water and oxygen. Two isoforms of SOD, Fe-SOD (FSD) and Mn-
SOD (MSD), located at chloroplast and mitochondria, respectively were selected. Alternative
oxidase (AOX) is a respiratory protein of the mitochondrial electron transport chain that increases
its activity under stress conditions to protect cells from oxidative damage by reducing respiratory
ROS formation (Vanlerberghe, 2013). Lipoxygenase (LPX) is an indicator of lipid peroxidation and
its activity responds to oxidative damage in plant tissues under temperature stress (Ali et al.,
2005). Heat shock proteins (sHSP and HSP90) are stress messengers and chaperones, which
repair and protect unfolded proteins. The luminal binding protein (LBP) is also a molecular
chaperon that participates in the constitutive function of the endoplasmic reticulum (ER) and

protects the cell against stresses (Liu and Howell, 2010). The death-specific protein 5 (dsp5) has
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a suggested role in the signal transduction of the stress to the cell death machinery (Chung et al.,

2008).

Some of the primers were already available (Table 1). New C. nodosa primers were designed on
conserved regions of aligned sequences of the target genes, obtained in a recently published
transcriptome for the species (Ruocco et al., 2017), selecting amplicons between 100 and 250bp
long. Alignments were performed by using BioEdit Software version 7.2.5 (Hall, 1999), primers
were designed using Unipro UGENE v1.16.2 (Okonechnikov et al., 2012). Amplification efficiency
of the primer pairs was calculated from the slopes of standard curves of the threshold cycle (CT)

of five cDNA dilutions using the equation E = 10~1/slope,

3.1.4 RT-gPCR
After the efficiency test of the primers, RT-qPCR reactions were performed by using Fast SYBR®

Green Real-Time PCR Master Mix in the ViiA7 384 wells format RT-qPCR machine (Applied
Biosystems). For each RT-gPCR reaction three replicates were conducted per sample and for each
primer pair three no-template negative controls were included. The RT-qPCR data were analyzed
at ViiA7 Software v1.0 (Applied Biosystems) to obtain threshold cycles (CT values) for each gene
and sample. The CT values were normalized with primer efficiency value for each sample.
Subsequently, -ACT values were calculated as the negative difference in CT values between
reference genes and each target gene (-ACT = CT (ref genes) — CT (target genes)). Fold expression

change values were calculated for graphical concerns according to the equation

Fold expression Change — iZ(l(—ACTtT‘eatment)—(—ACTCOTltT‘Ol)|]
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3.1.5 Statistical analysis

Permutational multivariate analysis of variance (PERMANOVA) with all analyzed target genes
(-ACT values) was performed to identify significant differences in the overall gene expression
patterns among control and heated plants at the different time points. A two-way PERMANOVA
(permutations: 9999) was conducted on the PRIMER 6 & PERMANOVA+ software package
(Anderson et al., 2008). | decided to conduct the analysis with each species independently since
not all the genes were analyzed in both species (P. oceanica = 12 genes, C. nodosa = 10 genes).
Therefore, | used two factors: thermal origin (O: cold vs warm) and treatment (T: control vs
heated) and the analyses are conducted independently for each of the two species. Pair-wise
comparisons were subsequently run to search for significant differences using Monte Carlo p-

values.

Two-way ANOVA analysis with the same factors was conducted to search for differences in the
level of expression of each selected target gene in each sampling time with STATISTICA 7 software
(StatSoft, v. 7.0). Data normality and homocedasticity was previously checked through graphic
visualization and Cochran’s test, respectively. To explore subsequent pair wise comparisons
Newman-Keuls test post hoc analyses were performed. Heatmap analysis was performed on

RStudio Version 0.99.483 (RStudio Team, 2015) by using package ‘ggplot2’ version 1.0.

3.2 RESULTS

According to PERMANOVA results P. oceanica showed an overall response that were significantly
different depending on the thermal origin of plants (Factor Origin: Cold vs Warm) and the

treatment they were exposed to (Factor treatment: Control vs Heated), but the interaction of the
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two factors was only significant at the end of the heat exposure (T2) and recovery (T3) periods.
In T2, heated and control plants from the warm thermal origin were almost significantly different
(p=0.055) while plants from the cold environment did not differ (p=0.101). In T3, at the end of
the recovery, heated and controls from both thermal origins significantly differed. In general, the
overall gene expression response of C. nodosa were significantly different depending on the
thermal origin of plants but not as a consequence of the experimental heat exposure. The
interaction of both factors was only significant in T2 (i.e. after 6 weeks of warming exposure),
when only plants from the warm environment showed a significant altered response (p=0.014)

with respect to their controls (Table 3).

Table 3:Results of the two-way PERMANOVA test for long-term experiment

PERMANOVA Posidonia oceanica Cymodocea nodosa

Tl

Source df MS Pseudo-F P(perm) MS Pseudo-F P(perm)

Origin (Or) 1 13.52 2.42 0.024 13.00 5.72 0.009

Treatment (Tr) 1 30.65 5.48 0.005 3.46 1.52 0.226

OrxTr 1 6.71 1.20 0.314 3.28 1.44 0.272

Res 8 5.59 2.27

T2

Source df MS Pseudo-F P(perm) MS Pseudo-F P(perm)

Origin (Or) 1 22.99 1.94 0.095 35.28 0.62 0.641

Treatment (Tr) 1 44.35 3.74 0.008 123.68 2.18 0.121

OrxTr 1 41.62 3.51 0.012 200.84 3.54 0.025

Res 8 11.85 56.72

Pair wise (OrxTr) Pair wise (OrxTr)

Or (Cold vs Warm) P (MC) Tr (Heated vs Control) P (MC) | Or(Cold vs Warm) P(MC) Tr(Heatedvs Control) P (MC)
Control 0.0552 Cold 0.101 Control 0.198 Cold 0.413
Heated 0.1345 Warm 0.055 Heated 0.147 Warm 0.014

T3

Source df MS Pseudo-F P(perm) MS Pseudo-F P(perm)

Origin (Or) 1 27.66 16.56 0.003 109.32 6.15 0.030

Treatment (Tr) 1 8.19 4.90 0.003 6.95 0.39 0.669

OrxTr 1 8.37 5.01 0.015 4.94 0.28 0.751

Res 8 1.67 17.77

Pair wise (OrxTr)

Or (Cold vs Warm) P (MC) Tr (Heated vs Control P (MC)

Control 0.004 Cold 0.049
Heated 0.010 Warm 0.02
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The fold expression change values (FC) for all the analyzed genes for both species were given in
Appendix 3 and synthesized in the heatmaps (Figure 16). Except the response of C. nodosa at T2,
P. oceanica plants showed relatively stronger response comparing to C. nodosa plants, as evident

from the intensity of colors.

The ratio between the number of upregulated and downregulated genes was plotted to assess
the general pattern of selected genes’ activation, regardless of their significance level (Figure 15).
In the cold origin P. oceanica plants (PC), eight genes were upregulated while four genes (cAPX,
GST, B1 and LPX) were down regulated at T1. sHSP showed the highest expression with FC (+SE)
of 4 £+ 1.4 (p<0.01) and cAPX showed the lowest expression with FC of -5.1 + 1.7. In T2, the
up/down ratio was reversed comparing to T1 and only LBP did not change its overexpression.
(up/down ratio=0.2) and with LBP, LPX is the other overexpressed gene. At the end of recovery
(T3), AOX is the gene which showed the highest expression with FC 4.8 + 1.4. At T3 the ratio of
up/down regulated genes almost returned to the T1 level with up/down ratio=3. sHSP is the only

gene which did not change its expression trend (Error! Reference source not found.).

In the warm adapted P. oceanica plants (PW), the ratio of up- and down-regulated genes
decreased gradually during experimental steps (Figure 15). Seven out of twelve genes
overexpressed during T1 and T2 and downregulated at T3 while LPX and cAPX gradually increased
their downregulated level throughout the experiment, and GST, MSD and CSD1 upregulated at
T1 while downregulated at T2 and T3. In all experimental stages among all genes sHSP showed

the highest expression level in T2 with FC of 11.8.
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In the cold adapted C. nodosa plants (CC), the up/down ratio is same in T1 and T2 (up/down
ratio=0.7) and increased in T3 (up/down ratio=2.3). Only four out of ten genes were upregulated
during heat treatment (GPX, GST, sHSP and dsp5). The highest expressed gene in overall
experiment is cAPX with FC of 8.1 in T2. The most downregulated genes are in T2 AOX, B1 and

sHSP with FC of -15.6 + 6.8, -12.5 + 4.3, and -10.5 £ 4.9.

In the warm adapted C. nodosa plants (CW), the up/down ratio is same at T1 and T2 (up/down
ratio=0.4) all genes kept the regulation trend in T2. Comparing to other species and thermal origin
of the same species, CW showed some extreme expression levels in T2 for four genes cAPX, GPX,
dsp5 and CSD1 with FC of -56.9 £ 1.7, -69.3 £ 3.3, -31.1 + 4 and -183.1 * 8.8 respectively. Since
they are shading other information on the graph, | excluded them on bar graphs ( Error!

Reference source not found.), but they are included to heatmaps ( Figure 16).

Table 4: Significance level of the two-way ANOVA for common genes of both species. Bold text indicates to the significant results.
On post-hoc test results, | accepted as significant only the genes with homoscedasticity and the ones are not homogeneous, but
significance level is higher than 0.01.

p T cAPX GPX MSD LBP GST sHSP dsp5 CcsD AOX B1 LPX MDHAR
Univariate Treatment 0.005 n.s. 0 n.s. n.s. 0.0002 0.0045 0.048 n.s. n.s. n.s. 0.01
Testsof  Species 0 0 n.s. 0 0 0 0 0 0 0 n.s. n.s.
Significance TrxSp n.s. n.s. 0 n.s. n.s. n.s. 0.0011 0.041 n.s. n.s. n.s. n.s.
Cochran’s test >0.05 n.s. >0.05 >0.05 n.s. >0.05 >0.05 n.s. >0.05 >0.05 n.s. >0.05
Post-hoc test (Newman- PC0.0052 PC 0.024 PC0.004 PCO0.0005 PCO0.03 PW 0.01 PC0.04
Keuls) PW 0.0059 PW 0.0026 PW 0.042
p T2 cAPX GPX MSD LBP GST sHSP dsp5 CSD AOX B1 LPX MDHAR
Univariate Treatment 0.047 0.047 n.s. n.s. n.s. n.s. n.s. 0.017 n.s. n.s. n.s. n.s.
Testsof  Species 0.019 n.s. n.s. 0 0 0 n.s. n.s. 0 n.s. n.s. n.s.
Significance TrxSp 0.003 0.008 n.s. n.s. n.s. 0.006 n.s. 0.038 n.s. n.s. n.s. n.s.
Cochran’s test n.s. n.s. n.s. >0.05 n.s. n.s. >0.05 n.s. >0.05 n.s. n.s. >0.05
Post-hoc test (Newman- CW 0.0066 CW 0.007 PW 0.035 CW 0.02
Keuls) CC0.042 CC0.01
p T3 cAPX GPX MSD LBP GST sHSP dsp5 csD AOX B1 LPX MDHAR
Univariate Treatment 0 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.02 n.s. n.s. n.s.
Testsof  Species n.s. 0 0.025 0 0 0 0 0 0 0.02 0 n.s.
Significance TrxSp 0 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Cochran’s test n.s. n.s. n.s. >0.05 >0.05 >0.05 n.s. n.s. >0.05 n.s. >0.05 >0.05
Post-hoc test (Newman- PW 0.042
Keuls)
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Figure 15: Ratio between the number of upregulated and downregulated genes in cold and warm thermal origins of P. oceanica
and C. nodosa after

Heatmaps shows that P. oceanica plants were more responsive than C. nodosa plants in general
as indicated by colors (Figure 16). AOX, B1 and sHSP is in close relationship in both thermal origin
of both species. Considering the treatment relationship, C. nodosa plants gave similar response
in each treatment and grouped treatment by treatment. P. oceanica plants grouped in a more
mixed way. For example, PW-T2 is different from the rest and PW-T1 showed closer responses
with PC-T3 and PC-T2 with PW-T3. Even though there are some obvious regulation changes there
are few significant regulations. sHSP is the only significantly downregulated gene in CC (p<0.01).
GPX and cAPX significantly downregulated by CW plants at the end of heat exposure (both
p<0.01). P. oceanica plants from both thermal origin showed significant regulations only on the
early stages of heat exposure (T1). dsp5 significantly upregulated during T1 by PC and PW with

p<0.001 and p<0.01 respectively. sHSP significantly upregulated by PC and PW (both p<0.01).
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AOX upregulated by PW, cAPX downregulated and MDHAR upregulated by PC in T1 (p<0.01,

p<0.01 and p<0.0 respectively).
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Figure 16: Haetmaps representing fold expression change levels of target genes in P. oceanica warm and cold thermal origin and

C. nodosa warm and cold thermal origin. Asterisks indicate significant differences between control and heated plants: *p<0.05;
*%p<0.01; ***p<0.001
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The constitutive expression of selected genes was also compared between two thermal origin for

both species. All genes downregulated in CW controls with respect to CC controls.
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Figure 17: Constitutive expression level in control plants in C. nodosa (top) and P. oceanica (below)
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cAPX GPX MSD LBP GST sHSP dsp5 CSD1 AOX Bl MDHAR LPX
PC-T1 -5.1 2.2 11 1.3 -2.5 4.0 2.4 2.5 1.7 -1.0 1.9 -1.1
PC-T2 -4.1 -2.4 -2.3 1.1 -2.5 -1.2 -2.1 -3.8 -1.6 -2.7 -1.4 14
PC-T3 1.1 1.3 1.1 -1.0 1.0 -1.0 1.1 1.1 4.8 13 1.0 -1.1
PW-T1 -1.3 1.0 11 14 1.1 2.9 1.7 2.0 3.2 13 1.5 -1.1
PW-T2 -2.0 1.6 -3.4 1.2 -2.4 11.8 13 -3.7 7.5 6.8 2.1 -1.3
PW-T3 -3.3 -3.8 -1.4 -2.4 -1.2 -2.3 -2.6 -2.5 -2.4 -1.2 -3.6 -2.1
CW-T1 -1.9 -1.1 -1.7 1.3 -1.1 13 -1.4 -1.3 1.3 -1.8
CW-T2 -56.9 -69.3 -2.2 1.2 -1.2 14 -31.1 -183.1 2.3 -2.8
CW-T3 1.1 -1.1 1.6 1.5 1.3 1.3 1.7 1.2 1.4 1.1
CC-T1 -1.2 13 -1.1 -1.7 1.1 1.6 1.1 -1.0 -1.3 -1.1
CC-T2 8.1 1.7 -3.1 3.6 -1.7 -10.5 -1.7 2.2 -15.6 -12.5
CC-T3 1.6 1.7 1.9 1.4 1.7 -1.0 -1.8 1.2 1.5 -2.8
Appendix 3: Fold expression change values of each gene for both species and thermal origin.
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ARTICLE INFO ABSTRACT

Keywords: Seawater warming associated to the ongoing climate change threatens functioning and survival of keystone
Seagrass coastal benthic species such as seagrasses. Under elevated temperatures, the production of reactive oxygen
Temperature species (ROS) is increased and plants must activate their antioxidant defense mechanisms to protect themselves

Global change
Oxidative stress
Antioxidant defense
Heat stress

Gene expression

from oxidative damage. Here we explore from a molecular perspective the ability of Mediterranean seagrasses to
activate heat stress response mechanisms, with particular focus on antioxidants. The level of expression of
targeted genes was analyzed in shallow and deep plants of the species Posidonia oceanica and in shallow plants of
Cymodocea nodosa along an acute heat exposure of several days and after recovery. The overall gene expression

response of P. oceanica was more intense and complete than in C. nodosa and reflected a higher oxidative stress
level during the experimental heat exposure. The strong activation of genes with chaperone activity (heat shock
proteins and a luminal binding protein) just in P. oceanica plants, suggested the higher sensitivity of the species
to increased temperatures. In spite of the interspecific differences, genes from the superoxide dismutase (SOD)
family seem to play a pivotal role in the thermal stress response of Mediterranean seagrasses as previously
reported for other marine plant species. Shallow and deep P. oceanica ecotypes showed a different timing of
response to heat. Shallow plants early responded to heat and after a few days relaxed their response which
suggests a successful early metabolic adjustment. The response of deep plants was delayed and their recovery
incomplete evidencing a lower resilience to heat in respect to shallow ecotypes. Moreover, shallow ecotypes
showed some degree of pre-adaptation to heat as most analyzed genes showed higher constitutive expression
levels than in deep ecotypes. The recurrent exposure of shallow plants to elevated summer temperatures has
likely endowed them with a higher basal level of antioxidant defense and a faster responsiveness to warming
than deep plants. Our findings match with previous physiological studies and supported the idea that warming
will differently impact Mediterranean seagrass meadows depending on the species as well as on the depth (i.e.
thermal regimen) at which the meadow grows. The increase in the incidence of summer heat waves could
therefore produce a significant change in the distribution and composition of Mediterranean seagrass meadows
with considerable consequences for the functioning of the whole ecosystem and for the socio-economic services
that these ecosystems offer to the riverine populations.

1. Introduction

Human-induced climate changes cause regime shift in the marine
environment (Wernberg et al., 2016) and, directly and indirectly,
trigger seagrass regression. While summer heatwaves are getting
stronger (Garrabou et al., 2009) and more frequent (Perkins et al.,
2012), the number of reports relating climate changes to seagrass
mortality are increasing. Heat represents one of the most important
challenges for marine plants (Repolho et al., 2017) but climate changes
do not affect the seagrass ecosystem only altering sea water tempera-
ture. Climate changes, in fact, also increase sea level, atmospheric CO,
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and storm frequency (Brierley and Kingsford, 2009) which can combine
with other environmental stressors (e.g. eutrophication, sedimenta-
tion), exacerbating the pressure on the plants.

Heat stress affects plants by causing protein unfolding, changes in
membrane fluidity and disassembly of cytoskeleton (Ruelland and
Zachowski, 2010). Plants continuously produce reactive oxygen species
(ROS) as a byproduct of different metabolic pathways due to their
aerobic nature, but at the same time use them as key regulators (Mittler
et al., 2011). Under normal physiological conditions, ROS are detox-
ified by antioxidants; when plants are under environmental stress, the
defense system cannot counterbalance the ROS accumulation and
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oxidative stress occurs. Under oxidative stress, ROS start to give da-
mage to membranes, DNA and protein structure which drives the cell to
homeostatic imbalance and eventually death (Sharma et al., 2012).

Studies to heat stress response on model or economically important
plant species showed differences in the response, thermotolerance and
signaling of different ecotypes (Charng et al., 2007; Swindell et al.,
2007; Saidi et al., 2011), with heat affecting photosynthesis (Havaux
and Tardy, 1996; Allakhverdiev et al., 2008; Zhao et al., 2014), and
inducing oxidative stress (Lin et al., 2006; Volkov et al., 2006; Yin et al.,
2008; Larkindale and Knight, 2002; Hawkins et al., 2015).

Oxidative stress might be triggered by various factors, all of which
affect gene regulation through different mechanisms (Mittler et al.,
2004). Response to oxidative stress is achieved by a complicated cas-
cade of signaling molecules including ROS by themselves in the form of
hydrogen peroxide (Hung et al., 2005). The antioxidant system starts to
work from signaling molecules, which sense the heat and trigger the
defense mechanism (Knight and Knight, 2001; Saidi et al., 2011;
Mullineaux et al., 2000). When proteins are damaged, the repairing
system acts through unfolded proteins and lipid peroxidation; non-en-
zymatic and enzymatic antioxidants scavenge the ROS and the enzymes
regenerate the active forms of antioxidants. In the case of excessive
stress, apoptosis is activated. The glutathione-ascorbate cycle is the
center of the oxidative stress response (Foyer and Noctor, 2011).

First concerns about possible effects of global warming on sea-
grasses date back to the 1990's (Short and Neckles, 1999). Studies both
in natural and in controlled conditions of the differential response to
heat of putative natural ecotypes, are giving interesting results. Dif-
ferent species and ecotypes distributed along latitudinal and bathy-
metric gradients showed differences in the photophysiological and
molecular response and different transcriptomic resilience to summer
heatwaves (e.g. Seddon and Cheshire, 2001; Ehlers et al., 2008; Massa
et al., 2009, 2011; Bergmann et al., 2010; Franssen et al., 2011, 2014;
Winters et al., 2011; Garcia et al., 2013; Jueterbock et al., 2016; Marin-
Guirao et al., 2016, 2017). Genotypic diversity has also been shown to
play a role to recover from a heat-shock (Reusch et al., 2005; Ehlers
et al., 2008).

A few of these studies report on the specific response to oxidative
stress and on the activity of antioxidants in seagrasses. The MnSOD
gene has been shown to play and important role in the response to heat
stress tolerance in Zostera marina (Winters et al., 2011; Liu et al., 2016).
Massa et al., 2011 suggest that Glutathione-S-transferase (GST) parti-
cipates to heat stress response in Zostera noltii.

The most abundant seagrass species in the Mediterranean basin are
P. oceanica and C. nodosa. Australian species of the same two genera
have been classified as persistent and opportunistic, respectively
(Kilminster et al., 2015), and the same can apply to co-generic re-
presentatives from the north hemisphere. C. nodosa is an opportunistic
species, considering its relatively fast shoot turnover rate and time to
reach sexual maturity, physiological resistance and response to dis-
turbance (Cancemi et al., 2002). P. oceanica is a persistent species with
slow shoot turnover (Marba and Duarte, 1998), long life time (Arnaud-
Haond et al., 2012), longer life cycle, and slower ability to recover
(Kilminster et al., 2015). The species showed a higher sensitivity to
short term exposure to acute heat stress (Marin-Guirao et al., 2016).

In this study, we aimed to analyze the stress response of the sea-
grasses P. oceanica and C. nodosa in controlled conditions to enhanced
heat. We analyzed the changes in the expression of genes involved in
different steps of the stress response, with particular focus to anti-
oxidants. We selected genes coding for proteins involved in the re-
generation of glutathione or ascorbate, the ROS scavengers, heat-shock
proteins, an apoptosis-related gene, and other generic stress responsive
genes. Through our approach, we also aimed to identify target genes
that can be utilized as indicators of plant response to heat stress.
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2. Material and methods
2.1. Study area, sample collection and experimental design

Results presented in this study have been obtained on the same
plant material utilized in Marin-Guirao et al. (2016) and maintained in
a mesocosm system with experimental conditions as explained therein.
In synthesis, P. oceanica and C. nodosa samples were collected from a
large well preserved meadow in the SE part of Mediterranean Spanish
coastline (Isla Grosa; 37°43'N, 00°42'W). P. oceanica ramets were col-
lected from —5 m (POS) and — 25 m (POD) depth, and C. nodosa (CYM)
samples were collected from —5 m depth by SCUBA-diving. The plant
fragments, which consist of the apical meristem and a large number of
connected orthotropic shoots, were transported to the lab and im-
mediately transplanted in the mesocosm system within 2 h after up-
rooting. Eight P. oceanica plant portions from each depth were in-
dividually planted in eight independent 120 L tanks without sediment
to prevent toxicity caused by heat-enhanced sulfide accumulation
(Garcia et al., 2013). C. nodosa fragments were divided into portions,
each including 3-5 shoots, and randomly planted in plastic trays with
washed and dried sediments from the collection site. Eight trays were
assembled and randomly allocated in eight independent 120-L experi-
mental tanks. Each tank had their own illumination and temperature
control system as previously described in detail (Garrote-Moreno et al.,
2015), representing independent replicates.

Plants were acclimated for 10 days under their respective salinity
(37.5, Practical Salinity Scale), temperature (24 °C) and irradiance le-
vels (250 = 20 and 65 * 5 pmol photons m~2 s~ for shallow and
deep plants, respectively; photoperiod of 8:16) as determined at the
moment of sampling. Temperature and salinity in experimental tanks
were accurately maintained constant ( = 0.2) and verified on a daily
basis with mercury thermometers and a WTW" conductivity meter. The
temperature of half of the tanks (four randomly selected tanks for each
species or ecotype) was subsequently increased at a rate of 0.5 °C h™ 'to
32 °C. The rate of temperature increase did not reflect natural condi-
tions but was selected to induce a heat shock response on plants. The
maximum temperature for the experiment is chosen by considering the
projected maximum summer seawater temperature for the
Mediterranean Sea by the end of the twenty-first century (IPCC, 2007).
For five days, plants were exposed to heat stress and thereafter the
temperature was decreased to the initial level to assess the resilience
capacity of plants after a five-day recovery period. Water quality was
maintained by partial water renewal each 2-3 days.

Leaf samples (i.e. a 4-cm? leaf segment from the middle part of the
first fully mature leaf) for gene expression analysis were collected from
one randomly selected shoot in each experimental tank (n = 8 for each
species or ecotype). Tissue sampling was done after 24 h (T1) and 5 d
(T2) of heat exposure to characterize early and mid-term response and
at the end of the recovery period (T3) to assess plant resilience.
Immediately after collection, leaf samples were cleaned of epiphytes
and store in RNAlater® stabilization solution (Invitrogen™) at —80 °C
until RNA extraction. Apical shoots were not used in our analysis due to
their different metabolism in respect to orthotropic shoots (Marba et al.,
2002).

2.2. RNA extraction and cDNA synthesis

RNA was obtained from RNAlater” fixed samples using the BIORAD
Aurum™ Total RNA mini kit. During RNA extraction samples were
treated with DNase solution, to remove possible DNA contamination.
The purity and concentration of the total RNA was checked using
NanoDrop (ND-1000 UV-Vis spectrophotometer; = NanoDrop
Technologies) and 1% agarose gel electrophoresis. Five hundred na-
nograms of total RNA were reverse transcribed with BIORAD iScript™
cDNA synthesis kit, according to the manufacturer.
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2.3. Target and reference gene selection and primer design

Genes of interest (GOIs) were selected considering the most affected
cell compartments, key stress enzymes and proteins (Table 1). More in
detail, Glutathione reductase (GLURED), Monodehydroascorbate re-
ductase (MDHAR), Glutathione synthetase (GLUSYN), Glutathione-S-
transferase (GST) and two isoforms of Ascorbate peroxidase (APX3 and
chloroplastic APX) are ascorbate-glutathione cycle enzymes involved in
hydrogen peroxide (H,O,) detoxification. Glutathione peroxidase
(GPX) is an important enzyme that also contributes to H,O, removal in
plants (Rouhier et al., 2008). Superoxide dismutase (SOD), Catalase
(CAT) and Peroxiredoxin Q (PrxQ) are ROS scavengers. The former
directly converts the superoxide radical (O, ) into O, and H,05 and the
latter two catalyze the decomposition of H,O, into water and oxygen.
Two isoforms of SOD, Fe-SOD (FSD) and Mn-SOD (MSD), located at
chloroplast and mitochondria respectively, were selected. Alternative
oxidase (AOX) is a respiratory protein of the mitochondrial electron
transport chain that increases its activity under stress conditions to
protect cells from oxidative damage by reducing respiratory ROS for-
mation (Vanlerberghe, 2013). Lipoxygenase (LPX) is an indicator of
lipid peroxidation and its activity responds to oxidative damage in plant
tissues under temperature stress (Ali et al., 2005). Heat shock proteins
(sHSP and HSP90) are stress messengers and chaperones, which repair
and protect unfolded proteins. The luminal binding protein (LBP) is also
a molecular chaperon that participates in the constitutive function of
the endoplasmic reticulum (ER) and protects the cell against stresses
(Liu and Howell, 2010). The death-specific protein 5 (dsp5) has a
suggested role in the signal transduction of the stress to the cell death
machinery (Chung et al., 2008).

Putative reference genes (RGs) were selected on the basis of pre-
vious studies conducted with both Mediterranean species under heat
stress and other abiotic stresses (e.g. Serra et al., 2012; Dattolo et al.,
2014, 2017; Lauritano et al., 2015; Marin-Guirao et al., 2016; Olivé
et al.,, 2017; Ruocco et al., 2017). They included the Eukaryotic in-
itiation factor 4A (eIF4A), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), Ubiquitin (UBI), 60S ribosomal protein L23 (L23), Ubiquitin-
conjugating enzyme (NTUBC).

All GOIs and RGs considered in the analysis were initially tested for
their expression stability in our experimental conditions by using three
different algorithms BestKeeper (Pfaffl et al., 2004), geNorm
(Vandesompele et al., 2002) and NormFinder (Andersen et al., 2004).
GAPDH, elF4A and UBI were identified as the most stable genes for C.
nodosa, and L23 and NTUBC for P. oceanica. For normalization of RT-
qPCR results, their average was utilized.

Some of the primers were already available (Table 1). New C. no-
dosa primers were designed on conserved regions of aligned sequences
of the target genes, obtained in a recently published transcriptome for
the species (Ruocco et al., 2017), selecting amplicons between 100 and
250bp long. Alignments were performed by using BioEdit Software
version 7.2.5 (Hall, 1999), primers were designed using Unipro UGENE
v1.16.2 (Okonechnikov et al., 2012). Amplification efficiency of the
primer pairs was calculated from the slopes of standard curves of the
threshold cycle (CT) of five c¢cDNA dilutions using the equation
E = 10"1/sle,. Amplicons of the newly designed primers were se-
quenced for assessing primers' specificity. Primer's sequences, percent
efficiencies (E) and melting temperatures (Tm) of RGs and GOlIs are
reported in Table 1.

2.4. RT-qPCR

After testing the efficiency of the primers, RT-qPCR reactions were
assembled manually and reactions were performed using Fast SYBR®
Green Real-Time PCR Master Mix in the ViiA7 384 wells format RT-
gPCR machine (Applied Biosystems™). For each RT-qPCR reaction,
three replicates per sample were run and three no-template negative
controls were included for each primer pair. The RT-qPCR data were
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analyzed at ViiA7™ Software v1.0 (Applied Biosystems™) to obtain
cycles (CT values) for each gene and sample. The CT values were nor-
malized with primer efficiency value for each sample. Subsequently,
-ACT values were calculated as the negative difference in CT values
between RGs and each GOI (-ACT = CT (RGs) — CT (GOIs)). Fold ex-
pression change values were calculated according to the equation Fold
expression change = + 2( ‘ (— ACTtreatment)-( — ACTcontrol) | ).

2.5. Statistical analysis

Permutational multivariate analysis of variance (PERMANOVA)
with all analyzed GOIs (—ACT values) was performed to identify sig-
nificant differences in the overall gene expression patterns among
control and heated plants at the different time points. A two-way
PERMANOVA (permutations: 9999) was conducted on the PRIMER
6 & PERMANOVA + software package (Anderson et al., 2008) with
‘Treatment’ (T, two levels: control vs. heated) and ‘Species/ecotypes’ (S,
three levels: POS, POD and CYM) as fixed factors. Pair-wise compar-
isons were subsequently run to search for significant differences when
any of the factors or their combination displayed significant effects. In
addition, a similarity percentage (SIMPER) analysis based on Bray-
Curtis similarities was carried out to compare similarities among heated
POS, POD and CYM plants in each time point and to identify genes most
responsible for differences between groups.

Two-way ANOVA analysis with the same factors was conducted to
search for differences in the level of expression of each selected GOIs in
each sampling time with STATISTICA 7 software (StatSoft, v. 7.0). Data
normality and homocedasticity was previously checked through gra-
phic visualization and Cochran's test, respectively. To explore sub-
sequent pair wise comparisons Newman-Keuls test post hoc analyses
were performed. Heatmap analysis was performed on RStudio Version
0.99.483 (RStudio Team, 2015) by using package ‘ggplot2’ version 1.0.

3. Results

The overall response of all GOIs was significantly different among
species/ecotypes (CYM, POS and POD) and treatments (control and
heated) in the three time points, and almost significant (p < 0.08) in
the interaction of both factors in T1 and T3 (Table 2). C. nodosa plants
were significantly different than both P. oceanica ecotypes at all time
points, while shallow and deep Posidonia plants did not show significant
differences in any time point (Table 2).

The expression values, relative to the controls, for all the analyzed
GOlIs and for the two species are shown in Supplementary figure S1 and
synthesized in the heatmaps of Fig. 1. The two Posidonia ecotypes
showed a stronger response in respect to Cymodocea, as evident from
the intensity of colors (level of expression).

In order to evaluate the general pattern of activation of selected
genes, in Fig. 2 we plotted the ratio between the number of upregulated
and the number of downregulated genes in the different species and
ecotypes, regardless if their expression was significant or not. In the
shallow P. oceanica plants (POS), fourteen genes were up-regulated at
T1, while three genes (GPX, PrxQ, and CAT) were down-regulated (up/
down ratio = 4.6; Fig. 2). HSP90 and LBP show the highest expression
with average fold change values ( = SE) of 4.6 = 1.4 and 4.7 + 1.6,
respectively. In T2, the up/down ratio was reversed in respect to T1 and
only seven genes were still over-expressed (up/down ratio = 0.7), with
the small Heat Shock Protein, sHSP, having the highest expression value
(4.6 = 1.2 fold change). At the end of the recovery (T3), the number of
overexpressed genes was even lower, with an up/down ratio of 0.55.
Most of the genes, including the two HSPs (HSP90 and sHSP), were
down-regulated. Only LBP, MDHAR and GLUSYN were constantly over-
expressed along the whole experimental phases.

In the deep P. oceanica samples (POD), two HSPs (HSP90 and sHSP)
were up-regulated in the three experimental phases, and their over-
expression was significant in T2 (Fig. 1). The two genes did not show a
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Table 2

Results of the two-way PERMANOVA test to assess the effects of species/ecotypes (CYM,
POS and POP) and experimental treatments (control and heat stress) on the overall gene
expression response of experimental plants after 24 h (T1) and five days (T2) of heat
exposure and after five days of heat recovery (T3). PERMANOVA analyses and subsequent
pair-wise comparisons for the factors showing significant effects were checked using 9999
permutations.

2-way PERMANOVA

T1 df SS MS Pseudo-F P(perm)  Pair-wise
Species/ 2 7053 352.65 32.05 < 0.001 POS=POD=CYM
ecotypes
©)]
Treatment (T) 1 46.63 46.63 4.24 < 0.001 Control = Heat
SxT 2 3449 1725 157 0.070
Residual 18 198.05 11.00
T2
Species/ 2 748.91 374.46 29.33 < 0.001 POS=POD=CYM
ecotypes
)
Treatment (T) 1 45.74 45.74 3.58 0.006 Control = Heat
SxT 38.44 19.22 1.51 0.135
Residual 18 229.81 1277
T3
Species/ 2 730.37 365.18 38.74 < 0.001 POS=POD=CYM
ecotypes
)
Treatment (T) 1 32.33 32.33 3.43 < 0.001 Control = Heat
SxT 29.95 14.97 1.59 0.078
Residual 18 169.69 9.43

reduction of their activity in the recovery phase, when expression levels
were still similar to T1 but lower than in T2. The same was true for FSD
(significant in T2) and AOX (not significant). A series of genes not re-
acting at the beginning of the treatment, resulted over-expressed at the
end of the recovery, although only MSD was significant. The ratio be-
tween up- and down-expressed genes showed a different pattern to POS
plants and progressively increased with time from an up/down ratio of
0.88in T1, 1.12 in T2 and 1.43 in T3, after the recovery period. At this
time, the most highly upregulated gene was the depth-specific protein 5
(dsp5) with 3.49 = 3.00-fold expression change, but not significantly
due to its high variability.

In C. nodosa (CYM), HSP90, MSD and cAPX were up-regulated all
along the experiment, although only MSD was significant in T2. Four
out of the seven genes that were over-expressed during the heat ex-
posure (both in T1 and T2) recovered their expression at the end of the
recovery phase. Only GLUSYN was slightly up-regulated in T3 and
down-regulated in T1 and T2. The ratio between up- and down-ex-
pressed genes was similar to POS plants, in T1 (2.50), but differed in T2
(1.80) and in T3 (1.00), showing a decreasing pattern over time.

The three experimental times cluster in the same way in POS and in
CYM (Fig. 1), where the two heat treatments branch in a separate group
in respect to the recovery (T3). POD showed a different clustering (i.e.
T2 clusters with T3), indicative of a later response and inefficient re-
covery.

Dissimilarity values, as assessed by a SIMPER analysis (Table 3 and
Supplementary Table S1), confirmed the higher similarity in the early
response (T1) between POS and CYM (Aver. Dissimilarity = 4.2;
Table 3) when both species activated the higher number of genes.
Cymodocea plants maintained a more active response after few days of
exposure, when POD plants activate their late response, reflecting in the
lower dissimilarity value between POD and CYM in T2 and T3 (T2,
Aver. Dissimilarity = 6.00; T3, Aver. Dissimilarity = 4.13).

The two ROS scavenger genes, cAPX and PrxQ are among the ones
with the higher contribution in the dissimilarity between species/eco-
types, with values > 10% in six and four of the nine pairwise com-
parisons, respectively (Table 3). The respiration gene AOX also appears
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Fig. 1. Heatmaps representing expression levels of target genes in C. nodosa -5 m (CYM),
P. oceanica -5 m (POS) and P. oceanica —25 m (POD) after 24 h (T1) and 5 days (T2) of
heat exposure and after 5 days (T3) of heat recovery. Asterisks indicate significant dif-
ferences between control and heated plants: *p < 0.05; **p < 0.01; p < 0.001.

with values > 10% in six comparisons. It was always down-regulated
inCYM (p < 0.05in T2; n.s. in T1 and T3), while it was upregulated in
T1 (n.s.) and T2 (n.s.) in POS and in all three time points in POD (al-
ways n.s.). Among the two ROS scavenger genes PrxQ and cAPX, PrxQ
was one of the two genes always down-regulated in both Posidonia
ecotypes (POD: p < 0.001 inT1,p < 0.05in T2, n.s. in T3; POS: n.s.
in T1 and T2, p < 0.01 in T3), while it was up-regulated both at T1
(n.s.) and T2 (n.s.) in Cymodocea. It is remarkable that PrxQ was sig-
nificantly down-expressed (p < 0.01) by all species/ecotypes during
recovery (Fig. 1; Fig. S2). Reversely, cAPX was always up-regulated but
not significant in CYM and was down-regulated, although no
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Fig. 2. Ratio between the number of upregulated and the number of downregulated genes
in C. nodosa -5 m (CYM), P. oceanica -5 m (POS) and P. oceanica —25 m (POD) after 24 h
(T1) and 5 days (T2) of heat exposure and after 5 days (T3) of heat recovery.

significantly, in T1 and T2 and in T2 and T3 in POD and POS, respec-
tively (Fig. 1; Fig. S1).

All heatmaps suggest a close relationship between molecular cha-
perone HSP90 and one of the SOD family genes (MSD or FSD) which are
important ROS scavengers. MSD was the only gene significantly upre-
gulated in CYM during the heat exposure. In both P. oceanica ecotypes
FSD was significantly upregulated at T2 (p < 0.001) and lowered its
expression at T3, when MSD was significantly upregulated (p < 0.01).
At Fig. 1, molecular chaperones LBP, sHSP and HSP90 cluster with FSD
in POS and POD. Their upregulation during heat treatment and down-
regulation at recovery period indicates the activation of an antioxidant
response during the exposure. In both Posidonia ecotypes LBP shows an
early up-regulation at T1 (p < 0.01) and decreases its expression in T2,
when the other two molecular chaperons are up-regulated (HSP90,
p < 0.01; sHSP, p < 0.001) (Fig. 1; Fig. S2).

POS showed an opposite trend with a strong activation during the
first day of heat stress that is relaxed after a few days. The constitutive
expression of the selected genes was also compared between the two P.
oceanica ecotypes. We observed that twelve out of the 17 analyzed
genes were upregulated in POS controls with respect to POD controls
with an average FC of 2.38 (max = 4.77; Fig. 3). From this set of genes
four showed significantly higher transcripts concentrations in POS
plants and included the key ROS scavengers CAT, APX3, MSD and GPX.
The five genes with higher transcripts concentration in POD plants
showed an average expression level 1.48 folds higher than POS levels.
From these only monodehydroascorbate reductase (MDHAR) and the
indicator of lipid peroxidation (LPX) were significant. This reflects that
most of the selected genes, including ROS scavengers and molecular
chaperons, have higher constitutive expression levels in plants from
shallow depths than in plants growing on deeper meadow areas (Fig. 3).

Table 3
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Fig. 3. Expression levels of target genes in POS control plants against POD control plants.
Positive and negative expression levels indicate higher constitutive levels in POS and in
POD controls, respectively. Bars represent average fold expression values + standard
errors.

4. Discussion

In our analysis, we evaluated the expression of antioxidant-defense
genes against short-term acute heat stress in two different seagrass
species, Posidonia oceanica and Cymodocea nodosa, and in two P. ocea-
nica ecotypes, collected above and below the summer thermocline.
Overall, results show differences between the two species, with a more
intense response of P. oceanica, and also differences between the two
ecotypes. Deep P. oceanica plants have a delayed response and lower
resilience relative to shallow ones, that show higher constitutive ex-
pression levels of selected genes.

4.1. Species-level comparison

During the heat stress exposure, the overall gene expression re-
sponse of P. oceanica was more intense and more complete than in C.
nodosa. This is reflected by the higher number of genes showing notable
changes in expression but also by the higher gene expression levels in P.
oceanica. The latter species activates gene expression during heat stress,
with a different response in timing and intensity between the two
ecotypes. The stronger activation of the antioxidant defensive system
indicates that in P. oceanica the experimental temperature caused
higher oxidative stress level than in C. nodosa. Physiological and de-
mographic studies where the two species were exposed to thermal
conditions similar to the ones experienced in our study, confirm the
higher tolerance to warming of C. nodosa (Olsen et al., 2012; Marin-
Guirao et al., 2016). These contrasting responses are associated to the
different ecology of the two species. P. oceanica is stenohaline and
stenothermal and dominates open coastal waters with relatively stable

Results of the similarity percentage (SIMPER) analysis assessing the average dissimilarity in the overall gene expression response (AACT values) among the three species/ecotypes (CYM,
POS and POD) at the three-time sampling points (T1, T2 and T3). The three genes most responsible (contribution > 10%) for the similarity in each comparison are also shown.

SIMPER
Comparison T1 T2 T3
Aver. dissimilarity Contribution (> 10%) Aver. dissimilarity Contribution (> 10%) Aver. dissimilarity Contribution (> 10%)
POS vs POD 4.67 PrxQ/APX3/cAPX 6.46 cAPX/dsp5/GPX 4.70 GPX/AOX/cAPX
POS vs CYM 4.20 PrxQ/LBP/AOX 6.93 cAPX/PrxQ/AOX 4.52 cAPX/GPX/AOX
POD vs CYM 4.90 LBP/AOX/CAT 6.00 CAPX/PrxQ/GST 4.13 GST/AOX/dsp5
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environmental conditions, while the opportunistic C. nodosa also grows
in estuaries and coastal lagoons, subjected to wide environmental
fluctuations. Similarly, the seagrass Zostera noltii showed a weaker and
less complete antioxidant response to heat stress than Z. marina
(Franssen et al., 2014). The former dominates intertidal habitats, where
temperature highly fluctuates, whereas the latter dominates subtidal
habitats with more stable thermal regimes. The success of a plant ac-
climative response relies not only on the strength but also on the timing
of the response (Bjornson et al., 2016). The antioxidant and HSPs re-
sponse of the intertidal Z. noltii is very fast and tend to stop just few
hours after the beginning of a heat shock (Massa et al., 2011). Similarly,
it is possible that C. nodosa responds much faster and more efficiently to
heat than P. oceanica although our timing of sampling has not caught its
prompt and fleeting response. The higher tolerance to warming of C.
nodosa could also derive from the evolutionary origin of the species, the
only temperate one of a tropical genus (Green and Short, 2003). The
higher heat tolerance of C. nodosa in respect to P. oceanica, could
strongly affect species distribution as predicted by future changes in
climate scenario. The lower heat-stress level experienced by C. nodosa
could provide the species with higher resistance and resilience to
warming, replacing P. oceanica where it can get extinct due to sea water
warming. Recent projections predict that P. oceanica meadows will
reach densities 10% of the present levels by year 2049, considering also
the additive effects of anthropogenic pressure (Jorda et al., 2012). The
possibility that a more dynamic species, better equipped to face sea
water warming, such as C. nodosa, can take advantage from the re-
duction of P. oceanica meadows, has to be taken seriously in con-
sideration. Moreover, the competition would be even stronger with
invasive seaweed and seagrass species, naturally living in warmer cli-
mates.

In spite of the discrepancies in the antioxidant response to heat
between P. oceanica and C. nodosa, SOD-related genes seem to play an
active role in the protection of cells from ROS damage during heat
stress in both species. SOD is a key enzyme protecting organisms from
oxidative damage and the compartmentalization of different forms of
the enzyme in plants makes it a very efficient ROS scavenger (Das and
Roychoudhury, 2014). Photosynthesis and respiration were identified
as particularly affected by heat in plants utilized in our experiment
(Marin-Guirao et al., 2016). These two processes are the main ROS
producers in chloroplasts and mitochondria. Among the SOD genes
considered in the present analysis, the chloroplastic gene FSD and the
mitochondrial gene MSD can be considered as potential candidates for
early warning detection of heat stress in marine plants. The central role
of SOD in the thermal stress response of seagrasses has previously been
reported for Z. marina (Winters et al., 2011; Liu et al., 2016).

In P. oceanica, a luminal binding protein (LBP) and two HSPs (sHSP
and HSP90) showed the higher responsiveness, as revealed by high fold
changes. LBP is highly and significantly activated early in T1 but it is
relaxed in T2 coinciding with a sharp significant activation of HSPs. The
small heat shock protein (sHSP) is the one that reached the higher
expression levels in our study. This is in agreement with the fact that
sHSPs are the most prevalent genes involved in thermal tolerance in
terrestrial plants (e.g. Wang et al., 2004), but contrasts with the low
responsiveness reported for members of this gene family in the seagrass
Z. marina (Bergmann et al., 2010). The more intense and the shorter
duration of our heat stress exposure relative to that of Bergmann et al.
(2010) could be the reason of such differences. The genes showing the
higher sensitivity to heat in Z. marina were LBP and a HSP, in particular
HSP80. These two genes were also the ones contributing most to the
differences in the overall stress response among Z. marina populations
(Bergmann et al., 2010). In our case, however, LBP was also responsible
of the early differences in the overall response of the two Mediterranean
species (SIMPER analysis, Table 3), but played a minor role in dis-
criminating P. oceanica plants from the two depths.
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4.2. Ecotype-level comparison

Most of the analyzed target genes (71%) showed higher constitutive
expression in shallow than in deep Posidonia plants, although differ-
ences are not always significant. This may be reflecting a degree of pre-
adaptation that confers higher thermal tolerance to plants from shallow
areas, since it can serve as a preparative defense against frequent heat
stress. Exposure to mild stress levels are known to stimulate higher
stress tolerance in plants (e.g. Durrant and Dong, 2004). P. oceanica was
collected in the late summer when shallow portions of the meadow
were previously exposed to higher and more fluctuant temperatures
than deep ones, due to the summer water column thermal stratification
(Marin-Guirao et al., 2016). It is therefore likely that they have ac-
quired heat stress resistance during summer and hence, that they were
pre-adapted to the heat stress experimentally induced here. The front-
loaded genes in shallow plants included the two analyzed HSPs (HSP90
and sHSP). Higher constitutive expression levels of HSPs in thermally
tolerant populations or individuals is reported in many marine taxa
including crustaceans, molluscs, echinoderms and corals (e.g. Barshis
et al., 2013; Gleason and Burton, 2015; Dong and Somero, 2008; Dong
et al., 2010) and has also been recently described in P. oceanica (Marin-
Guirao et al., 2017). We also showed higher constitutive expression
levels in shallow plants for most of the antioxidant genes, supporting
that the shallow portions of the meadow experience oxidative stress
more often than the deep portions, in particular during summer. This
set includes genes that catalyze the dismutation of the superoxide ra-
dical into oxygen and hydrogen peroxide (e.g. MSD) and genes involved
in the reduction of hydroperoxides (e.g. CAT, APX, GPX). Curiously, the
gene dsp5 involved in the activation of cell apoptotic processes also
showed a clear pattern of front-loading in shallow plants, with more
than four-fold expression level, although not statistically significant.
Death-specific proteins are apparently associated with cell death in-
duced by the accumulation of ROS in marine diatoms under abiotic
stress (Chung et al., 2008; Gallina et al., 2015). Higher constitutive
expression levels of cell death signaling related genes have also been
reported in thermally tolerant coral populations than in more sensitive
ones, as a likely response to shift the degree of stress triggering apop-
tosis (Barshis et al., 2013).

As hypothesized previously for the difference between the two
species, a different timing of response to the imposed heat stress was
observed between the two P. oceanica ecotypes. Marin-Guirao et al.
(2016) showed that respiratory rate strongly increases at the beginning
of the heating treatment in both ecotypes, but only the shallow plants
achieved respiratory homeostasis after a few days at the end of the
treatment, while deep plants, instead, do not adjust their respiration
during the heat treatment (Marin-Guirao et al., 2016). In general, the
early response of shallow plants, just 24 h from the beginning of
warming, included the activation of the majority of the selected genes
(i.e. 14 genes with at least doubled average expression levels). On that
moment, the overall gene expression response of shallow plants was
more similar to C. nodosa than their co-specific deep plants (SIMPER
results). The deep P. oceanica plants showed a clear stress warning re-
sponse late in T2, when they activate the expression of a higher number
of antioxidants, and their response became more similar to C. nodosa.
The deep P. oceanica plants activated the higher number of genes in the
recovery, when the lower number of genes were still induced in shallow
P. oceanica plants and in C. nodosa. This is again an indication of a
lower resilience and reflects the lower thermal tolerance of plants living
at depths with colder and more stable thermal environments. Franssen
et al. (2011) have demonstrated that the recovery of gene expression
patterns after heat stress in the seagrass Z. marina is linked to its
thermal adaptation. Plants from warmer latitudes recovered their
transcriptomic profile and better tolerated stress than plants from
colder latitudes (Franssen et al., 2011; Bergmann et al., 2010). Al-
though at the physiological level deep plants seems to have recovered
from the acute and short heat exposure (Marin-Guirao et al., 2016), the
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expression responses here observed points to an incomplete recovery
from the stress level they experienced during the heat exposure.

Species or ecotypes are adapted to the environment where they live
and are not always capable to perform well, when environmental
conditions change. Dattolo et al. (2017) have shown that shallow and
deep Posidonia plants are adapted to their natural light environmental
conditions and are not able to perform a fully plastic response in
crossed environmental conditions. Moreover, deep and shallow por-
tions of the same meadow show a different daily timing in the activa-
tion of metabolic pathways, both at the photophysiology, proteomic
and transcriptomic levels (Procaccini et al., 2017). Considering that
water transparency and temperature along the water column are
strongly affected by undergoing climatic changes (Short and Neckles,
1999), the strong adaptation and relatively scarse plasticity of the
species is cause of concern. The delayed antioxidant response and lower
resilience to transient warming of deep P. oceanica ecotypes suggest a
higher susceptibility of deep meadows to the effects of global warming
in accordance with previous findings (Marin-Guirao et al., 2016). Deep
portions of P. oceanica meadows are also more sensitive to light re-
duction along the water column, which is another important threat
associated to global warming (Short and Neckles, 1999). It is therefore
expected that impact caused by synergistic effects of factors related to
global climatic changes will be exacerbated and occur earlier at the
lower limits of meadow bathymetric distribution in comparison to
shallow meadows.

Temperatures as high as 32 °C are expected to occur with increasing
frequency in the Mediterranean over the XXI century as a result of
global warming, potentially threatening the distribution and composi-
tion of seagrass meadows. P. oceanica is at a higher risk of oxidative
damage during extreme thermal events and its populations could be
replaced in the future by the more tolerant C. nodosa, at least at shallow
depths where the two species co-exist. Deep P. oceanica meadows, more
sensitive to drivers of climate change than shallow ones, may be over-
competed by more dynamic and low-light/high-temperature tolerant
invasive species, such as the seaweed Caulerpa cylindracea and the
seagrass Halophila stipulacea, both expanding their areal in the
Mediterranean. This means that the possible species substitution in the
coming decades could result in a loss of the valuable ecosystem services
offered by P. oceanica meadows.
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Figure S1. Relative level of expression (fold expression change) of selected target genes in C.

nodosa -5m (CYM), P. oceanica -5m (POS) and P. oceanica -25m (POD) along the experiment.

Gene expression was quantified at 24 hours (T1) and 5 days (T2) of heat exposure and after 5

days (T3) of heat recovery. For full genes name see Table 1. Bars represent average fold

expression changes + standard error.

Table S1. SIMPER analysis identifying which target genes contribute most strongly towards
differences in the response to heat in C. nodosa -5m (CYM), P. oceanica -5m (POS) and P.
oceanica -25m (POD) after 24 hours (T1) and 5 days (T2) of heat exposure and after 5 days

(T3) of heat recovery.
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T3 (five days of heat recovery)

Groups POS & POD
Average dissimilarity = 4.70

Group POS Group POD

Species Av.Abund Av.Abund
GPX 1.90 2.37
AOX 2.14 2.54
CcAPX 2.22 2.56
dspb5 2.40 2.79
HSP90 2.39 2.68
GST 2.15 2.06
LBP 2.54 2.37
GLURED 2.46 2.50
MDHAR 2.51 2.40
GLUSYN 2.46 2.44
PrxQ 2.14 2.23
Groups POS & CYM

Average dissimilarity = 4.52

Group POS Group CYM

Species Av.Abund Av.Abund
cAPX 2.22 2.69
GPX 1.90 2.37
AOX 2.14 2.32
GST 2.15 2.43
CAT 2.42 2.67
MSD 2.66 2.47
LBP 2.54 2.37
APX3 2.57 2.40
GLURED 2.46 2.35
MDHAR 2.51 2.57
dsp5 2.40 2.52
Groups POD & CYM

Average dissimilarity = 4.13

Group POD Group CYM

Species Av.Abund Av.Abund
GST 2.06 2.43
AOX 2.54 2.32
dsp5 2.79 2.52
GPX 2.37 2.37
MSD 2.70 2.47
CAT 2.46 2.67
HSP90 2.68 2.48
MDHAR 2.40 2.57
APX3 2.57 2.40
GLURED 2.50 2.35
cAPX 2.56 2.69

Av.Diss Diss/SD Contrib%
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0.24 1.09 5.72
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