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Abstract

The present study investigates the impacts of low pH on the cell structure of the seagrasses Posidonia oceanica (L.) Delile
and Cymodocea nodosa (Ucria) Ascherson. The study was conducted via in situ experiments performed at the Castello Aragonese
of Ischia (Naples, Italy), where shallow submarine vents lower the pH and can be used as natural laboratories. Shoots of the sea-
grasses were transferred from the control area (pH 8.1) to the two venting areas (pH 7.8 and 6.8) at different times. Epidermal
cells of young leaves were examined using transmission electron microscopy (TEM) and tubulin immunofluorescence. After one
week at pH 7.8, the cell structure of Posidonia oceanica was normal, while in Cymodocea nodosa, microtubule (MT) network
and cell structure were affected. In addition, in C. nodosa, ultrastructural analysis revealed a gradual degradation of the nuclei, a
disorganization of the chloroplasts, and an increase in the number of mitochondria and dictyosomes. The exposure of both plants
for 3 weeks at pH 6.8 resulted in the aggregation and finally in the dilation of the endoplasmic reticulum (ER) membranes. Tubulin
immunofluorescence revealed that after three weeks, the MT cytoskeleton of both plants was severely affected. All these altera-
tions can be considered as indications of an apoptotic-like programmed cell death (AL-PCD), which may be executed in order to
regulate stress response.

Keywords: Plant cell ultrastructure; Ocean Acidification; Transmission electron microscopy; Programmed cell death; Microtu-

bules; underwater vents.

Introduction

Several studies have been recently conducted on the
impact of ocean acidification (OA) on marine species
(Hall-Spencer et al., 2008; Pergent et al., 2014; Porzio
et al., 2013; Kumar et al., 2020). The dissolution of CO,
causes ocean acidification, and as a result, ocean water
becomes less basic. This process interferes with a range
of biological processes including growth, calcification
and reproduction, as well as organisms’ survival and be-
havior (Orr et al., 2005; Kroeker et al., 2010). It is esti-
mated that by the year 2100 the ocean’s surface pH will
be decreased by 0.203-0.310 units (IPCC, 2013; IPCC,
2021), a fact that could be deleterious to several marine
taxa (Mora et al., 2013). Although the exact effects of OA
are still debated, there are serious questions about its po-
tential impact on some organisms, especially those with
a calcareous skeleton (Gattuso et al., 2013). It is suggest-
ed that some taxa may become extinct (Carpenter et al.,
2008; Uthicke et al., 2013), while others may be able to
cope with OA (Ries et al., 2009; Fabricius et al., 2011;
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Johnson et al., 2012; Koch et al., 2013).

According to Harley et al. (2012), non-calcifying sea-
weeds and seagrasses will confront both positive and neg-
ative effects from OA. It has been hypothesized that some
plant processes such as growth and photosynthesis will
be enhanced (Keser et al., 2005; Koch et al., 2007; Kro-
eker et al., 2010; Reusch, 2013; Koch et al., 2013). On
the other hand, calcareous forms like coralline macroal-
gae may decline or vanish completely (Reusch, 2013). A
number of studies have been done on calcareous species
and how they can acclimatize, grow and calcify in such
conditions (Porzio et al., 2011; Cornwall et al., 2013).

Seagrass meadows constitute indispensable parts of
complex marine ecosystems, providing important eco-
logical services to them (Beal & Schmit, 2000). Their dis-
tribution is affected worldwide by global climate changes
and several anthropogenic activities in the coastal zone
(Orth et al., 2006), causing an estimated 29% decrease
(Waycott et al., 2009). However, the macrophytic re-
sponses to ocean acidification are species-specific, even
among closely related species, due to variations in car-
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bon acquisition strategies from seawater (Wu et al., 2008;
Mackey et al., 2015) or nutrient uptake (Harley et al.,
2012; Scartazza et al., 2017).

The Mediterranean marine flora is mainly character-
ized by the seagrass Posidonia oceanica (L.) Delile, an
endemic marine plant which, together with Cymodocea
nodosa (Ucria) Ascherson, supports highly complex and
diverse associated communities (Mazzella et al., 1989;
Mascaro6 et al., 2009; Tsioli et al., 2021). However, the in-
crease in extreme events such as heatwaves (Easterling et
al.,2000) can affect the persistence of these complex sys-
tems, mainly where they occur in enclosed waters (Per-
gent et al., 2014). Therefore, the acclimation responses of
these two seagrasses to the effects of global climate can
be relevant for the persistence of the complex ecosystems
they form (Ondiviela et al., 2014).

There are currently available publications reporting
the effects of extreme abiotic factors (mainly salinity,
light and temperature) on the distribution, morphology,
growth, and photosynthesis of different seagrass species
(Barber & Behrens,1985; Jagels & Barnabas, 1989; Iyer
& Barnabas, 1993; Lee & Dunton, 1997; Ralph et al.,
1998; Benjamin et al., 1999; Serra et al., 2013; York et
al., 2013). In addition to the above, there are several pa-
pers that report the effect of OA on the structure of ma-
rine plant ecosystems (Vizzini et al., 2010; Jiang et al.,
2010; Porzio et al., 2011; Arnold et al., 2012; Apostolaki
et al., 2014, Garrard et al., 2014).

However, there is currently no information on the ef-
fects of OA on the cell fine structure and cytoskeleton
organization of seagrasses, although there are publica-
tions on the effect of biotic and abiotic stress on the cy-
toskeleton and fine structure of C. nodosa (Malea et al.,
2013; Koutalianou et al., 2016; Adamakis et al., 2018;
Mylona et al., 2020a; Mylona et al., 2020b; Adamakis et
al., 2021). The only data on the effect of OA on cell fine
structure are reported in studies dealing with coral spe-
cies, i.e., Pocillopora damicomis and Oculina patagonica
(Kvitt et al., 2015). In the first species, after incubation at
pH 7.2 for 2-4 weeks, necrotic cells characterized by rup-
tured cell membranes appeared, while in the latter spe-
cies, apoptotic cells characterized by nuclear chromatin
forming crescent-like caps were observed (Kvitt et al.,
2015). The biochemical pathways are not well studied, so
it is difficult to integrate the fields of seagrass ecophysi-
ology and ecogenomics (Procaccini et al., 2012). There-
fore, there is an urgent need to develop tools to assess and
quantify OA impacts across the entire range of biological
responses, from the subcellular level to ecosystem reor-
ganization, and from short-term physiological acclima-
tion to evolutionary adaptation (Riebesell, 2008).

The aim of the present study was to investigate the
impacts of pH lowered from current levels on the cell
structure in both Posidonia oceanica and Cymodocea no-
dosa. The study was conducted via in situ experiments at
the Castello Aragonese of Ischia Island (Italy), where nat-
urally CO,-venting sites alter the chemical composition
of the surrounding water. Our report is, to the best of our
knowledge, the first study focused on the possible effects
of acidification on seagrass cell ultrastructure.
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Materials and Methods
Study Sites

The study was carried out on the south side of the Cas-
tello Aragonese on the island of Ischia (Italy, 40.731447°
N, 13.966089° E), where underwater vents occur within
an area of about 3000 m? (Hall-Spencer et al., 2008). The
gas emissions are mainly composed of CO,, with unde-
tectable concentrations of trace elements and no hydro-
gen sulfide (Tedesco, 1996; Hall-Spencer et al., 2008;
Kroeker et al. 2011). These CO, vents produce a pH gra-
dient that can be used to study the natural effects of acid-
ified seawater on benthic organisms, since there are no
confounding gradients of temperature, salinity, hydrody-
namic conditions, and toxic hydrogen sulfide (Ravaglioli
et al., 2017; Hall-Spencer et al., 2008; Kerrison et al.,
2011; Foo et al., 2018). The pH gradient ranges from cur-
rent ambient level (ca. 8.1.) in S1 to 7.8 (the near future
change in ocean pH) in S2 to 6.8 in the area with more
intense venting (S3). The pH values in the study area can
vary daily in accordance with the intensity of vent activi-
ty and water movements but are quite stable over the long
term (Porzio et al., 2011) (Suppl. Fig. 1).

Collection of Posidonia oceanica and Cymodocea
nodosa

The study was conducted in June and July of 2014.
In June, P. oceanica and C. nodosa shoots were collected
by SCUBA diving at current pH (S1) in a close area at
approximately 2 m depth where both seagrasses grow. In
this area, twelve shoots of each species were collected
randomly; three shoots of each species were fastened to a
plastic net and fixed with iron bars at areas with lower pH
(both S2 and S3) (Suppl. Fig. 2). In order to test the trans-
plantation effect, both seagrasses were also transplant-
ed within the same collection site. After 1 and 3 weeks,
transplanted shoots were removed, and the smallest juve-
nile leaves (less than 5 cm long) were carried to the lab.
Also, shoots of P. oceanica naturally occurring within the
S2 (pH 7.8) area were collected for comparison with the
shoots had been transplanted from S1 (8.1) to S2 (7.8).

The leaf parts used in all the experiments were taken
from either the smallest juvenile leaf or the second small-
est juvenile leaf of both P. oceanica and C. nodosa. This
leaf category was chosen (according to a previous study
by Koutalianou et al., 2016) because it displays many mi-
totic cells. Specifically, small pieces of juvenile leaves
(0.5 cm height x 0.3-0.7 cm length) were cut and used for
the experiment. Similar to previous experiments with C.
nodosa (Koutalianou et al., 2016), the present study was
focused on the epidermal cells, which are the main pho-
tosynthetic sites of the seagrasses (Kuo & den Hartog,
2006). To distinguish transplantation from pH effects,
control shoots were examined in parallel.

31



Environmental data

As the vent activity does not heat the water (Kerrison
et al., 2011), there were no thermic differences among
the three sites. The temperature was continuously mon-
itored using a HOBO data logger, which was positioned
on the bottom (2 m depth) to record the temperature re-
gime during the experiment. In addition, pH measure-
ments were taken for the duration of the experiment;
water collected from each site weekly (in June and July)
was carried in dark conditions to the lab. pH measure-
ments were taken using a Mettler Toledo SG2 pH me-
ter (USA), which measures 0.01 units, is equipped with
an InLab 413 electrode, and is calibrated regularly us-
ing NIST-traceable buffers. Although this approach does
not measure the total hydrogen ion concentration, it does
measure the relative change in pH between sites (preci-
sion within 0.01 pH units).

Electron microscopy

For the preparation of the material for transmission
electron microscopy (TEM) study, the protocol reported
by Katsaros et al. (1983) was followed. Thin sections of
epidermal cells were examined with a Philips 300 and a
JEOL 100S TEM (Japan).

Indicatively, the number and size of the mitochondria
and chloroplasts were measured on micrographs taken
from serial sectioning of the cells. The average number
and size of the mitochondria and chloroplasts were plot-
ted as histograms using MS Excel software (Microsoft
Corp.). Standard deviation (SD) bars were used. At least
100 interphase young epidermal cells from 3 different
shoots from each experiment area were used for the mea-
surements.

Tubulin immunofluorescence

Tubulin immunofluorescence was applied on meriste-
matic cells following a modified protocol of Katsaros &
Galatis (1992). A modified enzyme solution for the soft-
ening of the cell walls was used. The solution contained
2.5% (w/v) cellulase Onozuka (Yakult Honsha Co., To-
kyo, Japan), 2% (w/v) macerozyme Onozuka (Yakult),
1% (w/v) driselase from Basidiomycetes sp. (Sigma, St.
Louis, MO, USA), and 1% (v/v) B-glucuronidase type
HP-2 from Helix pomatia (Sigma) in PEM buffer (0.1
mM Pipes, 2 mM EGTA, 1 mM magnesium sulfate) in
a solution with pH of 5.6. Cell wall softening was con-
ducted for 80 min. Following rinsing with PEM, the
leaves were squashed on coverslips coated with 1 mg/
mL poly-L-lysine (Sigma) and left to allow the separated
cells to dry. For the tubulin labeling, both anti-a-tubulin
(YOL1/34, AbD Serotec, Kidlington, UK) and FITC-an-
ti-rat secondary antibody (Sigma) diluted at a concen-
tration of 1:40 were used. DNA was counterstained with
10 pg/mL Hoechst 33258 (Sigma), and the cells or small
leaf pieces were finally mounted in an anti-fade solution
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of 1.6 mg/ml p-phenylenediamine (Sigma) diluted in a
solution containing 2:1 glycerol:PBS. The samples were
examined with a Zeiss 510 Meta confocal microscope.

Results
Environmental data

During the transplantation experiments, the water
temperature ranged between 22.8 + 1.5 and 24.7 £ 0.9
°C, in June and July, respectively, matching ambient sea-
sonal fluctuations (13-25°C) (Suppl. Fig. 3). During the
transplantation experiments, the pH values at S1, S2 and
S3 were 8.08 + 0.004, 7.71 + 0.133 and 6.584 + 0.145,
respectively (Suppl. Fig. 4).

Fine structure of young epidermal cells of control
material (pH 8.1- S1)

In paradermal sections of young leaves of C. nodo-
sa, epidermal cells usually appeared rectangular or or-
thogonal in shape. Due to repeated cross divisions, their
axis parallel to the leaf axis was shorter than the other
one (average dimensions 40x70 um, SD 0.5). They were
characterized by a large nucleus occupying most of the
cell space (Fig. 1A). The few dense masses of condensed
chromatin were usually distributed along the nuclear
periphery, while a prominent nucleolus was present in
a central position (Fig. 1A). The cytoplasm was dense,
with a few vacuoles. Chloroplasts were oval-shaped in
sections, with a limited number of thylakoids and devel-
oping grana. Mitochondria, endoplasmic reticulum (ER)
and dictyosomes were also occasionally present (Fig. 1A,
B).

Similar sections of P. oceanica leaves revealed that
young epidermal cells were mainly orthogonal, with av-
erage dimensions of 45x90 pm (SD 0.6). The nucleus was
round, with an abundant network of condensed chromatin
(Fig. 2 A, B). Well-sized vacuoles occupied a significant
part of the cell space. Undifferentiated, variably-shaped
chloroplasts with large plastoglobuli were distributed in
the cell cortex. ER and mitochondria were usually pe-
ripherally arranged (Fig. 2C). For comparison purposes,
paradermal sections of young leaves of P. oceanica that
naturally occurred within area S2 were examined and re-
vealed a cell structure similar to that described above.

Tubulin immunofluorescence of control material re-
vealed that the MT cytoskeleton of interphase epidermal
cells in both seagrasses was organized in parallel bundles
oriented more or less perpendicularly to the long leaf axis.

Effect of acidification on the cell structure
One week in S2 area (pH 7.8) and in S3 area (pH 6.5)

One week after transfer from the control area (S1, pH
8.1) to the S2 area (pH 7.8), C. nodosa shoots appeared
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Note its orthogonal shape, the dense cytoplasm, and the large nucleus occupying most of the cell space. B. Higher magnification
of the peripheral part of the cell of Fig. A, showing the cell wall and cortical endoplasmic reticulum (ER). C. Cytoplasmic area
taken from a plant transferred for one week to S1 area. Note the increased number of mitochondria, dictyosomes and ER, com-
pared to the control. D. Epidermal cell after transfer for one week from S1. It shows a prominent central nucleus, undifferentiated
chloroplasts with few grana and an increased number of mitochondria and ER membranes. E. Higher magnification of a cortical
cytoplasmic area of a cell like D showing an extended ER network distributed in the cell periphery. Scale bars = 2 um (4), 1um

(D) and 0.2um (B, C, E).

Fig. 2: A-C. TEM micrographs of young epidermal cells of P. oceanica control material. A. Epidermal cells orthogonal in shape,
with dense cytoplasm and a round-shaped nucleus. The arrow marks the direction towards the leaf apex. B. Higher magnification
of a nucleus with an impressive network of condensed chromatin. C. Undifferentiated chloroplast with large plastoglobuli. ER and
mitochondria are also positioned in the cell periphery. Scale bars = 2 um (4), 1um (B) and 0.5um (C).

healthy, with no obvious effects on their external struc- elliptical shape and their structure were normal,
ture. Immunofluorescence preparations of young epider- with well-organized cristae (Fig. 1C).

mal cells showed a disturbance of interphase MTs, which b. ER was also increased, with extended cisternae
appeared short and fragmented, with a loss of proper ori- mainly distributed in the cell periphery (Fig. 1D, E).
entation (Fig. 3A). Examination of young epidermal cells ¢. The number of dictyosomes also appeared to have
under TEM revealed that their structure was not severely increased (Suppl. Fig. 6), showing an increased
affected. However, a few alterations in comparison to the number of cisternae (Fig. 1C, Suppl. Fig. 7).
control were observed: d. Chloroplasts appeared undifferentiated, with a

a. The number of mitochondria increased consider- few grana (Fig. 1C, D).

ably (Fig. 1C, D, Suppl. Fig. 5); however, their Transplantation of C. nodosa from the S1 area (pH
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Fig. 3: A-E. Interphase epidermal cells of young leaves under different pH levels. In all figures, green represents tubulin immu-
nofluorescence and blue represents Hoechst staining of DNA. A. Transfer of CN to pH 7.8 for 1 week: thick MT bundles showing
a slightly aberrant orientation. B. Transfer of PO to pH 7.8 for 1 week: MT bundles oriented perpendicularly to the long leaf axis.
C. Transfer of CN to pH 6.8 for 1 week: fragmented MT bundles with slightly aberrant orientations. D. Transfer of CN to pH
7.8 for 3 weeks: short, fragmented, and curved MT bundles with aberrant orientations. E. Transfer of PO at pH 7.8 for 3 weeks:
depolymerization and disassembly of interphase MTs with loss of proper orientation. Scale bar = 10 um.

8.1) to the S3 area (pH 6.8) for one week revealed similar
effects in young epidermal cells as those observed at pH
7.8, but to a higher degree:

a. Mitochondria were three times more in number
than the control (Suppl. Fig. 5), with very few
cristae (Figs 4A, C).

b. Endoplasmic reticulum was increased, with ex-
tended and sometimes fragmented cisternae.

c. Dictyosome number, as well as the number of
cisternae in each dictyosome, were also increased
(Suppl. Fig. 6, Suppl. Fig. 7).

d. Chloroplasts still appeared undifferentiated, with
a few grana (Figs 4A, B). Immunofluorescence
examination also revealed a disturbance of in-
terphase MTs similar to that observed above at
pH 7.8 conditions. MT bundles were fragmented
with loss of transverse orientation (Fig. 3C).

In P oceanica, one week transplantation from the
control area (S1, pH 8.1) to the S2 area (pH 7.8) had no
observable effects. The structure of the cells was similar
to that observed in shoots at S1. Anti-tubulin immunoflu-
orescence examination showed that the MTs in interphase
epidermal cells appeared oriented perpendicularly to the
long leaf axis (Fig 3B). In contrast, after one week in the
S3 area (pH 6.8), young epidermal cells of P. oceanica ap-
peared to be drastically affected in the following manner:
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a. Number of mitochondria was nearly doubled
compared to control cells, with very few broken
or swollen cristae (Figs 5A, B).

b. Chloroplasts were not increased in number, but
did show increased starch content. In random sec-
tions of material from the control area, 85% of
the chloroplasts showed no starch grains, while
in the S3 area the percentage was less than 50%.
The shape and the size of plastoglobuli were also
changed compared to the control. Oval-shaped
(Fig. 5A, B) and rod-like plastoglobuli were ob-
served around starch grains (Fig. 5D).

c. Endoplasmic reticulum was extended and some-
times fragmented along the cell periphery (Fig.
5D). Interestingly, the dictyosome number and
size were not influenced by this pH change (Fig.
5D). In immunofluorescence examination, the re-
sults were similar to those observed in C. nodosa
at the same pH.

Three weeks in S2 area (pH 7.8)
Transplantation of C. nodosa from the control area

to S2 for three weeks caused severe changes in the cell
structure. The cells appeared empty, with most of the cell

Medit. Mar. Sci., 23/1 2022, 30-45



Ay

Fig. 4: A-C. TEM micrographs of young epidermal cells of C. nodosa after one week transfer at S2 area. A. Epidermal cell with
undifferentiated chloroplasts and increased number of mitochondria. B. Higher magnification of a chloroplast with a few develop-
ing grana. C. Higher magnification of a mitochondrion with very few cristae. Scale bars = 0.5 um (4, B, C).

SPL

Fig. 5: A-C. TEM micrographs of young epidermal cells of P. oceanica after one week transfer at S2 area. A. Epidermal cell with
increased number of chloroplasts and mitochondria. B. Chloroplast with oval-shaped and rod-like plastoglobuli around starch
grains. Mitochondria with very few fragmented cristae are also visible. C. Dictyosomes and fragmented ER network extended

along the cell periphery. Scale bars = 1 um (A4), and 0.5um (B, C).

elements disorganized and distorted. Nuclei showed con-
densed masses of chromatin that covered most of the nuc-
leoplasm (Figs. 6A, B). The nuclear membrane appeared
loose and discontinuous (Fig. 6B). Chloroplasts were
also disturbed. Their shape was rounded, and the typical
thylakoid and grana organization was lost. Chloroplasts
were characterized by the presence of large starch grains
surrounded by a system of electron-dense elongated or
round plastoglobuli (Fig. 6E). Mitochondria were nu-
merous, with a few broken and sometimes dilated cristae
(Fig. 6E). Dictyosomes with a few cisternae were distrib-
uted in the cytoplasm (Fig. 6D). In cytokinetic cells, the
forming cell plate consisted of dilated and electron-dense
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vesicles. Endoplasmic reticulum was also affected by the
low pH treatment. Numerous swollen fragments of rough
ER (RER), as well as masses of electron-dense material
attached to ER cisternae, were observed along the cell
cortex, while fragmented ER membranes were also found
in the cytoplasm (Figs 6C, D). During immunofluores-
cence examination, MTs of interphase cells were ob-
served forming short, fragmented, curving bundles with
loss of proper orientation (Fig 3D).

Young epidermal cells of P oceanica also showed
distorted cytoplasm after three weeks at pH 7.8 (S2
area). Condensed chromatin masses within nuclei were
observed (Fig. 7A). Dark-stained cisternae and globules
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Fig. 6: A-E. TEM micrographs of young epidermal cells of C. nodosa after three weeks transfer at S1 area. A. Group of epidermal

cells that appear empty, with most of the cell elements disorganized and distorted. B. Higher magnification of a nucleus with con-
densed masses of chromatin which covered most of the nucleoplasm. The nuclear membrane appears loose and discontinuous. C.
Cytoplasmic area showing dictyosomes with few cisternae and numerous swollen fragments of rough ER (RER) D. Fragmented
ER membranes traversing the cortical cytoplasm. E. Disorganized chloroplasts with large starch grains surrounded by a system of
electron-dense elongated or round plastoglobuli. Mitochondria with a few broken and sometimes dilated cristae are also observed.

Scale bars = 1 um (A4), 0.5um (B, C, E) and 0.2um (D).

within chloroplasts were also noticed (Figs 7B, C). The
starch grains within the chloroplasts and the plastoglobuli
appeared similar to that described above (i.e., one week
at S3 area). Mitochondria seemed disorganized and emp-
ty, and the ER appeared fragmented and arranged main-
ly along the cell periphery (Fig. 7D). MTs of interphase
cells were observed to be similar to those in C. nodosa,
forming short, fragmented, curving bundles with loss of
their orientation (Fig. 3E).

Three weeks in S3 area (pH 6.8)

Transfer of C. nodosa plants from the control area to
S3 for three weeks also caused severe changes in the cell
structure. Cells were distorted and most of the organelles
not easily seen. The newly formed cell walls appeared
wavy and occasionally fragmented (Fig. 8A, B). Vacu-
oles contained electron-dense material. Mitochondria
were numerous, containing a rather amorphous mass of
destroyed cristae (Figs 8C, D). Chloroplasts were empty,
with remnants of thylakoids and starch grains inside them
(Fig. 8E, F). The ER network was more severely affect-
ed than previously mentioned organelles with inflating,
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swelling and fragmented RER membranes (Figs 8F, G,
H). Numerous swollen fragments of RER (Fig. 8F), as
well as masses of electron-dense material attached to and
forming a network with ER, were observed (Figs. 8G, H).
This network appeared to have structures surrounded by a
membrane similar to ER, with projected edges filled with
electron-dense material. Dictyosomes were also disor-
ganized, with swollen cisternae enclosing an amorphous
mass of cytoplasmic material (Fig. 8D). MT bundles in
interphase cells were organized as in the S2 area, i.e.,
they were severely affected.

After three weeks at pH 6.8, young epidermal cells of

P. oceanica also appeared drastically affected, as follows:

a. Newly-formed cells had wavy cell walls (Figs.
9A, B).

b. Mitochondria were hardly distinguishable from
chloroplasts, since both typically appeared empty
(Fig. 9C).

c.  Chloroplasts were completely destroyed, and
sometimes contained remnants of thylakoids
and/or ovoid plastoglobuli (Figs. 9C, D). Starch
grains were dispersed in the cytoplasm (Fig. 9D).

d. The endoplasmic reticulum network displayed
inflated, swollen RER cisternae, filled with elec-
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dermal cell of P. oceanica with warped cell walls, distorted cytoplasm, and a large nucleus with condensed chromatin masses. B.
Chloroplast with remnants of disorganized cisternae and round plastoglobuli. C. Chloroplasts with large starch grains surrounded
by a system of electron-dense elongated and/or round plastoglobuli. Mitochondria with a few broken dilated cristae are visible. D.
Fragmented ER membranes arranged along the cell periphery. Scale bars = 1 um (4), 0.5um (B, C) and 0.2um (D).

tron-dense material (Fig. 9E, F).

e. Dictyosomes were normal in shape but few in
number (Fig. 9C). MT organization was severely
affected, as in S2 area.

Discussion

Our results show that there is a difference between
the two seagrasses in the time-lag between exposure to a
lower pH and appearance of changes at the ultrastructural
level. In particular, C. nodosa seemed to be affected more
quickly (changes apparent after 1 week) than P. oceanica
(changes apparent after three weeks). This pattern seems
to be in accordance with the different ecological roles of
the two species. The climax species P. oceanica seems to
be more resilient to environmental changes such as those
related to the increase in CO,, compared to the pioneer
species C. nodosa, for which a more immediate response
to changes such as those related to temperature and light
has been demonstrated (Cancemi et al., 2002). Howev-
er, differences between the two seagrasses may also be
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due to their different seasonal growth rates. Cymodocea
nodosa has high growth rates in summer (the period of
our experiment) (Cancemi et al., 2002), and consequent-
ly it should be more metabolically active; in contrast, P
oceanica is less active during the same period, with the
lowest monthly rate of new leaf appearance in summer
(Buia et al., 1992; Zupo et al., 1997).

Of particular interest among our results is the relevance
of duration of exposure to low pH in causing damage.
This was demonstrated by differences between P. oceani-
ca that had been acclimated to the S2 area (Hall-Spencer
et al., 2008; Garrard et al., 2014; Foo et al., 2018) and
P oceanica that had been transferred from S1 to S2 for
3 weeks. The cell structure of the transplanted shoots in
the S2 area was affected while the acclimated plants were
not. This reveals that P. oceanica is influenced differently
based on the time available for acclimation; P. oceanica
plants that were currently living at normal pH (8.1, S1)
and exposed for some weeks to low pH (7.8, S2) were
more damaged than plants living for decades at lower pH
(Hall-Spencer et al., 2008).

The fine structure of young epidermal cells of
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Fig. 8: A-H. TEM micrographs of young epidermal cells of C. nodosa after three weeks transfer at S2 area. A. Surface view of
epidermal cells. They are disorganized and most of the organelles are not easily seen. B. Epidermal cell with wavy cell walls
and a central nucleus with loose and partially disrupted nuclear membrane. C. A group of peripherally distributed mitochondria
containing a rather amorphous mass of destroyed cristae. D. Dictyosome with rounded and loose cisternae. E. Disorganized chlo-
roplasts with remnants of thylakoids and starch grains. F. Cortical cytoplasmic area with disorganized mitochondria and inflated
ER fragments. G. Higher magnification of inflated fragments of RER with attached electron-dense material. H. ER membrane-like
network with projecting edges filled with electron-dense material. Scale bars = 2 um (A), lum (B) 0.5um (C), 0.2 (D, E, F) and

0.1 (G, H).

P, oceanica leaves currently growing in pH 7.8 was simi-
lar to that occurring in plants growing at pH 8, as well as
that reported by several authors such as Doohan & New-
comb (1976), Barnabas (1977), Kuo (1978, 1990, 1993)
and Kuo & den Hartog (2006). The main structural char-
acteristics of these cells (i.e., the large nucleus with con-
densed chromatin and the undifferentiated chloroplasts,
which often appear to be dividing) are consistent with
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their meristematic character (Papini et al., 1999). The re-
peated divisions do not allow for the differentiation of
the cells. The MT organization in interphase cells of C.
nodosa and P. oceanica at pH 7.8 was similar to that re-
ported by other studies of seagrasses (Malea et al., 2013;
Koutalianou et al., 2016).

The exposure of C. nodosa and P. oceanica plants
to a pH lower than normal (7.8 and 6.8) for three weeks
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Fig. 9: A-F. TEM micrographs of young epidermal cells of P. oceanica after three weeks transfer at S2 area. A. Group of epider-
mal cells that appear distorted, with wavy cell walls. B. Part of an epidermal cell with a central nucleus with disorganized nuclear
membrane. The nucleus is surrounded by remnants of cell organelles and an electron-dense ER network. C. Chloroplasts with
remnants of thylakoids and plastoglobuli, and disorganized mitochondria. Both appear empty and destroyed. D. Starch grains from
disorganized chloroplasts appear dispersed in the cytoplasm. E. Cytoplasmic area with structures of ER network connected and/or
filled with electron-dense material. F. Higher magnification of inflated, swollen RER cisternae, filled with electron-dense material.

Scale bars = 2 um (4), lum (B) 0.2 (C, D, E,) and 0.1 (F).

caused a gradual degradation of the nuclei, which was
indicated by the formation of masses of condensed chro-
matin. This could be considered as a symptom of pro-
grammed cell death (PCD) as previously reported in
plants, where PCD-activated nucleases cleave DNA at
linker sites between nucleosomes, resulting in DNA frag-
mentation (Reape et al., 2008).

The predicted positive effect of ocean acidification
on some physiological processes of seagrasses, such as
growth rate and photosynthetic efficiency (Beer & Koch,
1996; Larkum et al., 2006), does not always find the same
consensus like variable effects of ocean acidification
demonstrated on different marine organisms (Kroeker
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et al., 2011). Studies conducted in sites characterized by
underwater vents can give give different results based on
species, site, or geochemical conditions. Posidonia oce-
anica plants growing normally in CO,-enriched condi-
tions at ambient temperature have demonstrated that the
maximum photochemical efficiency of photosystem II is
unaffected by a loss of the CO, limitation (Hall-Spencer
et al., 2008; Scartazza et al., 2017; Hendriks et al., 2017,
Vizzini et al., 2010), while the growth depends upon nu-
trient concentration (Ravaglioli ez al., 2017). An opposite
trend has been recorded for populations of C. nodosa nat-
urally exposed over the long-term to acidified water, for
which photosynthetic activity seems to be promoted by
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low pH (Apostolaki et al., 2014).

The length of exposure is probably responsible for dif-
ferences in acclimation. In our study, short term transfers
are responsible for the disorganization of the chloroplasts,
testified by the loss of their internal membrane organi-
zation. Similar responses under stress conditions have
been reported for terrestrial plants, such as in cotton cells
under cadmium treatment (Daud et al., 2009), cucumber
and soybean cold-treated cells (Lee et al., 2002; Glins-
ka et al., 2009), and N. tabacum callus cells under salt
stress (Bennici ef al., 2012). The disorganization of chlo-
roplasts in meristematic cells (especially after 3 weeks at
pH 6.8) found in the present study could be explained by
the translocation of photosynthates from aboveground to
belowground tissues, which has been shown to decrease
the leaf chlorophyll content of Thalassia hemprichii un-
der elevated CO, conditions (Jiang et al., 2010). The ap-
pearance of osmiophilic (globular or rod-like) structures
after prolonged treatment with low pH observed in our
seagrasses is quite common in cells undergoing biotic
and abiotic stress. It has been suggested that plastoglobu-
li participate in the plant stress response (Eymery & Rey,
1999; Kanwischer et al., 2005; Austin et al., 2006; Grig-
orova et al., 2012).

In addition to chloroplast membrane degradation,
exposure to low pH for three weeks resulted in starch
depletion in P. oceanica and C. nodosa. This low starch
content in leaves has been already detected in the P. oce-
anica population naturally growing at 7.8 pH, where it
was also associated with a low C:N ratio; in contrast, the
starch content of the rhizomes was not affected by low pH
(Scartazza et al., 2017). The starch depletion observed in
the leaves in this study is in accordance with previous
studies using different stress treatments (Grigorova et al.,
2012) and supports the hypothesis that starch degradation
products could be agents involved in stress tolerance (Le
Rudulier et al., 1984).

Another important finding of the present study is the
increase in the number of mitochondria, accomplished by
cristae disorganization. Similar observations have been
reported for root cells of two soybean cultivars after
cold treatment (Glinska et al., 2009) and in lupine em-
bryo cells under salinity stress (Wojtyla et al., 2013). In
Al-treated tobacco cells, mitochondria swelling has been
attributed to osmotic changes in the local environment
(Mannela, 2008) and an increase in Reactive Oxygen
Species (ROS) levels, which lead to an increase in mi-
tochondrial membrane permeability (Li & Xing, 2011).
This is due to opening of the mitochondrial permeability
transition pore (MPT) induced by calcium, which may
cause a PCD event (Panda et al., 2008). Mitochondria,
together with chloroplasts, are involved in the regulation
of cellular homeostasis and have been considered major
(ROS) producers (Rurek et al., 2014). It has also been
reported that alterations in the internal structure of mito-
chondria could be attributed to a higher level of ADP (rel-
ative to ATP) due to inhibition of oxidative phosphoryla-
tion. This agrees with the results of Kvitt ez al. (2015) and
Wei et al. (2015), who studied the effect of high pCO, in
oyster tissues. They suggested that oyster gills may over-
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come the stress induced by elevated pCO, by consuming
more ATP.

The endoplasmic reticulum has been proved to be sen-
sitive to a variety of stresses, including chilling (Ciampor-
ova & Mistrik, 1993; Glinska et al., 2009), salinity (Woj-
tyla et al., 2013), heat (Pareek et al., 1997), water deficit
(Mistrik et al., 1992). The effects are usually expressed
by the formation of rings or whorls in the ER membrane
or dilation of ER cisternae. In the present study, the ex-
posure of meristematic cells of both plants to low pH in-
itially resulted in aggregations of ER membranes along
the cell periphery and finally in dilation of ER cisternae,
accompanied by the presence of electron-dense material
among them. These phenomena could be connected to the
synthesis of proteins under various stressed conditions
(Pareek et al., 1997). The electron-dense material could
result from increased synthesis of phenolic compounds
(Stefanowska et al., 2003), as their necessary enzymes are
present on ER membranes (Wagner & Hrazdina, 1984).
This is further supported by the fact that high levels of
CO, trigger accumulations of plant phenolic protective
substances (Arnold et al., 2012). Alternately, it has been
proposed that there is a connection between reorganiza-
tion of ER and the level of respiratory products (probably
ATP) when is limited or lacking (Kolb et al., 2004), sug-
gesting that in OA stress this reorganization may result
from limited metabolic activity.

The high number of dictyosomes in C. nodosa cells,
even after only one week, as well as their enlarged and
extended vesicles, was also observed under salt stress
of lupine embryos (Wojtyla et al., 2013), cold-stressed
soybeans (Glikska et al., 2009) as well as after treatment
with H,O, (Darehshouri et al., 2008). It has been suggest-
ed that their appearance might be related to disturbanc-
es of secretion process (Glikska et al., 2009) or to PCD
(Darehshouri et al., 2008).

The question arises is whether these responses are
governed by controlled cellular processes, particularly
PCD. It should be noted that PCD is a physiological cell
death event leading to the selective elimination of cells
which are unwanted, unnecessary, or have exhausted
their functions (Ellis ez al., 1991; Pennell & Lamb, 1997).
However, there are types of PCD operating in plants that
are not as clearly defined and thus are not assigned to a
specific type of PCD.

Moreover, in the present study, the MT network was
investigated, as MTs are proposed as “elements of a sen-
sory hub that decodes stress-related signal signatures”
(Nick, 2013). In this study, long-term incubation at low
pH was shown to influence MTs in interphase cells. It
is proposed that cytoskeletal changes are related to sig-
nalling events in response to stress factors (Muller ef al.,
2007; Koutalianou et al., 2016).

The alterations to organelle structure caused by low
pH described in the present study (i.e., fragmented DNA
and chromatin condensation, enlargement of ER and in-
creased number of swollen mitochondria) are similar to
those observed in normal PCD processes such as tapetal
development (Papini et al., 1999) or another type of tis-
sue premature cell death (Balk & Leaver, 2001), with a
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notable difference in mitochondria which in the tapetal
and another cells persist until quite late.

Conclusion

We can conclude that the cell and organelle degra-
dation and MT disturbance occurring in the seagrasses
C. nodosa and P. oceanica after a short-term (3 weeks)
low pH treatment (acidification) could be considered
comparable to an apoptotic-like PCD phenomenon. How-
ever, it is still unclear whether the function of PCD is to
protect the plant’s life by sacrificing some part of cells, or
whether it is mainly due to damage accumulation during
severe stress. Whatever the case, this study does clearly
demonstrate that both P. oceanica and C. nodosa seem to
be relatively poorly adapted to a rapid pH change. Fur-
ther experiments, including recovery experiments after
long-term stress, need to be conducted to investigate the
tolerance of these two species and to obtain data on ap-
optotic-like PCD phenomena in the survival of these two
pioneering species.
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Suppl. Fig. 1: Variability of seawater pH on the southern side of the Castello Aragonese (from Porzio et al., 2011).

Suppl. Fig. 2: Plastic frame with iron bar used for the experimental procedure at area S1 (A), area S2 (B) and area S3 (C).
Suppl. Fig. 3: Water temperature in June and July (experimental period), matching ambient seasonal fluctuations (13-25°C).
Suppl. Fig. 4: Weekly mean values of pH recorded at the three vents sites, varying from 8.08 +£0.004 (S1) to 7.71 +0.133 (S2) to
6.584 £0.145 (S3).

Suppl. Fig. 5: Histogram showing the number of mitochondria in epidermal cells in C. nodosa in the control area and in S2 and
S3 areas. Transfer for one week in S2 resulted in a slight increase of the number of mitochondria per cell; at S3 mitochondria were
three times as abundant compared to the control.

Suppl. Fig. 6: Histogram showing the number of dictyosomes in epidermal cells in C. nodosa in the control area and after one
week in S1 and S2 areas.

Suppl. Fig. 7: Histogram showing the percentage of dictyosomes with a specific number of cisternae (2-4 and 5-9) in epidermal
cells in C. nodosa in the control area and after one week in S2 and S3 areas. After one week in S2 and S3 areas the number of
dictyosomes with 5-9 cisternae was increased to four times that of the control.
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