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ABSTRACT

Anthemis maritima, a plant which has the ability to colonise different stressful coastal environments,
sand dunes and rocky cliff ecosystems, exhibits a high degree of leaf trait plasticity. The key
parameters are the regulation of stomatal density and size, the succulence index and the specific
antioxidant response. With the aim to explore plant plasticity, we analysed various morphological
and physiological traits of the leaves of A. maritima populations dwelling in three different coastal
areas of Italy. The highest values of stomatal density, leaf thickness, and succulence index were found
in plants living in a sub-arid climate, on rocky cliffs, with the highest soil pH and salinity. Although
this population exhibited the highest concentration of oxygen reactive species (hydrogen peroxide),
it also had the lowest value of lipid peroxidation, an indicator of oxidative stress. Ascorbate was the
main protective molecule in this population, while phenols appeared to carry out this role in plants

living on soils with the lowest salinity and highest annual rainfall.
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1. Introduction

Plants colonising sand dunes of coastal ecosystems, physically dynamic habitats (Defeo et al., 2009),
are subjected to severe environmental stresses and disturbances with the main constraints being salt
spray, and burial and drifting, drought, wind abrasion, and nutrient limitations (Rozema et al., 1985).
To survive in such habitats, coastal plants have developed several morphological and anatomical
adaptations, such as succulent tissues to store water, leaf roll, pubescent epidermis and a thick cuticle
to reduce transpiration and water loss, and a network of rhizomes to withstand sand burial (Ciccarelli
et al., 2009, 2010). In addition, both drought and salt stress induce physiological changes such as a
decrease in cell water potential and stomata closing. This can lead to a decrease in CO2 availability
to green tissues, which promotes the Mehler reaction, with consequent overproduction of reactive
oxygen species (ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals. Although ROS
are important signalling molecules in triggering stress defence responses (Dat et al., 2000), when their
concentration reaches critical levels they may cause damage to cellular components such as
membrane lipids, nucleic acids, and proteins, resulting in oxidative stress (Parida and Das, 2005).
Protection against ROS may be mediated by hydrogen peroxide scavenging enzymes such as catalase
(CAT), glutathione peroxidase (GPX), and enzymes of the ascorbate glutathione cycle such as
ascorbate peroxidase (APX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), and
monodehydroascorbate reductase (MDHAR) (Lenher et al., 2006). Low molecular weight
antioxidants, such as ascorbate and glutathione, can cooperate with enzymes to increase the resistance
to oxidative injury. Leaf phenols are also important protective components of plant cells. The ability
of phenolics to act as antioxidants derives mainly from their capacity to serve as hydrogen donors,
reducing agents, and singlet O2 quenchers (Rice-Evans et al., 1997). A close positive correlation has
been found between antioxidant capacity and stress tolerance in a wide variety of species such as
Cakile maritima (Amor et al., 2007), and Acacia longifolia (Morais et al., 2012). The capacity to
scavenge ROS and reduce damage to macromolecules and structures represents an important stress
tolerance trait (Cruz de Carvalho, 2008). The subject of the present study is the psammophyte

Anthemis maritima L. (Asteraceae), a perennial species living on white dunes. A. maritima



populations are distributed throughout the Mediterranean area, where they contribute to coastal sand
dune edification and restoration (De Lillis et al., 2004). Recently, a good deal of research attention
has been focused on the chemical composition of A. maritima essential oil and its therapeutic
applications (Collu et al., 2008; Darriet et al., 2009), although, in general, there is not a detailed
knowledge of the biology of this plant (Gratani et al., 2009). The comparison among plants of A.
maritima, living in both sand dunes and on rocky substrata of different coasts of Italy, could be
valuable for studying the plasticity occurring in the plants of the same species growing under different
environmental conditions. Our aim was to determine whether the ability of this species to survive in
heterogeneous coastal environments result from plastic activation of different adaptive strategies. We
hypothesise that plants of A. maritima evolve different morphological and anatomical leaf traits and
antioxidant responses depending on the soil and climatic conditions. To test this hypothesis,
morphological, anatomical and physiological traits were analysed in the leaves of A. maritima

populations living in three different geographical coastal areas of Italy.

2. Material and methods

2.1 Study site and plant material

Plant material was collected at three coastal sites of Italy in May 2010: A: sand-dune ecosystems in
Principina a Mare (Grosseto) within Maremma Regional Park (42° 41’ 16.8” N, 10° 59 53.1” E, 30
m from the water line, shifting dunes with Ammophila arenaria). This area is characterised by a C1
type of climate, Mediterranean sub-arid, with an annual average temperature of 15.6 °C (mean Tmin
10 °C, Tmax 21.2 °C) and an annual average rainfalls of 618 mm (total rainfall during summer
drought: 54 mm) (Pinna, 1985). B: rocky cliffs on Pianosa island (Leghorn) in Tuscan Archipelago
National Park (42° 34’ 34.0” N, 10° 06 09.8” E, 10 m from the water line, coastal Helichrysum
garrigues). This isle is characterised by a D type of climate, Mediterranean semi-arid, with an annual
average temperature of 16.9 °C (mean Tmin 11.2 °C, Tmax 22.6 °C) and annual average rainfalls of
418 mm (total rainfall during summer drought: 37 mm) (Foggi et al., 2008). C: sand-dune habitats in
Casalbordino Lido (Chieti) (42° 11° 53.7” N, 14° 37° 21.0” E, 15 m from the water line, shifting
dunes with Ammophila arenaria) close to one Site of Community Interest called “Punta Aderci-Punta
della Penna”. This area is characterised by a C2 type of climate, Mediterranean sub-humid, with an
annual average temperature of 15.8 °C (mean Tmin 11.8 °C, Tmax 19.8 °C) and an annual average
rainfalls of 658 mm (total rainfall during summer drought: 105 mm) (Pirone et al., 2001). Mature

leaves were randomly collected from 10 individuals of A. maritima at each site for histological



analyses and biochemical determinations (fresh material, chemically fixed or frozen in liquid nitrogen

and stored at -20 °C until use).

2.2 Soil and plant nutrient status

Soil physical and chemical characteristics of the three sites were determined using standard soil
analysis techniques. Each sample represented approximately 3 kg of soil randomly collected from 10
soil cores (20 mm diameter, 0-10 cm depth) for each site. Specifically, soil pH was determined in
water as detailed by McLean (1982). Electrical conductivity was determined by fixed-ratio extract
(Rhodes, 1982). Total soil nitrogen (N) was obtained by micro-Kjeldahl digestion (Allen, 1989).
Available phosphorus (P) was obtained by the Olsen et al. (1954) method. Na+ was determined by
atomic absorption spectrophotometry (Thomas, 1982). Leaf N concentration, leaf P concentration,
and leaf C concentration were determined following Kjeldahl methods (Allen, 1989) and expressed

on a dry matter basis (%).

2.3 Leaf anatomy and morphology

Leaves of A. maritima were isolated and fixed in FAA (10% formaldehyde, 5% acetic acid and 45%
ethanol) (Sass, 1958) for 24 h, dehydrated in an ethanol series (70%, 96%, 100%) and subsequently
embedded in LR White acrylic resin (SIGMA). Leaf samples were placed in gelatine capsules
together with embedding resin which was then hardened at 60 °C over night. Leaf serial cross sections
(3 um) were cut by means of an ultracut (Ultratome Nova, LKB, Stockholm, Sweden) using a glass
knife. Leaf sections were adhered to gelatine coated slides and stained with toluidine blue solution
(TBO) (0.05% in 0.1M phosphate buffer at pH 6.8) as a generic stain (tannins will appear green to
blue-green; O'Brien and Mc Cully, 1981) and with periodic acid Schiff (PAS) for non-cellulosic
polysaccharides (O'Brien and McCully, 1981). Histological analysis was performed by optical
microscopy (OM; Leitz, Diaplan) to assess leaf anatomy. The epidermal cell thickness (ET) was also
determined. Epidermal strips (approx 0.3 x 0.4 cm) were taken from between the major lateral veins
of both surfaces of fresh leaves, as described by Fischer (1968), to determine stomatal density (SD),
expressed as the number of stomata per square mm leaf area and stomatal size (SS), defined as the
length (um) between the junctions of the guard cells at each end of the stoma, and may indicate the
maximum potential opening of the stomatal pore (Zhenzhu and Guangsheng, 2008). For each site, 20
mature leaves were randomly collected and analysed. Leaf area (LA) of the same leaves was
determined as one-sided projected surface area of a fresh leaf, expressed in mm2. Cross sections of
the fresh leaves were analysed by software (Leica Aplication Suite VV3) in order to measure leaf

thickness (LT, mm). Succulence index (SI) was calculated as the ratio of the difference between the



oven-dry mass of a leaf and its water-saturated fresh mass to the leaf surface area, expressed in mg
cm-2 (Read et al., 2005). Leaves were stored in moist paper in a cool box and rehydrated in laboratory
for at least 6 h at 4 °C before measurements (Cornelissen et al., 2003). A Leitz diaplan light
microscopy equipped with a Leica DC 300F camera was used for image acquisition. Leaf projected
area was acquired with a CanoScan LiDE 90 (Canon) and determined by CompuEye, Leaf &

Symptom Area software (http:/www.ehabsoft.com/CompuEye/LeafSArea/).

2.4 Chlorophyll determination

Chlorophylls (a, b, and total) were extracted by soaking leaves in N,N-dimethylformamide for 24h at
2°C, in the dark. Pigments were determined spectrophotometrically according to Moran (1982) and
expressed as mmol g DW.

2.5 Oxidative stress and antioxidant response

H202 concentration of leaves was determined according to Jana and Choudhuri (1982) using titanium
chloride in H2SO4 for peroxide detection. The intensity of the yellow colour of the supernatant was
measured at 410 nm by spectrophotometer. The amount of H.O> in the extracts, calculated from a
standard curve, was expressed as mmol g*DW. Lipid peroxidation was estimated by determining the
malonyldialdehyde (MDA) concentration in the leaves according to Hartley-Whitaker et al. (2001),
with minor modifications. Powder from freeze-dried leaves material was mixed with TBA reagent,
heated (95 °C), cooled, and centrifuged. The level of MDA (155 mM1cm™ extinction coefficient)
was measured as specific absorbance at 532 nm and by subtracting the non-specific absorbance at
600 nm. The level of phenolic compounds was calculated as the equivalent of gallic acid (GAE mg
g-1DW) according to Arezki et al. (2001), using the Folin-Ciocalteu reagent. Ascorbate (ASA) and
dehydroascorbate (DHA) extraction and determination were performed according to Kampfenkel et
al. (1995), with minor modifications. Total ascorbate was determined at 525 nm by spectrophotometer
after reduction of DHA to ASA by dithiothreitol and DHA level was estimated on the basis of the
difference between total ascorbate and ASA value. Calculations were made on the base of a standard
curve and ascorbate concentration was expressed as mg g*DW. Glutathione was extracted and
determined according to Gossett et al. (1994). Total glutathione (reduced, GSH +oxidised, GSSG
forms) was determined by the 5,5’- dithio-bis-nitrobenzoic acid (DTNB)-glutathione reductase
recycling procedure and the reaction was monitored as the rate of change in absorbance at 412 nm.
GSSG was determined after removal of GSH from the sample extract by 2-vinylpyridine
derivatisation. Calculations were made on the base of a standard curve. For enzyme assays, leaves

were ground in liquid nitrogen with a mortar and pestle with extraction at 4°C, according to Spano et



al. (2011), with minor modifications. In particular, extraction buffer contained 100 mM potassium
phosphate buffer (pH 7.5), 1 mM ethylenediaminetetraacetic acid (EDTA), and 30% (w/v)
polyvinylpyrrolidone (PVVP-40). Ascorbate peroxidase (APX, EC 1.11.1.11) was extracted using the
same buffer containing also 2 mM ascorbate; the supernatant of glutathione reductase (GR, EC
1.6.4.2) was desalted on a Sephadex G-25 column. The activity of APX was determined following
the decrease in absorbance at 290 nm as ascorbate was oxidised (Nakano and Asada, 1981).
Dehydroascorbate reductase (DHAR, EC 1.8.5.1) was determined by monitoring the glutathione-
dependent reduction of dehydroascorbate at 265 nm (Nakano and Asada, 1981). The activity of GR
was determined as described by Rao et al. (1995) following the oxidation of NADPH at 340 nm.
Monodehydroascorbate reductase (MDHAR, EC 1.6.5.4) was assayed as in Zhang and Kirkham
(1996) by monitoring the decrease in absorbance at 340 nm because of the oxidation of NADH.
Ascorbate oxidase (AO, EC 1.10.3.3) activity was measured as described by Moser and Kanellis
(1994). The activity was determined by monitoring ASA oxidation following the decrease in
absorbance at 265 nm. Glutathione peroxidase (GPX, EC 1.11.1.9) activity was determined according
to Navari-lzzo et al. (1997) by coupling its reaction with that of GR. The activity was determined by
following the oxidation of NADPH at 340 nm. Catalase (CAT, EC 1.11.1.6) activity was determined
according to Aebi (1984) by monitoring the decomposition of H20. at 240 nm. All enzymatic
activities were determined at 25 °C and expressed as U g?protein. Protein measurement was

performed according to Bradford (1976), using BSA as standard.

2.6 Statistical analysis

Differences in morphological and physiological leaf traits were determined by analysis of variance
(ANOVA). Bartlett’s test was applied to the data to verify the homogeneity of variances. When the
variances were not homogeneous, we compared the data using the nonparametric test of Kruskal-
Wallis. Constrained correspondence analysis (CCA) was used to find correlations between the
nvironmental parameters and leaf traits. All statistical tests were performed using R 2.14.0 software
(vegan package for CCA, Oksanen et al., 2011, http://www.r-project.org/).

3. Results

3.1 Soil and plant nutrient status
The soil underlying all the three populations was alkaline (Table 1). The substrata of areas A and C
(Table 1) were relatively similar, while the soil from B, characterised by the highest conductivity and

Na+ concentration, was relatively nutrient-rich (high N and P concentration). The A and C
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populations lived on typical sand dune ecosystems, characterised by an overwhelming preponderance
of sand and low percentages of clay and silt (A: sand: 96.2%, A: clay: 3%, A: silt: 0.8%; C: sand:
93.5%, C: clay: 5.3%, C: silt: 1.2%). By contrast, the plants at B colonised rocky cliffs, characterised
by a soil texture with a considerably lower percentage of sand and greater amounts of clay and silt
(B: sand: 80.1%, B: clay: 6%, B: silt: 13.9%). Plants at B exhibited the highest value of leaf Na+
concentration (P < 0.001) and the lowest concentration of leaf nitrogen (P < 0.001) and phosphorus
(P <0.001). The highest value of mean leaf carbon concentration (P < 0.001) was detected in the B

population (Table 1).

3.2 Leaf anatomy and morphology

Leaves were more or less orthotropic, very close to the stem, with a dorsi-ventral rolled lamina and
biseriate glandular hairs, typical for the Asteraceae. In mature leaves, the glandular hairs were
distributed very thickly over the abaxial surface, within depressions of the epidermis. Epidermal
stripping of the leaves revealed large cells with a lobed shape on the adaxial side (Fig. 1a) and a
smooth contour on the abaxial side (Fig. 1b). The epidermis was uniseriate, especially well-developed
in height, with a thick, roughened cuticle that sometimes rolled up to form several ridges with
longitudinal microchannels (Fig. 1c, d). The cell walls were thick, especially the outer one, and
stained intensely with TBO and PAS (Fig. 1d). The thickness of the epidermal cells, including the
cuticle, was significantly greater in plants from B than in plants from A (P < 0.001) and C (P < 0.001)
(Table 2). Stomata were present on both leaf surfaces (Fig. 1a-b, e-g) and overlaid a wide substomatal
chamber. Some stomata on the adaxial side of the leaf protruded above the other epidermal cells (Fig.
1h). The stomatal density (SD) of the adaxial surface was significantly higher than that of the abaxial
one for all the three sites (P < 0.001). The B plants had the highest total value of SD, as compared to
plants from A (P < 0.001) and C (P = 0.028), and smaller-sized stomata than the plants from A (P =
0.015) and C (P < 0.001) (Table 2). Hydathodes, characterised by few, thin-walled epithem cells,
were located along the leaf margins in all the populations studied (Fig. 1i). The mesophyll showed a
palisade parenchyma, characterised by the presence of numerous and large substomatal chambers on
both leaf sides and several vascular bundles (Fig. 1e-g). Only the mesophyll of leaves collected at B
was characterised by the presence of sub-epidermal cells containing tannins (Fig. 11). In all
populations, a water-storage parenchyma made of large, thin-walled cells was present in the middle
layers of the mesophyll (Fig. 1e-g). The B plants exhibited the highest values of leaf thickness and
succulence index, differing significantly in these parameters from both A (P <0.001 for LT, P =0.025
for S1) and C plants (P < 0.001 for LT, P =0.043 for SI) (Table 2). Leaf area did not vary significantly
among the populations (Table 2).



3.3 Chlorophyll
There was no significant difference in total chlorophyll concentration between the plants from A and
C, while a significantly lower chlorophyll concentration was detected in B plants (P < 0.01, Table 2).

3.4 Oxidative stress and antioxidant response

The H202 concentration (Table 3) was significantly higher in B plants than in plants from the other
two sites (P < 0.001). Membrane damage, evaluated as lipid peroxidation (Table 3), was
approximately 1.6 and 1.4 times higher in A and C plants, respectively, than in B plants (P < 0.001).
Antioxidant level was assessed by monitoring variations in phenols and ascorbate/glutathione cycle
metabolites. Phenol concentration (Table 3) was significantly higher in C plants than in the other
populations (P < 0.001). The ascorbate pool (Table 3) was instead significantly higher in A plants
and, especially, in B plants than in C plants (P < 0.001). In addition, the B population showed the
highest ASA/DHA ratio (0.78), versus C (0.34) and A (0.40). Glutathione was undetectable. No
DHAR or GR activity was detectable. APX (Table 3) exhibited different activity levels in plants from
the different populations, with a minimum in A and a maximum in B plants (P < 0.001). MDHAR
activity (Table 3) and the barely detectable CAT activity (data not shown) did not differ significantly
among the three populations. The activity of GPX was 4-5 times higher in B plants than in A and C
plants (P < 0.001, Table 3). Low AO activity was detected only in B plants (Table 3). Lastly,
constrained correspondence analysis (CCA) revealed that the three coastal sites were well separated
in the two-dimensional space (Fig. 2). Annual rainfall and average temperature were the most

important environmental factors influencing plant responses.

4. Discussion

Many of the morphological features observed in the leaves of Anthemis maritima can be considered
as the adaptations to the constraints imposed by coastal habitats. The dorsi-ventral rolling of the leaf,
also observed in other psammophytes (Ciccarelli et al., 2009, 2010), could be viewed as an adaptation
to reduce the adaxial surface and to limit transpiration and water loss through the formation of a sort
of crypt with a significantly higher stomatal density than the abaxial surface. Moreover, the presence
of stomata on both leaf surfaces could enable more efficient gas exchange in partially buried leaves,
thereby providing some protection against the effects of sand burial. Hydathodes were found along
the leaf margins of all the A. maritima populations. It has been suggested that these structures are
involved in eliminating mineral salts in guttation solution (Chen and Chen, 2006) and would thus

serve to prevent excessive accumulation of minerals within the plant.



Although the populations studied did not reveal any significant differences in terms of leaf area, the
B plants exhibited the highest leaf thickness value. This is due to the larger size of the epidermal cells
and the water-storage parenchyma, which is also consistent with the high succulence index detected
in this population. This is a common trait in plants subjected to drought-stress (Beck, 2005) and
consistent with the climatic conditions at B, which was the driest of the three areas. In addition, the

thicker epidermal cells in the B plants may represent a reserve of water, at the level of vacuole and
cell wall, and could play an important role in reducing the risk of overheating of the underlying
parenchyma. Moreover, the presence of sub-epidermal cells containing tannins in the B population
alone may be linked to the relatively high soil salinity levels, as NaCl is known to stimulate production
of condensed tannins, which are important protective molecules (Reinoso et al., 2004). Increased
levels of NaCl induce progressive absorption of Na* (Turan et al., 2007), so it is not surprising that
the B plants, which grew on the most saline soil, exhibited the highest sodium concentration.
Although the soil at B was relatively nutrient-rich (high concentration of N and P), according to Cha-
Um and Kirdmanee (2009), its higher salinity would negatively influence nutrient uptake. According
to Cordovilla et al. (1995), sodium decreased N concentration in shoot tissues, and the negative effects
of NaCl on plant nitrogen concentration could be explained by the antagonism between CI- and NO3
-, as also reported by Wehrmann and Hahndel (1984). Despite the lower concentration of chlorophyll
and the negative effect of salinity on carbon assimilation, the highest total carbon concentration,
indicative of a higher photosynthetic capacity (Hgaza et al. 2009), was detected in the B plants. This
contradiction, however, may be explained by smaller stomata and higher stomatal density, that
characterise B plants. Smaller stomata have, in fact, faster response times and have been correlated
with a higher photosynthetic capacity (Drake et al. 2013). In addition, Spence et al. (1986) reported
that small guard cells may allow stomata to remain open in drought conditions, ensuring a balance
between photosynthetic carbon assimilation and excessive water loss, a particularly important factor
for the B plants, which live in the driest conditions. This balance could be further ensured by the
higher stomatal density of B plants, another trait often detected in plants subjected to water deficit.

It has frequently been reported that salt and drought stresses cause oxidative damage to plant tissues
(Cruz de Carvalho, 2008; Gomez et al., 1999). Under stress conditions, ROS production overwhelms
the antioxidant system, and oxidative stress ensues. However, plants have evolved a number of
protective mechanisms, both enzymatic and non-enzymatic, to protect cellular structures from
damage. According to Gill and Tuteja (2010), the environmental constraints of coastal habitats
produced oxidative stress in A. maritima leaves with significantly higher amounts of H2O> in the B
plants, which lived under the most stressful conditions and exhibited the highest Na+ leaf

concentration. However, lipid peroxidation, often used as an indicator of oxidative stress (Gomez et



al., 1999), was the lowest in the B plants, which appeared well protected against oxidative damage.
Thus, although protection against oxidative stress seems to depend mainly on non-enzymatic
antioxidants, the relative importance of the different protective mechanisms appears to be different
in the three populations. Phenols turned out to be the main protective molecule in the C plants, which
grow on the lowest salinity soil, and under the most favourable climatic conditions. In contrast,
ascorbate concentration, correlated with plant protection against salt and drought stresses (Cruz de
Carvalho, 2008; Jaleel et al., 2008), was high in the A plants and reached its highest value in the B
plants. Considering that B plants, despite their high peroxide concentration, exhibit the lowest degree
of damage in terms of lipid peroxidation, it seems that a high ascorbate pool and ASA/DHA ratio are
particularly protective, confirming that high levels of endogenous ascorbate are essential for
maintaining the protective antioxidant system. The maximum ascorbate concentration, found in the
B plants, is associated with the highest ascorbate peroxidase activity. This enzyme is a major
constituent of the H202 scavenging system in chloroplasts (Logan et al., 2006). Moreover, the
significantly higher carbon concentration found in the B plants (despite their lower N and chlorophyll
concentration) with respect to the other two populations could in part be explained by high-capacity
chloroplast protection by ascorbate peroxidase. The presence of ascorbate oxidase solely in the B
plants is consistent with the high DHA value detected in this population. As dehydroascorbate has
been hypothesised as an early activator of stomatal closure (Fotopoulos et al., 2008), the activity of
ascorbate oxidase may be related to the need for fine regulation of stomatal opening under the
particularly stressful conditions of area B, further emphasising the pivotal role of stomatal regulation
in stress conditions. The low catalase activity detectable in the dune plants is rather surprising, but
could be explained, at least in part, by the reported phenomenon of down-regulation of this enzyme
by salt, high temperatures, and high radiation levels (Foyer and Noctor, 2000; Hertwig et al., 1992).
Glutathione peroxidase activity, particularly high in the B plants, was present in all populations. As
glutathione was not detectable, the enzyme probably had a substrate different from this thiolic
compound. This is supported by studies showing that some plant and yeast GSH peroxidases can
reduce peroxides much more efficiently, or sometimes even exclusively, by using the thioredoxin
system rather than GSH as a reductant (Navrot et al., 2006). On the whole, antioxidant enzyme
activities were particularly high in the B plants, in which the highest H202 concentration was
revealed, thus confirming the function of this ROS as a signalling molecule for activation of
antioxidant enzymes (Chaparzadeh et al., 2004). The CCA analyses enabled a clear separation of the
three coastal sites in the multivariate space. Interestingly, the most important ecological factors
influencing plant responses were rainfall and temperature, hence suggesting that drought conditions

are more stressful than salinity for A. maritima populations.



In conclusion, there is no single strategy in the response of A. maritima populations to the constraints
of different coastal environments. This species is able to trigger different morphological, anatomical
and physiological traits to survive in these stressful habitats. A. maritima exhibits a high degree of
leaf trait plasticity changing stomatal density and size, leaf thickness and succulence index, and
activating different, mainly ascorbate- or phenol-based responses to oxidative stress. In particular,
the high capacity for regulating the number and the size of stomata, as well as the response to
oxidative stress seem to be of great eco-physiological significance. In addition, the different adaptive
response of A. maritima populations appears to be linked to climatic conditions, especially severe
water deficit and high temperatures, rather than to soil characteristics of the three study areas and this
is a further evidence of the importance of plant plasticity also in view of climate changes (Nicotra et
al., 2010).

Acknowledgments
The authors thank the Tuscan Archipelago National Park for permission to conduct this research in
the island of Pianosa. Soil and plant chemical analysis were performed by Dr. R. Risaliti, CIRAA "E.

Avanzi" of Pisa University.

References
Aebi, H., 1984. Catalase in Vitro. Methods in Enzymology 105, 121-125.



Allen, S.E., 1989. Chemical analysis of ecological material, 2nd edn. Blackwell, Oxford.

Amor, N.B., Jimenez, A., Megdiche, W., Lundqvist, M., Sevilla, F., Abdelly, C., 2007. Kinetics of
the antioxidant response to salinity in the halophyte Cakile maritima. Journal of International Plant
Biology 49 (7), 1-11.

Arezki, O., Boxus, P., Kevrs, C., Gaspar, T., 2001. Changes in peroxidase activity and level
compounds during light-induced plantlet regeneration from Eucalyptus camaldulensis Dehn. nodes
in vitro. Plant Growth Regulation 33 (3), 215-219.

Beck, C.B., 2005. Plant structure and development. Cambridge University Press, Cambridge.
Bradford, M., 1976. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72, 248-254.
Chaparzadeh, N., D’Amico, M.L., Khavari-Nejad, R.A., lzzo, R., Navari-lzzo, F., 2004.
Antioxidative responses of Calendula officinalis under salinity conditions. Plant Physiology and
Biochemistry 42, 695-701.

Cha-Um, S., Kirdmanee, C., 2009. Effect of salt stress on proline accumulation, photosynthetic ability
and growth characters in two maize cultivars. Pakistan Journal of Botany 41, 87-98.

Chen, C.C., Chen, Y.R., 2006. Study on laminar hydathodes of Ficus formosana (Moraceae). II.
Morphogenesis of hydathodes. Botanical Studies 47, 279-292.

Ciccarelli, D., Balestri, M., Pagni, A.M., Forino, L.M.C., 2010. Morpho-functional adaptations in
Cakile maritima Scop. subsp. maritima: comparation of two different morphological types.
Caryologia 63 (4), 411-421.

Ciccarelli, D., Forino, L.M.C., Balestri, M., Pagni, A.M., 2009. Leaf anatomical adaptations of
Calystegia soldanella, Euphorbia paralias and Otanthus maritimus to the ecological conditions of
coastal sand dune systems. Caryologia 62 (2), 142-151.

Collu, F., Bonsignore, L., Casu, M., Floris, C., Gertsch, J., Cottiglia, F., 2008. New cytotoxic satured
and unsatured cycloexanones from Anthemis maritima Bioorganic and Medicinal Chemistry Letters
18, 1559-1562.

Cordovilla, M.P., Ocana, A., Ligero, F., Lluch, C., 1995. Salinity effects on growth analysis and
nutrient composition in four grain legumes-rhizobium symbiosis. Journal of Plant Nutrition 18, 1595-
16009.

Cornelissen, J.H.C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D.E., Reich, P.B., Ter
Steege, H., Morgan, H.D., Van der Heijden, M.G.A., Pausas, J.G., Poorter, H., 2003. A handbook of
protocols for standardised and easy measurement of plant functional traits worldwide. Australian
Journal of Botany 51, 335-380.



Cruz de Carvalho, M.H., 2008. Drought stress and reactive oxygen species. Plant Signaling and
Behaviour 3 (3), 156-165.

Darriet, F., Desjobert, J. M., Costa, J., Muselli, A., 2009. Identification of chrysanthenyl esters from
the essential oil of Anthemis maritima L. investigated by GC/RI, GC/MS (El and CI) and 13C-NMR
spectroscopy: chemical composition and variability. Phytochemical Analysis 20, 279-292.

Dat, J., Vandenabeele, S., Vranova, E., Van Montagu, M., Inzé, D., Van Breusegem, F., 2000. Dual
action of the active oxygen species during plant stress responses. Cellular and Molecular Life
Sciences 57, 779-795.

Defeo, O., McLachlan, A., Schoeman, D.S., Schlacher, T.A., Dugan, J., Jones, A., Lastra, M.,
Scapini, F., 2009. Threats to sandy beach ecosystems: a review. Estuarine, Coastal and Shelf Science
81, 1-12.

De Lillis, M., Costanzo, L., Bianco, P.M, Tinelli, A., 2004. Sustainability of sand dune restoration
along the coast of the Tyrrhenian sea. Journal of Coastal Conservation 10, 93-100.

Drake, P.L., Froend, R.H., Franks, P.J., 2013. Smaller, faster stomata: scaling of stomatal size, rate
of response, and stomatal conductance. Journal of Experimental Botany 64 (2), 495-505.

Fischer, R.A., 1968. Stomatal opening in isolated epidermal strips of Vicia faba. I. Response to light
and to CO2-free air. Plant Physiology 43, 1947-1952.

Foggi, B., Cartei, L., Pignotti, L., 2008. La vegetazione dell’isola di Pianosa (Arcipelago Toscano).
Braun-Blanquetia 43, 1-41.

Fotopoulos, V., De Tullio, M.C., Barnes, J., Kanellis, A.K., 2008. Altered stomatal dynamics in
ascorbate oxidase over-expressing tobacco plants suggest a role for dehydroascorbate signaling.
Journal of Experimental Botany 59, 729-737.

Foyer, C.H., Noctor, G., 2000. Oxygen processing in photosynthesis: regulation and signalling. New
Phytologist 146, 359-388.

Gill, S.S. Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant Physiology and Biochemistry 48, 909-930.

Gomez, J.M., Hernandez, J.A., Jimenez, A., del Rio, L.A., Sevilla, F., 1999.

Differential response of antioxidative enzymes of chloroplasts and mitochondria to long-term NaCl
stress of pea plants. Free Radical Research 31, 11-18.

Gossett, D.R., Millhollon, E.P., Lucas, M.C., 1994. Antioxidant response to NaCl stress in salt-
tolerant and salt-sensitive cultivars of cotton. Crop Science 34, 706-714.

Gratani, L., Varone, L., Crescente, M.F., 2009. Photosynthetic activity and water use efficiency of

dune species: the influence of air temperature on functioning. Photosynthetica 47 (4), 575-585.



Hartley-Whitaker, J., Ainsworth, G., Vooijs, R., Bookum, W.T., Schat, H., Merag, A.A., 2001.
Phytochelatins are involved in differential arsenate tolerance in Holcus lanatus. Plant Physiology
126, 299-306.

Hertwig, B., Streb, P., Feierabend, J., 1992. Light dependence of catalase synthesis and degradation
in leaves and the influence of interfering stress conditions. Plant Physiology 100, 1547-1553.

Hgaza, V.K., Diby, L.N., Aké, S., Frossard, E., 2009. Leaf growth and photosynthetic capacity as
affected by leaf position, plant nutritional status and growth stage in Dioscorea alata L. Journal of
Animal and Plant Sciences 5, 483-493.

Jaleel, C.A., Lakshmanan, G.M.A., Gomathinayagam, M., Panneerselvam, R., 2008. Triadimefon
induced salt stress tolerance in Withania somnifera and its relationship to antioxidant defense system.
South African Journal of Botany 74, 126-132.

Jana, S., Choudhuri, M.A., 1982. Glycolate metabolism of three submerged aquatic angiosperm
during aging. Aquatic Botany 12, 345-354.

Kampfenkel, K., Montagu, M.V., Inzé, D., 1995. Extraction and determination of ascorbate and
dehydroascorbate from plant tissue. Analytical Biochemistry 225, 165-167.

Lenher, A., Bailly, C., Flechel, B., Poels, P., Come, D., Corbineau, F., 2006. Changes in wheat seed
germination ability, soluble carbohydrate and antioxidant enzymes activities in the embryo during
the desiccation phase of maturation. Journal of Cereal Science 43, 175-182.

Logan, B.A., Kornyeyev, D., Hardison, J., Holaday, S., 2006. The role of antioxidant enzymes in
photoprotection. Photosynthesis Research 88, 119-132.

McLean, E.O., 1982. Soil pH and lime requirement. In: Page, A.L., Miller, R.H., Keeney, D.R. (Eds).
Methods of soil analysis, part 2, Chemical and microbiological methods, vol. 9. ASA Monograph.
ASA, Madison, WI, USA, pp. 199-224.

Morais, M.C., Panuccio, M.R., Muscolo, A., Freitas, H., 2012. Salt tolerance traits increase the
invasive success of Acacia longifolia in Portuguese coastal dunes. Plant Physiology and Biochemistry
55, 60-65.

Moran, R., 1982. Formulae for determination of chlorophyllous pigments extracted with N,N-
dimethylformamide. Plant Physiology 69, 1376-1381.

Moser, O., Kanellis, A.K., 1994. Ascorbate oxidase of Cucumis melo L. var. reticulatus: purification,
characterization and antibody production. Journal of Experimental Botany 45, 717-724.

Nakano,Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in
spinach chloroplasts. Plant Cell and Physiology 22, 867-880.

Navari-lzzo, F., Meneguzzo, S., Loggini, B., Vazzana, C., Sgherri, C.L.M., 1997. The role of the
glutathione system during dehydration of Boea hygroscopica. Physiologia Plantarum 99, 23-30.



Navrot, N., Collin, V., Gualberto, J., Gelhaye, E., Hirasawa, M., Rey, P., Knaff, D.B., Issakidis, E.,
Jacquot, J.P., Rouhier, N., 2006. Plant glutathione peroxidases are functional peroxiredoxins
distributed in several subcellular compartments and regulated during biotic and abiotic stresses. Plant
Physiology 142, 1364-1379.

Nicotra, A.B., Atkin, O.K., Bonser, S.P., Davidson, A.M., Finnegan, E.J., Mathesius, U., Poot, P.,
Purugganan, M.D., Richards, C.L., Valladares, F., van Kleunen, M., 2010. Plant phenotypic plasticity
in a changing climate. Trends in Plant Science 15, 684-692.

O'Brien, T.P., McCully, M.E., 1981. The study of plant structure. Principles and selected methods.
Termacarphi, Melbourne.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson, G.L.,
Solymos, P., Stevens, M.H.H., Wagner, H., 2011. Vegan: Community Ecology Package. R package

version 2.0-2. http://cran.rproject. org/package=vegan.

Olsen, S., Cole, C., Watanabe, F., Dean, L., 1954. Estimation of available phosphorus in soils by
extraction with sodium bicarbonate. USDA Circular n® 939, US Gov. Print. Office, Washington.
Parida, A.K., Das, A.B., 2005. Salt tolerance and salinity effects on plants: a review. Ecotoxicology
and Environmental Safety 60, 324-349.

Pinna, M., 1985. Contributi di Climatologia. Memorie della Societa Geografica Italiana 39, 147-167.
Pirone, G., Corbetta, F., Frattaroli, A. R., Caschetti, G., 2001. Aspetti della vegetazione costiera
dell’ Abruzzo. Biogeographia 22, 169-191.

Rao, M.V., Beverley, A.H., Ormrod, D.P., 1995. Amelioration of ozone-induced oxidative damage
in wheat plants grown under high carbon dioxide. Role of antioxidant enzymes. Plant Physiology
109, 421-432.

Read, J., Sanson, G.D., Lamont, B.B., 2005. Leaf mechanical properties in sclerophyll woodland and
shrubland on contrasting soils. Plant Soil 276, 95-113.

Reinoso, H., Sosa, L., Ramirez, L., Luna, V., 2004. Salt-induced changes in the vegetative anatomy
of Prosopis strombulifera (Leguminosae). Canadian Journal of Botany 82 (5), 618-628.

Rhodes, J.D., 1982. Soluble salts. In: Page, A.L., Miller, R.H., Keeney, D.R. (Eds.), Methods of soil
analysis, part 2, Chemical and microbiological properties, Agronomy, vol. 9. ASA Monograph. ASA,
Madison, W1, USA, pp. 167-185.

Rice-Evans, C.A., Miller, N.J., Pagana, G., 1997. Antioxidant properties of phenolic compounds.
Trends in Plant Science 2, 152-159.

Rozema, J., Bijwaard, P., Prast, G., Broekman, R., 1985. Ecophysiological adaptations of coastal
halophytes from foredunes and salt marshes. Vegetatio 62, 499-521. Sass, J.E., 1958. Botanical

microtechnique. lowa State Univ. Press, Ames.


http://cran.rproject/

Spano, C., Bottega, S., Grilli, I., Lorenzi, R., 2011. Responses to desiccation injury in developing
wheat embryos from naturally- and artificially-dried grains. Plant Physiology and Biochemistry 49,
363-367.

Spence, R.D., Wu, H., Sharpe, P.J.H., Clark, K.G., 1986. Water stress effects on guard cell anatomy
and the mechanical advantage of the epidermal cells. Plant, Cell and Environment 9, 197-202.
Thomas, G.V., 1982. Exchangeable cations. In: Page, A.L., Miller R.H., Keeney D.R. (Eds), Methods
of soil analysis, part 2, Chemical and microbiological methods, vol. 9. ASA Monograph. ASA,
Madison, W1, USA, pp. 159-165.

Turan, M.A., Katkat, V., Taban, S., 2007. Variations in proline, chlorophyll and mineral elements
contents of wheat plants grown under salinity stress. Journal of Agronomy 6, 137-141.

Wehrmann, I., Hahndel, R., 1984. Relationship between N and CI nutrition and NO3s content of
vegetables. Proceedings VI International Colloquium for the Optimization of Plant Nutrition 2.
Montpellier, France, pp. 679-685.

Zhang, J., Kirkham, M.B., 1996. Enzymatic responses of the ascorbate-glutathione cycle to drought
in sorghum and sunflower plants. Plant Science 113, 139-147.

Zhenzhu, X., Guangsheng, Z., 2008. Responses of leaf stomatal density to water status and its

relationship with photosynthesis in a grass. Journal of Experimental Botany 59 (12), 3317-3325.

Figure captions



Fig. 1. Leaf anatomy of Anthemis maritima. a, b - Epidermal stripping of the adaxial and the abaxial
side of a leaf from Casalbordino (C). ¢ — Particular of the abaxial epidermis of a leaf: two kidney
shaped guard cells of a stoma and roughened cuticle are evident. d — Uniseriate epidermis with a thick
rolled cuticle that forms longitudinal microchannels (arrows). e, f, g - Cross sections of leaves,
collected at Pianosa (B), Principina (A), and Casalbordino (C) respectively. Parallel vascular bundles
(arrows) immersed in the water-storage parenchyma which consists of large cells and small
intercellular spaces. h — Stomata in the adaxial side of the leaf protruding above the other epidermal
cells. i — Hydathode with two stomata (arrows) and a large sub-stomatal chamber in contact with the
bundle of tracheids. j — Subepidermal cells containing tannins (arrows) in a leaf from Pianosa (B) (c
= substomatal chamber, s = stomata, t = tracheids, w = water-storage parenchyma). Scale bars = 45
um (a, b, 1); 10 um (c, d); 80 um (e, f, g); 60 um (h, i). Section d was stained with toluidine blue
(TBO) and periodic acid Schiff (PAS); e-j with TBO.

Fig. 2. Constrained correspondence analysis (CCA) plot showing the three coastal sites: Principina
(A), Pianosa (B), Casalbordino (C), the most important environmental factors (rainfall and
temperature) and morphological and physiological leaf traits (SD: stomatal density, SS: stomatal size,
LT: leaf thickness, LA: leaf area, Sl: succulence index, Chl: chlorophyll concentration, H205:
hydrogen peroxide, Perlip: lipid peroxidation, Phe: phenolic compounds, Asc: ascorbate, APX:
ascorbate peroxidase, MDHAR: monodehydroascorbate reductase, GPX: glutathione peroxidase).
Eigenvalues for constrained axes were 0.115 for CCA1 and 0.004 for CCA2.



Table 1
Chemical characteristics of samples of Anthemis maritima and soils from the three
investigated coastal sites.

Principina (A) Pianosa (B) Casalbordino (C)
Soil’
pH 7.72° £ 0.07 8.21¢ £ 0.01 8.04% + 0.07
Conductivity (uS cm™') 39.70° £ 0.70 154.77° £ 1054 36.57°+1.05
Total N (g kg™ 1) 0.72° + 0.02 2.23% £ 0.16 0.18° + 0.003
Available P (ppm) 1.03° £ 0.17 17.73* £ 0.64 1.93% + 0.04
Na™ (ppm) 2579° £ 137 12950°+£494  12.15°+ 0.03
Plant material”
Leaf N content (%) 1.25° + 0.01 1.06° £ 0.01 1.48% + 0.02
Leaf P content (%) 4.02% + 0.08 2.68° + 0.07 332>+ 0.05
Leaf C content (%) 37.79° + 0.56 42.17° £ 042 32.03“+ 043
Na™ (%) 0.58° + 0.01 2.23* +£ 0.06 0.82° + 0.01

Data are the mean of three replicates + SE. Means followed by the same letters are
not significantly different at 5% according to one-way ANOVA test.
* Data are expressed on a dry matter basis (%).



Table 2

Morphological traits and chlorophyll content of A. maritima from the three inves-

tigated coastal sites.

Principina (A)

Pianosa (B)

Casalbordino (C)

Adaxial stomatal density
(No. stomata mm~—2)
Abaxial stomatal density
(No. stomata mm~—2)
Total stomatal density

(No. stomata mm~2)
Stomatal size (pm)
Leaf thickness (mm)
Epidermal cells
thickness (um)
Leaf area (mm?)
Succulence index
(mg cm™?)
Total chlorophyll
(mmol g~ 'DW)
Chlorophyll a/b

50.56° + 1.03
29.02° + 097
39.79° + 0.73
35.41% + 0.68

0.79° + 0.02
2041° + 0.71

100112+ 11.3
59.44°> + 2.76

8.74%* £ 0.15

2.36% £ 0.07

59.78% + 181
3433 + 2.15
47.05% + 1.60
32.69° + 0.74

120° + 0.02
33.91% + 048

126.03 £ 9.1
68.76° £ 447

6.85° + 021

236"+ 0.04

54.87% + 1.65
28.95%° 4+ 169
4191° + 144
37.02% + 049

0.77° + 0.02
20.31° + 045

126322 + 11.1
61.35° = 1.28

9.05% £ 032

241° £ 004

Data are the mean of ten replicates + SE. Means followed by the same letters are not

significantly different at 5% according to one-way ANOVA test.



Table 3
Selected physiological characteristics of A. maritima from the three investigated
coastal sites.

Principina (A) Pianosa (B) Casalbordino (C)
Hydrogen peroxide 106.89° + 0.22 153.22® + 0.44 100.88°+ 0.22
(umol g~1DW)
Lipid peroxidation 393.72° + 7.04 241.99°+ 446 336.00°+ 5.13

(MDA nmol g~ 'DW)
Phenols (mg GAE ¢~ 'DW)  2.10° + 0.02 1.90° + 0.01 3.70* + 0.09

Total ascorbate 8.00° £ 0.08 13.19° £0.75 3.96° + 0.08
(mg ¢~ 'DW)

ASA/DHA 0.40° £ 0.01  0.78* £ 0.09 0.34° £ 0.01

APX (U g~ 'protein) 199.98¢ + 8.25 263.99° +4.12 240.02Y + 8.15

MDHAR (U g~ 'protein) 3503° £ 1.84 3881+ 187  31.99+ 185

GPX (U g~ 'protein) 164.17° + 2.79 722.40° +29.79 151.77°+ 1.86

AO (U g~ 'protein) - 23.00 £ 362 -—

Data are the mean of ten replicates + SE. Means followed by the same letters are not
significantly different at 5% according to one-way ANOVA test.
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