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Abstract Halodule wrightii is an ecologically important
seagrass; however, little is known about the adaptation of this
species in the context of environmental change, particularly
changes arising from alterations in salinity of coastal ecosys-
tems. This study aimed to determine the effects of different
salinities on growth, morphology, leaf ultrastructure, and cell
viability of H. wrightii. To accomplish this, plants were culti-
vated for 21 days in salinities of 25, 35, and 45. More
hydropotens were observed in samples exposed to salinity of
45 with increased invagination of the plasma membrane and
cell wall. These invaginations were also observed in other
epidermal cells of the leaf blade. In particular, a significant
retraction of plasma membrane was seen in samples exposed
to salinity of 45, with possible deposition of compounds
between the membrane and cell wall. Osmotic stress in sam-
ples exposed to salinity of 45 affected the chloroplasts through
an increase in plastoglobules and thylakoids by granum in the
epidermal chloroplasts of the leaf and decrease in the number
of chloroplasts. Overall, this study showed thatH. wrightii can

survive within salinities that range between 25 and 45 without
changing growth rate. However, the plant did have higher cell
viability at salinity of 35. Salt stress in mesocosms, at both
salinity of 25 and 45, decreased cell viability in this species.H.
wrightii had greater changes in salinity of 45; this showed that
the species is more tolerant of salinities below this value.

Keywords Hydropoten .Wall ingrowths . Plastoglobules

Introduction

Halodule wrightii Ascherson is a seagrass found on every
continent, except the Antarctic (den Hartog 1970; Dawes
1998). In Brazil, it is the most common seagrass. Widely
distributed on the coast (Oliveira Filho et al. 1983; Fonseca
& Fisher 1986), it is usually found in the intertidal zone to
about 10 m in depth (Marques and Creed 2008), and this
species usually occupies warmer areas with approximate
salinity of 35 (Oliveira Filho et al. 1983). However, this
species is also found at higher salinities (Koch et al. 2007),
and despite its preference for saline areas,H. wrightii can also
be found in estuarine environments with lower salinity of 30
(Ferreira 2012).

Saline environments have significantly affected the mor-
phology and physiology of seagrasses (Kuo and den Hartog
2006; Taiz and Zeiger 2009). Among the resources of
morphological adaptation, the following characteristics stand
out: leaves with small epidermal cells, thick cell walls, thin
cuticle and large concentrations of chloroplasts, absence of
stomata, a vast aerenchyma system, and reduced xylem
(Kuo and den Hartog 2006). The general physiological mech-
anisms include deleting, compartmentalizing and controlling
ion entrance, osmoprotection, activation of antioxidants, and
other genetically derived controls (Brilhante 2006; Esteves
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and Suzuki 2008), including changes in the rate of cell wall
synthesis (Fricke and Peters 2002). Projections in the anticli-
nal cell walls and external periclinal walls of leaf epidermal
cells can be seen in some seagrasses (Doohan and Newcomb
1976; Kuo and den Hartog 2006; Ferreira et al. 2015). Jagel
(1973), indicating that this type of wall expansion may be
associated with an osmoregulation similar to that found in
the secretory cells of mangrove plants. By studying the salt
glands of Amarix aphylla, Bosabalidis (2010) noticed that
numerous projections of the cell wall were always followed
by a large increase in the number of mitochondria and
microvacuoles in its vicinity.

Hydropotens containing many mitochondria and projec-
tions of the cell wall are found in the epidermis of some
seagrasses, including H. wrightii (Ferreira et al. 2015).
Metcalfe and Chalk (1979) described the important role of
such structures in the transport of water and salts into and
out of aquatic plants, absorbing two to three times more than
the remaining cells of the epidermis. These structural peculiar-
ities, which are similar to salt glands, suggest that hydropotens
are active in the transport of minerals.

Altered salinity regimes have contributed to the disappear-
ance of seagrasses (Zieman et al. 1999; Rudnick et al. 2005).
Clearly, salinity is a major component of the environment that
may influence the structure and function of seagrass commu-
nities (Montague and Ley 1993). Studies of these angiosperms
suggest that most species have optimum growth between
salinity of 30 and 40, although some species have higher
growth in brackish water (Touchette 2007).

Seagrass exposed to changes in salinity undergoes osmotic
stress (Zhu 2001), which, in turn, will affect photosynthetic
rate (Khalafallah et al. 2013), metabolic processes (Hasegawa
et al. 2000; Parvaiz and Satyawati 2008), ultrastructure (Jagels
and Barnabas 1989; Iyer and Barnabas 1993), and growth
(Walker and McComb 1990; Fernández-Torquemada and
Sánchez-Lizaso 2005), as well as development and survival
(Vermaat et al. 2000).

Although H. wrightii is one of the most common
seagrasses in the world with a correspondingly large amount
of ecological data (Barros 2008), few studies have reported on
the adaptation of this species in the face of changes in salinity
of coastal ecosystems. Thus, this study utilized controlled
mesocosm conditions to determine the effects of different
salinities on growth, morphology, ultrastructure, and cell
viability of H. wrightii.

Materials and methods

Collection site and plant material

The Lagoa da Conceição Channel has been continuously open
since 1982, an event which, according to Soriano-Sierra

(1999), has begun to dramatically change the characteristics
of this environment, as determined by a gradual increase of
salinity and changes in biotic communities. In 2010 and 2011,
Ferreira (2012) recorded salinities in this channel between 22
and 28. In the present study, salinities from 25 to 38 were
recorded from November 2013 to August 2014, and these
values varied with rainy and dry seasons. Taking into consid-
eration the expected increases and observed frequency of
intense marine heat waves (IPCC 2014), this area is expected
to show further increase in salinity. In August 2014,
H. wrightii specimens were collected at a depth of approxi-
mately 1 m in the Lagoa da Conceição Channel, which is
located in Florianopolis, Santa Catarina, Brazil (27° 34′ 47″
S and 48° 25′ 47″ W). Vegetative structures of H. wrightii
individuals were used in the treatments. Specimens were
carefully removed from the substrate, using a garden spade,
and placed in containers with water from the site. The
sediment was also collected and stored in another container.
All the collected material was taken to the laboratory.
Specimens were washed in seawater previously sterilized by
filtration, and contaminants and epiphytes were removed. All
sediments were autoclaved to prevent the introduction of
unknown variables.

Culture conditions in the laboratory

For cultivation in the laboratory, H. wrightii specimens were
placed in aquaria with 4 cm of sediment and 5 l of seawater
previously sterilized at salinity of 35 (= salinity of collection
site). The roots and rhizomes were then fixed in the sediment,
with the leaves out of the sediment and fully submerged in the
saline water. The specimens were divided into 12 tanks, which
were transferred to the culture room with controlled ambient
conditions of temperature, lighting, and aeration. Throughout
the period of acclimation and treatment, the temperature was
maintained at 24 °C (±2), continuous aeration, 100
(±10) μmol photons m−2 s−1 (fluorescent lamps, Philips C-5
Super 84, 16 W), and 12 h photocycle (starting at 8 h) at 100
(±10) μmol photons m−2 s−1. Light intensity was measured
with a Solar Light PMA 2100 quantometer (Glenside, PA,
USA). The acclimation period was 14 days. After acclimation,
with the same culture conditions, four tanks were subjected to
salinity of 25, four to salinity of 45, and four remained in
salinity of 35 (control). Concentrations to salinity of 25 and
35 were based on salinity variations naturally occurring at the
collection site. Salinity of 45 took into account the planned
increases in the IPCC 2014and the experiments carried out by
Lirman and Cropper (2003). The duration of the experiment
was 21 days for each treatment, allowing for the time required
to develop new adult leaves. Low salinity was obtained by
dilution with distilled water, while high salinity was obtained
by addition of seawater with salinity of 90 obtained by boiling
of the seawater. Throughout the experimental period, pH
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measurements, irradiance, temperature, and salinity were
performed weekly to monitor cultivation conditions. Aquarium
water was renewed twice a week, maintaining the same salinity.

Growth rate

Growth rates (GRs) were calculated according to the methods
ofMagalhães (1985), withmodifications for percentage, using
the following equation: GR [% day−1] = [(Wt/Wi)1/t − 1] × 100,
where Wi = fresh weight in grams of the whole plant (root +
rhizome + leaf) at the initial time,Wf = fresh weight in grams of
the whole plant (root + rhizome + leaf) at the final time,
and t = experimental time in days.

Morphological studies

External morphological measurements were taken for root
(diameter), rhizome (diameter), and leaf blade (width and
thickness). Internal measurements of leaf blade included
thickness of the epidermis, mesophyll and aerenchyma, and
number of cells in the mesophyll. For these measurements,
permanent histological slides were made with samples
sectioned transversely. Measurements were made from the
median region of adult root, rhizome (internode region), and
leaf blade of samples from the environment (hereinafter
termed field samples) and treatment samples (at the end of
experimentation). This material was fixed using 2.5% parafor-
maldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for
24 h. Subsequently, the samples were dehydrated in increasing
series of aqueous ethanol solutions and infiltrated with
Historesin (Leica Historesin, Heidelberg, Germany). Then,
sections 5 μm in length were stained with toluidine blue
(TB) (Gordon and McCandless 1973). The material was ana-
lyzed and photographed with a light microscope (Olympus,
model BX41, Japan), using a digital color 3.3 Mpx QImaging
camera equipped with QCapture Pro 5.1, which has a system
of measures in micrometers. Twenty individuals from each
treatment were analyzed, and for the analysis of epidermal
thickness, five measurements of each section were made,
totaling 100 measurements per treatment.

Transmission electron microscope (TEM)

The material was processed according to the method of
Bouzon et al. (2006). Samples of the median and mature re-
gions of leaf blade from field and treatment samples post-
experiment were prefixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) plus 2% sucrose for 12 h.
The material was postfixed with 1% osmium tetroxide for
12 h, dehydrated in a graded acetone series, and embedded
in Spurr’s resin. Thin sections were stained with aqueous
uranyl acetate followed by lead citrate. The samples

were examined under JEOL JEM-2010 TEM (Model
JEM 101, Japan) at 80 kV.

Analysis of cell viability by MTTassay

Mitochondrial viability and, consequently, cell viability was
quantitated indirectly by the reduction of the yellow dye salt
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) to its insoluble formazan, which has a purple color, by
the activity of dehydrogenases (Mosmann 1983; Freimoser
et al. 1999). The analysis of MTT reduction was based on
procedures described by Mendes et al. (2013). At the end of
experimentation, adult samples (6 mg fresh weight) of root,
rhizome, and leaf blade for both field and treatment specimens
were placed in separate test tubes containing 3 mL of water of
the culture and 30 μL of MTTsolution (MTT 0.017 g in 1 mL
of sodium phosphate buffer 0.1 M). The test tubes were main-
tained in the greenhouse at 37 °C for 3 h under stirring. After
this period, samples were washed in distilled water, trans-
ferred to Eppendorf tubes containing 1.0 mL of analytical
grade dimethylsulfoxide (DMSO), and centrifuged for 4 min
(4000 rpm). The supernatant was placed in microplates and
then analyzed at 570 nm in an Infinite M200 Tecan plate
reader. Analyses were performed in quadruplicate, and to
compare data, the average values of absorbance of MTT
degradation were used.

Data analysis

Statistical analysis of the growth rate of the whole plant (root +
rhizome + leaf); external morphology of the root (diameter),
rhizome (diameter), and leaf blade (width and thickness);
internal measurements of leaf blade (thickness of the epider-
mis, mesophyll and aerenchyma, and number of cells in the
mesophyll); and cell viability by MTT assay were all evaluat-
ed by analysis of variance (ANOVA), followed by Tukey’s
test, when parametric, or analysis by Kruskal-Wallis followed
by Dunn’s test, when nonparametric, at the 5% significance
level, using Excel 2010 and BioEstat 5.0. For microscopic
analysis (TEM, CLSM), four samples of each treatment were
used to verifying qualitative aspects.

Results

Growth rate and morphological analysis

The specimens of H. wrightii grown and developed in culture
in the different treatments. The maximum growth occurred in
salinity of 35 (0.12% day−1), however no statistical differ-
ences comparing the three treatments (Table 1). The diameter
of the rhizome also showed no significant differences among
treatments (Table 2). However, the samples showed a
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thickening of root diameter in the treatments with salinity of
25 and 45 (Table 2).

Field samples achieved the highest average value of
thickness of the leaf blade with significant differences
relative to treatments, but no significant differences were
noted among samples (Table 3). Field samples reached the
lowest average values of leaf blade width. Treatments
with salinity of 25 and 45 obtained the highest mean
values, with no significant differences between these two
treatments (Table 3).

The number of cells in the mesophyll presented statistically
significant differences where the largest number was obtained
from field samples, followed by treatment with salinity of 25
and 45. Treatment with salinity of 35 had the lowest number
(Table 4). Based on an analysis of the thickness of mesophyll
and epidermal cells, field samples showed the highest average
values with statistically significant differences relative to treat-
ments in different salinities, but among the treatments,
no statistical differences were found (Table 4). No sig-
nificant variation among treatments, including no differ-
ences in field samples, was observed in thickness of
main aerenchyma (Table 4).

Ultrastructure of the leaf blade

In all samples, TEM of leaf blade transverse sections revealed
epidermal cells with large expansion of cell wall followed by
invaginations of the plasma membrane (Fig. 1a–l). This
phenomenon was not as noticeable in samples exposed to
salinity of 25 (Fig. 1d, e). These expansions were found in
the anticlinal cell walls, sometimes reaching the external
and internal periclinal walls. Next to these expansions,

mitochondria and small vesicles were found with a greater
number of mitochondria observed in samples exposed to sa-
linity of 25 (Fig. 1d, e). No such expansions were found in
mesophyll cells, even those in direct contact with the
epidermis.Beyond these expansions, large retraction of the
plasma membrane was found in samples exposed to salinity
of 45 (Fig. 1j, k) with apparent deposition of compounds in the
space created between the plasma membrane and the cell wall
(Fig. 1k). This retraction takes up much of the cytoplasm. In
the epidermis, hydropotens were observed to contain many
mitochondria, vesicles and large projections of the cell wall,
mainly the outer periclinal cell wall, followed by invagina-
tions of the plasma membrane (Fig. 1c, f, i, l). In this cell,
the outer periclinal cell wall was thickened threefold over that
of other epidermal cells. Hydropotens were found in greater
quantities in samples exposed to salinity of 45, and they also
had a higher number of invaginations of the plasma mem-
brane, which occupied almost the entire cytoplasm (Fig. 1l).

Many chloroplasts were found in the epidermal cells
distributed throughout the cytoplasm, with higher concentra-
tion at the outer peripheral region (Fig. 2a, d, g, j). Epidermal
chloroplasts have an elliptical shape with organized thylakoids
and without starch grains (Fig. 2a–l). Compared to mesophyll
chloroplasts, they are much larger and have larger quantities.
Samples exposed to salinity of 45 showed the least amount of
chloroplasts in the epidermis (Fig. 2j), and they were also
smaller. However, these chloroplasts had a higher number of
thylakoids by granum (Fig. 2l). Plastoglobules were seen in
the epidermal chloroplasts of all samples with higher amounts
in field samples (Fig. 2b, c) and samples exposed to salinity of
45 (Fig. 2k).

Analysis of cell viability by MTTassay

The highest values of absorbance of MTT degradation were
found in the leaf blade (Table 5). Field samples had the lowest
average values of absorbance of MTT degradation in all
vegetative organs (root, rhizome, and leaf) (Table 5).
Between root and rhizome, no significant differences were
observed based on MTT degradation among treatments
(Table 5). However, for leaf blade, statistical differences were

Table 2 Comparative data
between the means (±standard
error) of Halodule wrightii
Aschers. morphological
characteristics, including rhizome
(diameter) and root (diameter),
considering field samples and
samples treated with salinity of
25, 35, and 45. N = 20

Field Salinity of 25 Salinity of 35 Salinity of 45

Rhizome

Diameter (μm)* 1143.75 ± 20.77a 1120.96 ± 24.04a 1061.68 ± 27.97a 1080.81 ± 18.97a

Root

Diameter (μm) 363.20 ± 8.64c 367.67 ± 12.11b,c 363.20 ± 8.64c 401.77 ± 8.19a, b

Different letters compared horizontally indicate statistically significant differences between the means at the level
of 5% probability by Tukey test

*F not significant at 5% probability by analysis of variance ANOVA

Table 1 Comparative data between the means (±standard error) of
Halodule wrightii Aschers. growth rate including analysis of the whole
plant (root + rhizome + leaf) and considering field samples and samples
treated with salinity of 25, 35, and 45. N = 12

Salinity of 25 Salinity of 35 Salinity of 45

Growth rate (% day−1)* 0.10 ± 0.40 0.12 ± 0.24 −0.08 ± 0.29

*F not significant at 5% probability by analysis of variance ANOVA
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noted between samples exposed to salinity of 25 and 45 rela-
tive to 35, which had the highest average value of degradation
of MTT (Table 5).

Discussion

Our results show that H. wrightii plants were able to maintain
their growth, even under hypersaline conditions. Tolerance of
this plant to variations in salinity was also noted by Lirman
and Cropper (2003) who analyzed the influence of variation in
salinity (5 to 45) in Thalassia testudinumKönig, Syringodium
filiforme Kützing, and H. wrightii with respect to growth rate
and leaf elongation. Of the three species tested by these au-
thors, H. wrightii showed the greatest tolerance to salinity
variations, and changes in the growth rates did not vary much
among treatments, with the highest average rate of extension
of the leaf blade recorded at salinity of 35 and the lowest at
salinity of 45.

Parida and Das (2005) found that increased salinity affect-
ed leaf anatomy, leading to increased thickness of the epider-
mis and mesophyll and decrease of the intercellular spaces.
However, in the present study, variations in the intercellular
spaces of specimens treated with salinity of 45 were not ob-
served, and the diameter of the aerenchyma showed no differ-
ences between field samples and those subjected to different

salinity treatments. The greatest thickness of leaf blades and
their constituent structures was only observed in field samples
where the main regulatory factor is light, not salinity, since
more ambient light is available compared to laboratory cul-
ture. According to Dickison (2000), the greater exposure of
leaf to the light increases the thickness of the leaf blade and
mesophyll, whereas a lower exposure results in increased leaf
area with enlargement of the leaf to increase the capture of
light, as observed in plants cultured in the laboratory.

Samples of treatment with salinity of 45 had higher mean
value of the root diameter, caused by the increase of cell layers
in the cortex and the thickening of exodermis (unpublished
data). The exodermis of the plant roots represents an
apoplastic barrier with variable resistance radial flow of water
and ions and makes an essential contribution to the plant’s
resistance to environmental stress conditions (Hose et al.
2001, Hartung et al. 2002). The increase of cell layers of the
cortex can also be serving as a barrier to prevent the flow of
ions to the aerial parts of the plant.

We asked how H. wrightii could tolerate such differences
in salinity without also undergoing changes in growth rate and
morphology. Most likely, this plant has the ability to present
ultrastructural alterations that may favor such tolerance to sa-
line stress. For example, under TEM, we saw the formation of
specialized cells called hydropotens. Hydropotens are in-
volved in the transport of water and salts, and they are able

Table 4 Comparative data
between the means (±standard
error) of leaf anatomical
characteristics (thickness of the
constituent tissues and number of
cells in the mesophyll) of
Halodule wrightii Aschers.,
considering field samples and
samples treated with salinity of
25, 35, and 45

Field Salinity of 25 Salinity of 35 Salinity of 45

Number of cells in the
mesophyll1

8.50 ± 0.24a 7.50 ± 0.29b 6.35 ± 0.21c 7.00 ± 0.23b, c

Min. = 7
Max. = 11

Min. = 5
Max. = 9

Min. = 5
Max. = 8

Min. = 6
Max. = 9

Thickness:

Mesophyll (μm)1 225.65 ± 6.10a 176.06 ± 9.08b 155.64 ± 8.12b 154.27 ± 7.30b

Main aerenchyma (μm)1* 56.31 ± 2.20a 52.92 ± 2.77a 55.89 ± 2.97a 46.90 ± 2.62a

Epidermal cells (μm)2** 31.63 ± 0.33a 25.97 ± 0.19b 25.67 ± 0.25b 25.29 ± 0.14b

Different letters compared horizontally indicate statistically significant differences between the means at the level
of 5% probability by Tukey test (parametric) or **Dunn (nonparametric)

Min. minimum value, Max. maximum value

*F not significant at 5% probability by analysis of variance ANOVA
1N = 20
2N = 100

Table 3 Comparative data
between the means (±standard
error) of Halodule wrightii
Aschers. leaf blade
morphological characteristics
(thickness and width),
considering field samples and
samples treated with salinity of
25, 35, and 45. N = 20

Field Salinity of 25 Salinity of 35 Salinity of 45

Leaf blade

Thickness (μm) 279.72 ± 5.64a 219.27 ± 9.21b 197.88 ± 9.18b 193.85 ± 7.64b

Width (μm) 485.50 ± 8.10c 599.60 ± 12.47a 542.10 ± 9.80b 584.35 ± 10.72a

Different letters compared horizontally indicate statistically significant differences between the means at the level
of 5% probability by Tukey test
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to retain more mineral ions (Castro and Machado 2006).
Samples treated with higher salinity (salinity of 45) showed
the highest amount of hydropotens in the epidermis in
response to the increase in concentration of salts in the water.
In the hydropotens of aquatic plants, Metcalfe and Chalk
(1979) noted the presence of numerous vesicles, mitochon-
dria, and many projections of cell wall and plasma membrane
in the cytoplasm. According to Pang and Wang (2008), mito-
chondria are specialized organelles that also combat reactive
oxygen species (ROS) through their own enzymatic antioxi-
dant systems. These features were found in all samples, and in
samples exposed to salinity of 45, we saw an increase
in the invaginations of the plasma membrane and cell

wall expansion, which occupied most of the cytoplasm.
Increase in the number of hydropotens and invaginations of
the plasma membrane and cell wall expansion of these cells
are apparently one of the strategies that enables H. wrightii to
tolerate salinity of 45 with increase in surface area it facilitates
the exchange with the environment.

The projections of the cell wall and cell membrane were
viewed in the other epidermal cells of the leaf blade of
samples exposed to all treatments, albeit to a lesser extent,
and always accompanied by mitochondria and vesicles. Kuo
and den Hartog (2006) also viewed these wall expansions in the
epidermis of the leaf blades of seagrass, terming them as wall
ingrowth. Doohan and Newcomb (1976) studied the anatomy

Fig. 1 TEM micrographs of transverse sections of Halodule wrightii
Aschers. leaf blade showing details of the epidermal cells. a–c Field
samples. a, b Detail showing cell wall expansions with invaginations of
the plasma membrane (star). c Detail of a hydropoten with cell wall
expansion and invaginations of the plasma membrane (star). d–f
Samples treated with salinity of 25. d, e Detail showing cell wall
expansions with invaginations of the plasma membrane (star). f Detail
of a hydropoten with cell wall expansion and invaginations of the plasma
membrane (star). g–i Samples treated with salinity of 35. g, h Detail

showing the cell wall expansions with invaginations of the plasma
membrane (star). i Detail of a hydropoten with cell wall expansion and
invaginations of the plasma membrane (star). j–l Samples treated with
salinity of 45. j, k Detail showing significant retraction of the plasma
membrane with a possible deposition of compounds in the space
created between the membrane and the cell wall (star). l Detail of a
hydropoten with large expansions of cell wall and plasma membrane
invaginations (star). C chloroplast, CW cell wall, M mitochondria, N
nucleus, Ve vesicle
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of three species of seagrasses (Cymodocea rotundata (Ehrenb.)
Aschers., Cymodocea serrulata (R. Brown) Aschers. &
Magnus and T. hemprichii (Ehrenb.) Aschers.), and they found
these expansions in the epidermal cell wall, ascribing to them
functions similar to transfer cells which would indicate that they

could be involved in short-distance transport and absorption of
solutes from the surrounding water. In addition to their function
in adaptation to a saline environment, expansion of cell wall
and plasma membrane allows seagrass species to transport
water and nutrients through the leaves.

Fig. 2 TEM micrographs of transverse sections of Halodule wrightii
Aschers. leaf blade showing detail of the chloroplasts of the epidermis.
a–c Field samples. a Epidermis with cell containing many chloroplasts
scattered throughout the cytoplasm. b Detail of a chloroplast with the
presence of plastoglobules (arrow). c Detail of the thylakoids of a
chloroplast; plastoglobules (arrow). d–f Samples treated with salinity of
25. d Epidermis with cell containing many chloroplasts scattered
throughout the cytoplasm. e Detail of a chloroplast. f Detail of the
thylakoids of a chloroplast. g–i Samples treated with salinity of 35. g

Epidermis with cell containing many chloroplasts scattered throughout
the cytoplasm; presence of vacuoles. h Detail of a chloroplast. i Detail of
the thylakoids of a chloroplast. j–l Samples treated with salinity of 45. j
Epidermis with cells containing a smaller number of chloroplasts. k
Detail of a chloroplast with the presence of plastoglobules (arrow). l
Detail of the thylakoids of a chloroplast. Ch chlorenchyma, C
chloroplast, CW cell wall, Ep epidermis, H hydropoten, N nucleus, T
thylakoids, Va vacuole

Table 5 Comparative data
between the means (±standard
error) of the values of absorbance
(at 570 nm) of MTT degradation
in root, rhizome, and leaf blade of
Halodule wrightii Aschers.,
considering field samples and
samples treated with salinity of
25, 35 and 45. N = 4

Field Salinity of 25 Salinity of 35 Salinity of 45

MTT degradation

(Abs 570 nm)
Root 0.05 ± 0.00b 0.10 ± 0.01a 0.09 ± 0.01a 0.11 ± 0.00a

Rhizome 0.01 ± 0.00b 0.06 ± 0.01a 0.05 ± 0.00a 0.04 ± 0.01a

Leaf 0.52 ± 0.04b 0.69 ± 0.04b 0.90 ± 0.08a 0.52 ± 0.01b

Different letters compared horizontally indicate statistically significant differences between the means at the level
of 5% probability by Tukey test
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Distinct differences in leaf ultrastructure were found in
samples ofH. wrightii exposed to lower salinity at 25, includ-
ing fewer invaginations in plasmamembrane and cell wall. On
the other hand, a significant retraction of the plasma
membrane with possible deposition of compounds between
the region of the plasma membrane and cell wall was seen
in samples subjected to salinity of 45. Iyer and Barnabas
(1993) analyzed Zostera capensis Setchell in salinity of 2,
12, 40, and 60, and they also found an increase in invagina-
tions of the plasmamembrane and wall ingrowth with increas-
ing salinity. Interestingly, at salinity of 60, these characteristics
were disorganized in a manner similar to that found in samples
exposed to salinity of 45 in the present study. These changes
were also observed in Ruppia maritima Linnaeus growing in
low and high water salinity (Jagels and Barnabas 1989). Leaf
epidermal cells of low-salinity plants showed a reduced area
of plasma membrane as a result of smaller extension of
invaginations, whereas at higher salinities, plants exhibited a
deeply invaginated plasma membrane with most prominent
interdigitated. Fibrillar material is freely distributed in the
space between the plasma membrane and the cell wall in
high-salinity plants.

In addition to the presence of sodium, salt stress alters the
ionic composition of the stroma of chloroplasts, which affects
the loads on the membrane surface contributing to their disor-
ganization (Marcondes and Garcia 2009). However, in the pres-
ent study, seagrass samples submitted to different salinity treat-
ments showed no disorganization of the thylakoids, not even at
salinity of 45. An increase in the amount of thylakoids by
granum in the chloroplasts of the leaf epidermis of samples
exposed to salinity of 45 was the only ultrastructural variation
observed. The presence of a larger number of plastoglobules
was also observed in these samples. According to Bréhélin et al.
(2007), plastoglobules are lipoprotein particles located in the
plastids and are directly related to the synthesis and storage of
tocopherols. Under conditions of oxidative stress, tocopherols
stored in plastoglobules are sent to thylakoid membranes to
eliminate ROS. Thus, the number of plastoglobules increases
during stress.

The increase in the number of thylakoids may be related to
some sort of compensatory system since quantity of chloro-
plasts in epidermal cells decreased in samples exposed to
salinity of 45. Iyer and Barnabas (1993) also saw a decrease
of epidermal chloroplasts in samples of Z. capensis exposed to
higher levels of salinity (60). Our findings showing that the
osmotic stress affects chloroplast structure in the samples of
H. wrightii submitted to a salinity of 45.

MTT assay is an indirect way to assess mitochondrial
viability and, consequently, cell viability, since it is based on
the colorimetric quantification of mitochondrial dehydroge-
nase activity (Mosmann 1983). Using MTT in the present
work, the highest values were found in leaf blade, followed
by roots, sometimes reaching levels ten times higher in the

leaf blade than the rhizome. These results indicate the degree
of metabolic activity in the leaves. In addition, under salt
stress, both increasing and decreasing, MTT results show that
cell viability decreased in the studied seagrass, indicating
susceptibility of mitochrondria to variations in salinity. On
the other hand, field samples showed low values of MTT
degradation at the root, rhizome, and leaf blade. These results
are expected since field plants are subjected to frequent
variations of salinity in the channel, as a result of tidal changes
and rainfall, in addition to other abiotic factors.

To establish the effects of varying salinity on seagrasses, it
is critical to understand its occurrence, distribution, abun-
dance, and performance in estuaries. Over a period of at least
3 weeks, our results demonstrated that salinity of 25 and 45
reduced the cell viability inH. wrightii. Salinity of 45 also had
the greatest impact on leaf ultrastructure, especially with
regard to the amount of chloroplasts and the disorganization
of invaginations of the plasma membrane of leaf epidermal
cells. This indicates that H. wrightii best tolerates salinity
below, but not above, 35.
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