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Abstract

Microplastics (MPs) and nanoplastics (NPs) are ubiquitous in natural habitats and the risks their
presence poses to marine environments and organisms are of increasing concern. There is evidence
that seagrass meadows are particularly prone to accumulate plastic debris, including polystyrene
particles, but the impacts of this pollutant on seagrass performance are currently unknown. This is a
relevant knowledge gap as seagrasses provide multiple ecosystem services and are declining
globally due to anthropogenic impact and climate-change-related stressors.

Here, we explored the potential effects of a 12 day-exposure of se2ai0sses to one concentration (68
Mg/L) of polystyrene MPs and NPs on the growth, oxidative caw's, and photosynthetic efficiency of
plants using the foundation species Cymodocea nodnsa as a model. Among plant organs,
adventitious roots were particularly affected by MPs ani 1.°s showing complete degeneration. The
number of leaves per shoot was lower in MPs- enu NF s-treated plants compared to control plants,
and leaf loss exceeded new leaf production ‘n M (Ps-treated plants. MPs also reduced photochemical
efficiency and increased pigment contemt compared to control plants. Shoots of NPs-treated plants
showed a greater oxidative damage and | hznol content than those of control plants and MPs-treated
plants. Biochemical data about o::'dative stress markers were consistent with histochemical results.
The effects of MPs on C. noro.~ ~,ould be related to their adhesion to plant surface while those of
NPs to entering tissues.

Our study provides the first experimental evidence of the potential harmful effects of MPs/NPs on
seagrass development. It also suggests that the exposure of seagrasses to MPs/NPs in natural
environments could have negative consequences on the functioning of seagrass ecosystems. This
stresses the importance of implementing cleaning programs to remove all plastics already present in
marine habitats as well as of undertaking specific actions to prevent the introduction of these

pollutants within seagrass meadows.
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Highlights

1. The impact of micro-(MPs) and nanoplastics (NPs) on seagrasses was examined.

2. MPs and NPs adversely affected seagrass growth by increasing leaf loss rate.

3. MPs and NPs increased seagrass oxidative stress and influenced phenol production.
4. MPs negatively affected seagrass photosynthetic machiner:’

5. MPs and NPs could be a novel threat to seagrass ecos sieMs.



1. Introduction

Plastic waste is now present in all marine habitats (Eriksen et al., 2014; Bergmann et al., 2015), and
the risks posed by this pollutant to marine wildlife, environments, and human well-being are
globally recognized (Thompson et al., 2009; Bergman et al., 2015; Blettler and Mitchell, 2021,
Sridharan et al., 2021). Estimates indicate that more than 5 trillion pieces of plastic debris are
floating in oceans (Eriksen et al., 2014), and a relevant portion of this waste is constituted by small
particles made of polyolefins, basically polyethylene, polypropylene, >nd polystyrene (Koelmans et
al., 2015; Gangadoo et al., 2020) of variable size, such as miu ~piastics (i.e., particles with a size
from 100 nm to 1,000 um, MPs; Koelmans et al., 2015) anu nanoplastics (i.e., particles with a size
from 1 to 100 nm, NPs; Koelmans et al., 2015; Hartma 0 et al., 2019). These particles mainly
originate from the gradual breakdown and degracat. 'n Jue to weathering (e.g., thermal-, photo- and
chemical-degradation) of plastic debris (Ar dra.y, 2011; Koelmans et al., 2015), but they can also
enter marine habitats directly at the sman <cale size via the unintentional release from a variety of
processes and products (e.g., cosmetics, nzints, biomedical and electronic devices; da Costa et al.,
2016; Blair et al., 2017). Studiec on /Ps abundance in surface waters of oceans reported mean
concentration ranging from 0 1C t0 6.6 pg/L (with a maximum value of 670 ug/L recorded in North
Pacific Ocean; Beiras ana Scuonemann, 2020), and predictions indicate that the overall abundance
of MPs will increase up to four times by 2060 (Isobe et al., 2019). The Mediterranean Sea has been
recognized as a major plastic litter hotspot due to its semi-closed configuration (Cozar et al., 2015),
and the mean MPs concentrations measured in seawater vary in a range of 1.4 and 7 pg/L (Beiras
and Schonemann, 2020). However, higher concentrations have been found in some Mediterranean
areas, i.e., France (56.9 pg/L, Beiras and Schénemann, 2020) and Spain in a highly contaminated
hypersaline lagoon (9,303 pg/L, Vega-Herrera et al., 2021). MPs are also present at high
concentration (approximately 1.9 million MPs pieces per square meter) in the seafloor sediment of

Italy (Tyrrhenian Sea, Kane et al., 2020). The presence of nanoplastics in the marine environments



has recently been demonstrated (Ter Halle et al., 2017), but there is still much uncertainty on the
actual concentration of these particles due to the lack of standardized techniques for their sampling,
characterization, and analysis (Gangadoo et al., 2020; Gao et al., 2021). Current estimates based on
mass conservation principles indicate that the fragmentation of MPs into NPs could lead to particle
concentrations up to 10* times higher than MPs concentrations currently measured globally
(Besseling et al., 2019), and even larger in compartments suffering from high plastic pollution, such
as coastal shallow near-shore habitats (Lenz et al., 2016; Gerstenbacher et al., 2022). Therefore,
assessing the interactions between these contaminants of emergine co.>cern and marine organisms is
needed to understand the potential risks that plastic pollution "i1a,” pose to coastal ecosystems.
Available data indicate that MP/NPs can negativelv aifect a variety of marine organisms by
altering for example the feeding activity, growth, reproriuc*on, and survival and behavior of fishes
and filter-feeder organisms (Chae and An, 2017, <e.reira et al., 2019; Gangadoo et al., 2020;
Goncalves and Bebianno, 2021; Rios-Fuste - et al., 2021). However, studies on the impact of these
pollutants on photosynthetic primary prou.cers, which are at the bottom of marine food-webs, have
mainly focused on microalgae (Bhattac.'2'ya et al., 2010; Besseling et al., 2014; Sjollema et al.,
2016; Bergami et al., 2017; Gao <" al., 2021). These studies showed negative effects on microalgal
growth and photosynthesis duc to physical adhesion of particles on cell surface, blockage of
entering light and nutiie *s, water turbidity, cell membrane structure and DNA damage, and
leaching of toxic additives (Luo et al., 2019; Capolupo et al., 2020; Liu et al., 2020; Gao et al.,
2021; Larue et al., 2021). External adsorption of MPs on macroalgae and the further transfer of MPs
from macroalgae to consumers have also been reported (Mateos-Cardenas et al., 2021). Up to date,
there is no information on the impact of MPs/NPs on rooted marine plants (seagrasses). This is a
relevant knowledge gap as an increasing number of studies indicates that seagrass meadows can act
as a long-term sink for MPs due to their ability to trap particles and accumulate them in sediments
(Goss et al., 2018; Cozzolino et al., 2020; Huang et al., 2020; Jones et al., 2020; Seng et al., 2020;

Dahl et al., 2021; De los Santos et al., 2021; Sanchez-Vidal et al., 2021; Navarrete-Fernandez et al.,



2022; Zhao et al., 2022). There is also evidence that the presence of epiphytes growing on seagrass
leaves can play a role in promoting MPs accumulation (Goss et al., 2018; Gerstenbacher et al.,
2022). Once in marine sediments, MPs can affect microbial communities leading to nutrient cycling
alterations (Seeley et al., 2020) and increase locally the concentration of sediment pollutants acting
as a vector for heavy metals and residual monomers (Cauwenberghe et al., 2015; Li et al., 2020a).
Therefore, MPs/NPs could interact with seagrasses both at shoot level via the aquatic medium and
at root level via the sediment (Gerstenbacher et al., 2022). Experimental evidence indicates that in
terrestrial and freshwater plants, which share some anatomical *trai. with seagrasses, small MPs
(200 nm) and NPs can be adsorbed on roots, accumulat. > plant tissues and eventually be
translocated to shoots, leading to multiple toxic effects. such as increased oxidative stress, DNA
damage, gene expression alterations, reduction of photocyi.rnesis and inhibition of seed germination
(Bosker et al., 2019; Giorgetti et al., 2020; Sun rt o« 2020; Mateos-Cérdenas et al., 2021; Lian et
al., 2022; Spano et al., 2022). Seagrass me :do’ vs provide a wide range of fundamental ecosystem
services, like nutrient cycling regulatio,. nursery habitat provisioning, and coastal protection
(Barbier et al., 2011), but they are urder trreat globally due to anthropogenic impacts and climate-
change-related stressors (Orth et o' , 2006; He and Silliman, 2019). Therefore, the understanding of
the impacts of MPs and NPs on >e2grass ecosystems is critically important.

In the present study, wo nvestigated the potential effects of MPs and NPs on seagrasses using
polystyrene particles as a proxy for plastic pollution. Specifically, we assessed in laboratory how
the exposure of plants to MPs (500 nm diameter particles) or NPs (30 nm diameter particles)
influenced their performance, in terms of survival, growth, photosynthetic efficiency and oxidative
status. Observations of plant sections by Scanning Electron Microscopy (SEM) were also
performed to detect the presence of particles adsorbed on plant surface or inside tissues. As a
model, we selected Cymodocea nodosa (Ucria) Ascherson, a fast-growing foundation species which
forms monospecific and mixed meadows along the Mediterranean and Atlantic coasts and provides

important ecosystem services (Cabaco et al., 2010). This seagrass is considered as a bioindicator



organism due to its ability to concentrate pollutants and silver nanoparticles in some organs
(Mylona et al., 2020a). It was also proven as a useful species for testing the effects of plastic items
on seagrasses (Balestri et al., 2017; Balestri et al., 2019; Menicagli et al., 2021). We hypothesized

that both MPs and NPs would affect C. nodosa performance.

2. Materials and methods

2.1 Polystyrene nanoparticles

Non-functionalized red died PS spheres of nominal size 30 nm ard 52 nm (PS density 1.06 g/cm3)
supplied as 1% solid suspension (10 mg/mL) were purchaseu trom Phosphorex, Inc (South St.
Hopkinton (MA, USA). To verify the real size of NPs .nd MPs, a drop (10 pL) of particle
suspension diluted 1:20 was placed on a coverslip. The s.~oension was allowed to dry, and, after
critical point drying, particles were coated witi. oold and examined with scanning electron
microscope (SEM, JSM-5410, Jeol, Tokye, Jaran). Captured images were assessed by the ImageJ
software (Image J 1.52a, National Institute> of Health, USA, http://imagej.nih.gov/ij) to measure the

diameters of at least 300 particles of MP. and NPs.

2.2 Plant collection and culti've ¢~ iditions

At the start of the grown.2 season (May 2021), young plagiotropic (horizontal) rhizomes of C.
nodosa bearing an apical meristem and shoots (runners) were randomly collected from a shallow
meadow of Italy, Ligurian Sea (43° 22’ 55.66"” N, 10° 26’ 7.05” E), at a depth of 0.5 m. This locality
is characterized by oligotrophic waters with constant salinity (38 psu). At this time, no macroalgal
colonization was observed on the selected plants. Rhizomes were rinsed with natural seawater
(NSW) at the sampling site, and then transported to the laboratory. Here, they were cut with a
scissor to achieve homogeneous sized plant units (i.e., approximately 4 cm rhizome length, 2-4
shoots and 0-2 roots), and each unit was placed in a 100 mL sterilized glass culture vessel filled

with a growth medium consisting of NSW enriched with nutrients supplied as a commercial NPK



fertilizer (Cifo, 20-10-10, 0.44 g/L). Salinity and pH of the NSW-based growth medium, measured
using a multiparameter meter (H198194, Hanna Instruments), were 38.10 £+ 0.05 and 7.96 = 0.01,
respectively. NSW was provided by the INVE Aquaculture Research Center of Rosignano Solvay,
which collected the water from an oligotrophic area (ARPAT, 2014) near to the seagrass sampling
site: this water was continuously filtrated by using two consecutive GAV filters (RBXPL type, 1
pm mesh) and treated with ozone and UV lamps (GSW1 type berson) for sterilization. Before
performing the exposure test, plants were kept in a conditioning room to acclimate for 7 days under
environmental conditions (23.3 = 0.1°C, mean £ SE, 12/12 h photnoeiod and 122.54 + 32.54 pumol
m s™ mean daily photon flux density) close to those experie ice in the field by the species during
the season of most rapid growth (May-August, Duarte anu Sand-Jensen, 1990). Our preliminary
tests have demonstrated that this cultivation system can ahc'v the growth of C. nodosa for at least 4

weeks.

2.3 Plant exposure to polystyrene micro- «.*d nanoplastics

After acclimatization, C. nodosa plarts v.ere transferred individually in sterilized glass vessels filled
with one of the two test media, N:'s or MPs. These media were prepared by adding a volume of PS
stock solution, either NPs or Mi™< 0 90 mL of NSW-based medium to obtain a final concentration
of 68 pg/L, correspondiny tu approximately 4.5 x 10* particles/L for 30 nm NPs and 9.8 x 10°
particles/L for 500 nm MPs (Leusch and Ziajahromi, 2021). This particle concentration was in the
range of the maximum values measured in some Mediterranean coastal area (Beiras and
Schonemann, 2020; Vega-Herrera et al., 2021), including those colonized by C. nodosa (Terrados
and Ros, 1992; Serrano et al., 2015).

Plants kept in the NSW-based growth medium without PS stock solution were used as negative
controls. All vessels were agitated on an orbital shaker (at 70 rpm) for 10 min before adding the
plants. There were 16 replicates for each treatment, 48 plants in total. The vessels were arranged in

the conditioned room and left under the same environmental conditions described previously for the



plant acclimatization period. Vessel position was regularly changed (approximately twice a day)
during the experiment to minimize spatial micro-environmental variations of light and temperature
among vessels. The medium in each vessel was aerated twice for 1 hour every day using aquarium
air pumps to improve oxygen supply and provide seawater motion. Deionized water (LiChrosolv
LC-MS grade, Merck) was added when necessary to minimize salinity variations and restore water
level dropped due to evaporation over the experimental period. The test medium in each vessel was
completely renewed 7 days after the beginning of the experiment. During the experiment, leaves
naturally detached from shoots were gently removed from the metum using cleaned sterilized
tweezers. Plants were visually checked at short-term (2 days 7uwe” tne start of the experiment) and at
mid-term (7 days after the start of the experiment) for choot/leaf production and mortality. SEM
observations, final plant growth measurements, and eve'uar*on of oxidative stress markers on plant
organs were performed after 12 days of exposurr, . = at the end of the experiment. This exposure
time was in the range of the duration of pr:vicJs experiments testing the effects of environmental
contaminants on aquatic macrophytes (2. days, van Weert et al., 2019) including C. nodosa (8-10
days, Adamakis et al., 2018, 2021; Mvlcn« et al., 2020a). Photosynthetic efficiency measurements

were carried out both after 2 days “nd .2 days of exposure.

2.4 SEM observations o p:"Nw

To detect the presence of particles adsorbed on C. nodosa plant surface or inside tissues, fresh
leaves, and rhizomes excised from three samples of treated and control plants were cut into small
pieces, fixed in 3% glutaraldehyde in 100 mM sodium phosphate buffer (pH 7.4) for 24 h, then
secondary fixed with osmium tetroxide and dehydrated in a graded ethanol series. Samples were
moved in a critical point drier to permit complete solvent evaporation (Spano et al., 2019). After
that both leaves and rhizomes blocks were cross sectioned (Lian et al., 2020), mounted on a metal
stub, coated with gold, and analyzed with SEM (JSM-5410, Jeol, Tokyo, Japan) equipped with

SemAfore Digital Slow Scan Image Recording System for visualization and image acquisition.



Image sampling were performed manually adjusting finely contrast, brightness and magnification,

crucial to allow particle identification.

2.5 Plant growth responses

At the start of the experiment, the number of shoots, the number of leaves per shoot and the length
of the intermediate leaf (i.e., the internal leaf without sheath) of all shoots in C. nodosa plants were
recorded. Analysis of these variables did not show significant differences between plants assigned
to different treatments (Table S1, Fig. S1). The measurement of <'ici, variables was repeated at the
end of the experiment to evaluate the effects of exposure to "siactic particles on plant performance,
in terms of survival, net change in shoot number per plan: and leaf number per shoot, and leaf
elongation rate. The effects of MPs and NPs on plan® y.2wth were examined on 12 plants per
treatment. Net change in shoot number per plant w < ~alculated as difference between the number
of newly produced shoots and those died c irirg the experimental period. Similarly, net change in
leaf number per shoot was calculated as the difference between the number of newly produced
leaves and those died averaged acrnss l' shoots of each plant during the experimental period.
Negative values indicated that r.»w snoot (or leaf) recruitment did not balance shoot (or leaf)
mortality suggesting a decline o plant growth. Positive values indicated that shoot (or leaf)
recruitment exceeded n.oi.liy reflecting plant growth, while a zero-value indicated that mortality
was balanced by recruitment resulting in a steady plant state. Leaf elongation rate (cm leaf* day™)
was also calculated as difference between the final length (cm) and the initial length of the
intermediate leaf of each shoot divided by 12. Toxicity index (TI, %), based on the mean final
number of leaves per shoot was also calculated according to the following formula: Tl = [(LPSC —
LPST) / LPSC] * 100, where LPSC is the final number of leaves per shoot in the control and LPST

is the final number of leaves per shoot in a plastic treatment (Mylona et al., 2020b, modified).



2.6 Extraction and determination of hydrogen peroxide and thiobarbituric acid reactive substances
(TBARS)

Hydrogen peroxide content of shoots and rhizomes was determined according to Jana and
Choudhuri (1982). After grounding and extraction with phosphate buffer 50 mM pH 6, the
homogenate was centrifuged at 6,000g for 25 min and mixed with 0.1% titanium chloride in 20%
(v/v) H,SO,4. After centrifugation (6,0009 for 15 min) the absorbance of supernatant was read at 410
nm. The concentration of H,O, was calculated from a standard curve obtained using different
concentrations of hydrogen peroxide and expressed as pmol = TW. Lipid peroxidation was
estimated in terms of TBARS according to Wang et al. (20".s, *vith minor modifications. Briefly,
visible epiphytes, eventually developed during the experin.ont, were gently removed from plants
using tweezers, and shoots and rhizomes were homogrnmi.~d with 5% trichloroacetic acid (TCA)
and then the extract was mixed with TBA reagent »%, w/v TCA + 0.5% wi/v thiobarbituric acid).
The concentration of TBARS was estima’=d 'neasuring the specific absorbance at 532 nm and
subtracting the non-specific absorbance a. 500 nm and expressed as nmol g~ 'FW. Calculation was

made basing on the molar extinction rag:fivient of MDA (155 mM ™' cm™).

2.7 Extraction and determinatic.™ 0/ phenols and photosynthetic pigments

Phenolic compounds were Measured in shoots and rhizomes according to Arezki et al. (2001). After
homogenization in HCI 0.1 N, phenolic extracts were left at 20 °C for 3 h. 300 puL of extract were
added to 1.5 mL H,0O + 0.1 mL Folin—Ciocalteu reagent and left so for 3 min. After addition of 400
uL Na,CO3 (20% w/v) and incubation at 100 °C for 1 min, the samples were cooled in ice bath and
the absorbance at 750 nm was read. Phenolic compounds content was calculated as equivalent of
gallic acid (GAE mg g~' FW) on the base of a standard calibration curve obtained using different
concentrations of gallic acid. Leaf chlorophylls (a, b, and total) and carotenoids were extracted
according to Hassanzadeh et al. (2009). Briefly, leaves were homogenized in 80% acetone and the

extracts were centrifuged for 10 min at 6000 g at 4 °C. After collection of the supernatants, the



pellets were re-suspended and extracted with 80% acetone until they resulted colourless. The pooled
supernatants were read using spectrophotometer at 645, 663 and 470 nm. Pigment contents were

calculated according to the formula developed by Lichtenthaler (1987) and expressed as mg g™ FW.

2.8 Oxidative stress markers histochemical assays

Leaves of comparable size and length belonging to five plants randomly selected for each treatment
were isolated and cut to obtain leaf tip and a mid-leaf portion. Histochemical detection of hydrogen
peroxides was obtained by dipping leaf portions in staining soluti~n ¢~ntaining 1 mg/mL DAB, pH
3.8, and vacuum infiltrating (Daudi and O’Brien, 2012). Aftzr 29 min the samples were incubated
overnight in the same solution, lightened in 96% ethannl /~r 60 min at 65°C and then analyzed
under a light stereomicroscope to evaluate the presence o1 >rown precipitates. In situ determination
of lipid peroxidation was performed with Schi,"’s reagent (Yamamoto et al.,, 2001) (VWR
Chemicals BDH) that, binding to free aldel vde groups, can be considered a qualitative indicator of
lipid peroxidation. Leaf portions were inc.hated with the dye for 60 minutes at room temperature,
after that the samples were bleached in 9%,9% ethanol for 60 min at 65°C. The samples were then
analyzed under a light stereor~icroscope to evaluate the developed purple color. For leaf
histochemical assays a WII.> '{eerbrugg M420 stereomicroscope equipped with a Canon
PowerShotS45 camera wa. eriployed.

Rhizomes from the same five plants were cross sectioned with hand microtome. In situ detection of
hydrogen peroxides was done according to Giorgetti et al. (2019) by Amplex UltraRed Reagent
(Life Technologies, USA) that was applied to cross sections for detection of H,O,. After staining,
slices were mounted in glycerol and observed with fluorescence microscope (568ex/681em nm).
Lipid peroxidation levels were analyzed with fluorescence microscope, as a change of the
fluorescence emission peak from red to green, after staining with BODIPY 581/591 C11 probe
(Life Technologies, USA) (Spano et al., 2020). Microscope evaluation was performed acquiring

simultaneously the green (485ex/510em nm) and the red fluorescence (581ex/591em nm) signals



and merging the two images. Fluorescence microscope analysis was carried out with a Leica
DMLB, equipped with appropriate set of excitation/emission filters and with a Leica DC300 ccd

camera.

2.9 Photosynthetic efficiency

The overall functional efficiency of plants was investigated by the analysis of the biophysics of the
photosynthetic light reactions. Such evaluation was performed by the measurement of photosystem
I1 (PSI) fluorescence. This was recorded, at the start of the experin.ant (T = 0), after two days of
treatment (T = 2) and at the end of the experiment (T = 12) vy a chlorophyll fluorometer (Handy
PEA, Hansatech Instruments, Ltd., Pentney, King’s Lynn. {U'K) on three mature leaves per plant,
previously acclimated to darkness for 20 min with a decig:.~ted clip. Leaves were then exposed for
1 s to 3,500 pmol photons m™ s (650 nm peak w *veiength) and chlorophyll a fluorescence was
recorded. The three measurements taken or ea~.h plant were averaged to yield a single value; four
plants were measured for each treatment, »nd they were considered as independent replicates. The
fluorescence data were processed by PE. ulus software (Hansatech Instruments), which performed

the analysis of the fast fluorescenc kinetics (JIP test; Stirbet et al., 2018).

2.10 Data analysis

Statistical analyses were performed by using the statistical software “R” (version 3.5.2; R Core
Team, 2018). The effects of treatments (control, NPs, and MPs) on growth variables, oxidative
stress markers, and photosynthetic efficiency were assessed using one-way analysis of variance
(ANOVA, “GAD” package, Sandrini-Neto and Camargo, 2014). Prior to the analyses, data were
tested for normal distribution and homoscedasticity using Shapiro—Wilk test and Cochran test,
respectively. In cases of violation of assumptions, a Kruskal-Wallis test was used. The Tukey HSD
post-hoc test was conducted when significant differences (p < 0.05) among treatments were

observed.



3. Results and Discussion

3.1 SEM analysis of micro(nano) particles and plants

Figure 1a,b shows isolated NPs and MPs as observed under SEM. They showed a round profiled
shape and were often detectable as aggregates. NPs diameter varied from about 10 nm to 90 nm and
the most represented frequency classes were those from 21 to 30 and from 31 to 40 nm. MPs
diameter was between 200 and 600 nm with the most represented frequency class from 301 to 400
nm (Fig. S2a-b).

Figure 1c,f shows a representative image of C. nodosa rhi~oui. = and leaf cross sections of control
samples, as processed for SEM analysis. In samples treatel with NPs, SEM analysis allowed to
observe in the outer cortical tissues of rhizome (Fig. "d,.} and in leaf mesophyll (Fig. 1g,h) the
presence of particles of a size and shape comparab: * t7, the NPs used for the treatment. No similar
particles were observed in the sections ¢f cuntrol plants. This probably because at the plant
collection site this kind of pristine sphencal particles was absent or present in negligible number.
Our comparative analysis allowed to sta= with some confidence, that the particles observed were
indeed nanoplastics. Therefore, ir. aur experimental system NPs seem to be able to cross epidermal
tissues of both leaves and rhizo.»e For leaves of C. nodosa, without stomatal apertures as occurs in
seagrasses, it is possibie > nypothesize a cuticular penetration of nanomaterials. Epidermal cells
display a thin cuticle and subcuticular cavities (Kuo and den Hartog, 2006) and specific cell wall
composition (Pfeifer and Classen, 2020), which probably may allow the entry of NPs by altering the
dynamic behavior and the diameter of the cell wall pores. However, even in terrestrial plants, an
entry of nanomaterials via aqueous pores of the leaf cuticle has been demonstrated, in parallel to the
more widespread stomatal pathway (Larue et al., 2014). For rhizome the easiest way for NPs to
entry could be the area corresponding to the damaged adventitious roots, without however
excluding a penetration from the epidermal tissue. Further studies, with finer methodological

approaches, will whatever be necessary to confirm these hypotheses.



Plant samples treated with MPs did not show particle internalization in analyzed tissues of both
rhizome and leaf. These results suggest that in our system MPs are not able to overcome plant
barriers and spread into the plant tissues due to their dimensions. However, in accordance with Seng
et al. (2020) they could adhere on plant surface (through encrustation and entrapment by associated
epibionts, or sticky bacterial coatings) being in this way still capable, to some extent, of altering

cellular physiology, as shown by the results below reported.

3.2 Growth responses

Some shoots of C. nodosa plants grown with MPs and NPs d’eu during the experiment and most of
them were replaced by newly produced shoots. All plante v.~re alive at the end of the experiment,
and no statistically significant differences were observer' 1, the total number of shoots (x* 3.61, d.f.
=2, p > 0.05; Fig. S3a) and net change in shoct . nriber (x% 1.97, d.f. = 2, p > 0.05; Fig. S3b)
among treatments. However, mean values ¢ - ne. change in shoot number of plants grown with MPs
were negative while those of control pla.ts and NPs-treated plants were positive (Fig. S3b). No
difference in terms of mean elongation rzte of the intermediate leaf (F,33= 1.88, p > 0.05) was
found among treatments (Fig. S3c; Th.s finding is not consistent with the elongation of leaves of C.
nodosa after exposure to other ~oritaminants reported in previous studies (Adamakis et al., 2018;
Mylona et al., 2020a), whi:~ 1. agrees with the lack of relevant effects of PE MPs on the leaf growth
rate of freshwater plants (Kal¢ikova et al., 2017). The values of leaf elongation and number of
newly produced leaves per shoot observed in this study were consistent with those reported for this
species in previous studies (Cunha and Duarte, 2007; Sghaier et al., 2011; Adamakis et al., 2018).
No difference in terms of number of newly produced leaves per shoot (x*: 3.25, d.f. = 2, p > 0.05)
was detected among treatments (Fig. S3d). However, plants exposed to MPs and NPs had a
significantly lower total number of leaves per shoot than controls (F,33= 4.69, p < 0.05; Fig. 2a and
Fig. S4). Plants treated by MPs also showed a greater number of dead leaves per shoot (Xz: 6.36, d.f.

=2, p <0.05; Fig. 2b) and a lower net change in leaf number per shoot (xz: 8.26, d.f. =2, p <0.05;



Fig. 2c). These results indicate that MPs reduced the lifespan of adult leaves leading to a leaf loss
approximately 38% higher compared to controls. This was probably due to a greater exposure of
adult leaves to MPs particles compared to intermediate or young leaves or to the development of
epiphytes on their surface trapping particles. Differences in physiological status and response to
abiotic stress among adult or old leaves, intermediate and young or immature leaves (Ruocco et al.,
2019) cannot be excluded. Mean toxicity indices based on the number of leaves per shoot of plants
treated with NPs and MPs were approximately 23.2 £ 5.1 and 27.8 + 8.6, respectively. These values
are within the range of those observed for C. nodosa plants exposad w silver nanoparticles (Mylona
et al., 2020a), and they are considered indicators of modera*e «lverse plant growth effects. These
values also agree with experimental evidence showing that *1Ps and NPs can negatively influence
aboveground organ development of terrestrial and freshvvawcr rooted plants (Qi et al., 2018; Boots et
al., 2019; van Weert et al., 2019; Meng et al., 2071, During our experiment, the roots of C. nodosa
plants exposed to PS particles underwent 1ssi.e degeneration. This finding agrees with previous
studies on terrestrial plants reporting a reu.~tion of root cell viability and root activity (Kal¢ikova et
al., 2017; Yu et al., 2021; Zhou et &' . 227.1) due to the absorption and accumulation of MPs and

NPs particles in roots (Dovidat < al., 2019; Jiang et al., 2019; Sun et al., 2020). Therefore, the

deleterious effects observed -n ,zot of C. nodosa might be attributed to a mechanical damage of

root cells due to the interac..on of MPs and NPs with roots.

3.3 Oxidative stress evaluation, phenolic compound content and photosynthetic pigments

In the present study, main oxidative stress markers, generally considered useful parameters for the
evaluation of the toxicity of pollutants (Choudhury et al., 2017), were evaluated. Hydrogen
peroxide is a relatively stable ROS induced in plants by many stress conditions (Anjum et al.,
2022). Such as other ROS (superoxide, hydroxyl radicals), H,O, is a key signalling molecule
(Mittler, 2002), but when accumulates above a critical level can induce oxidative stress, with

oxidation of proteins, lipids and nucleic acids and damage to cellular structures and metabolism



(Parida and Das, 2005). Membrane lipid peroxidation can occur with increased content of
malondialdehyde, estimated measuring TBARS concentration, considered for this reason a useful
parameter, indirect indicator of membrane damage (Capo et al., 2020). Under nanoplastic
treatments both increase and decrease in oxidative stress parameters have been recorded depending
on plant species and/or organ and plastic characteristics (Giorgetti et al., 2020; Li et al., 2020b;
Spano et al., 2022). In our study, both hydrogen peroxide (F,,9=440,8, p<0.001) and TBARS (F;¢=
219.3, p<0.001) contents were significantly higher in C. nodosa shoots treated by NPs than in
controls and MPs-treated plants (Fig. 3a). Under this latter treatm~ni, 4,0, concentration was even
lower than in control. Histochemical detection of H,O, by D i method on isolated leaves showed
the highest staining intensity in NPs-treated plants, bnth n leaf tip and in mid-leaf portions,
followed by a less stainability with MPs treatment and eve.® less in the controls (Fig. 4a-f). TBARS
content was significantly higher in treated plarts ‘F'y. 3c), especially in NPs samples, than in
control, following the same trend recordec in isolated leaves for in situ TBARS localization by
Schiff’s reagent (Fig. 4g-1). In rhizome, k. 0, content was significantly lower in NPs-treated plants
(F20= 17.35, p<0.001), in which oridaive damage (in terms of TBARS) reached however the
highest value (F;,9=78.94, p<0.0C: - Fiy. 3b). As under this treatment NPs have been detected inside
the plants, a direct membrane ucmuge by these particles, not completely H,O,-dependent, could be
hypothesized. MPs plarits chuwed intermediate values of TBARS between control and NPs plants
(Fig. 3d). Histochemical analysis for H,O, in rhizome by Amplex probe staining displayed a
different localization pattern between the control and the treated samples, the latter with a
preferential more intense staining in the outer cortical tissues respect to the control (Fig. 5a-c). This
peculiar staining pattern indicates that the more peripheral tissues of the rhizome are more sensitive
to treatments. The physico-chemical interaction of plastics with the first barriers of the plant
cell/tissues can cause distortions and alterations in cell wall structure and functioning, such as to

cause unbalanced cellular responses and damage to the plant physiology independently to their



uptake, which is generally hampered in case of high molecular weight and large size particles
(Kumari et al., 2022).

Bodipy probe staining is a histochemical method giving us an outline on membrane damage and
allowing to appraise in situ lipid peroxidation. The analysis of C. nodosa rhizome cross sections
showed preferential green signal localized in the epidermis and in the vascular bundles in control
samples (Fig. 5d); the same pattern but with higher staining intensity was recorded following plastic
treatments (Fig. 5e-f), particularly for NPs samples (Fig. 5f). Similarly to what was underlined for
H,0,, these differences indicated that the epidermis was particu!=rly responsive to the treatments,
being in contact with growth matrix and with both plastice n.terials. Particles made of PS can
directly affect epidermis cell membranes, while for vasrtila: bundles, the localized tissue-specific
membrane damages may be the result of a stress-induc2a ~ascade of cyto-physiological responses
both uptake and non-uptake dependent. These dame < could be induced not only by changes in the
production/diffusion of ROS at the tisst: aid cellular level, but also by multiple signaling
pathways, not only ROS dependent, au!e to affect cell proliferation/metabolism and genome
functioning.

In response to oxidative stre.® piunts have evolved a complex antioxidant machinery, both
enzymatic and non-enzymatic. <1l”. to counteract the harmful effects of ROS (Sureda et al., 2017).
Phenols are important pro.>cuve components of plant cells, being able to act as antioxidants due to
their capacity to work as hydrogen donors, reducing agents, and singlet O, quenchers (Rice-Evans
et al., 1997). Phenol content was considerably higher (4-5 folds) in C. nodosa rhizome (Fig. 3f) than
in shoot (Fig. 3e). In shoot, treatments induced higher contents of these antioxidant molecules and
the highest value was observed with NPs-treated plants (F,o= 187.1, p<0.001), characterized
however by the highest concentration of hydrogen peroxide. In rhizome, only under MPs treatment
there was a higher phenol value than in control and NPs plants (F,9= 13.61, p<0.005). Pigment
content was basically higher in treated plants, but values of both total chlorophyll (Fig. 6a) and

carotenoid (Fig. 6b) content were significantly higher than in control only with MPs (F,9= 7.5,



p<0.05 and F, 9= 18.89, p<0.01, respectively). Neither Chla/Chlb ratio nor Carotenoid/total Chl ratio
differed significantly among plants (data not shown). The relatively high contents of phenols and
photosynthetic pigments in treated plants suggest that C. nodosa can deal with the restrictive
conditions induced by MP/NPs. Adventitious roots tended to slough off and degenerate (data not

shown) precluding their morpho-anatomical and histochemical analyses.

3.4 Photosynthetic efficiency

The JIP test (Tsimilli-Michael, 2020) demonstrated that the efferts (€ PS treatments on C. nodosa
plants changed depending on the size of particles and the tirre * exposure. Figure 7a-f report only
those parameters that were significantly different from the cantrol (p < 0.05), either in NPs- or in
MPs-treated plants. Data recorded at day O were omitteu, because there was not any significant
difference between control and treated plants.

Exposing plants to MPs for 2 days cause ‘ ex.ensive negative effects on photochemical efficiency
of plants, whereas NPs did not have any s.nificant impact. The JIP test showed that four groups of
parameters varied in the presence of MP_ " he first group was that of the technical parameters (Fig.
7a). These show that MPs inducc a uecrease of the amount of the PSII primary acceptor QA, as
demonstrated by the lower Arc~ ~ompared to the Control (x* = 6.813; d.f. = 2). This treatment
seemed to increase the 1w >her of electron transporters per reaction center (RC), as suggested by the
greater value of Sm in MPs plants (x> = 6.813; d.f. = 2) and this in turn led to a longer time to
achieve the maximum fluorescence emission, as indicated by the higher t for Fm (x* = 6.711; d.f. =
2). Nevertheless, it should be borne in mind that the higher Sm reveals only an apparent increase of
the number of electron transporters per RC, which could be simply the consequence of the
decreased number of QA acceptors: in other terms, the lower the number of primary electron
acceptors, the lower the flow of energy through the transport chain. The decrease of QA acceptors
lowered the efficiency of photonic energy input into the primary photochemical event (as displayed

by the lower Fv/Fm of MPs plants) (x> = 7.378; d.f. = 2). Also, the donor side of PSII was



negatively affected by MPs, that reduced the efficiency of the Hill reaction (lower Fv/Fo compared
to the control) (y° = 6.436; d.f. = 2); nevertheless, the oxygen evolving complex did not seem to be
damaged, as indicated by the low values of Vk (y° = 6.813; d.f. = 2) and dV/dto (y* = 8.195; d.f. =
2). Moreover, despite these negative effects, apparently there was not a rapid accumulation of
closed RCs in MPs plants, because Vj was low (3° = 8.195; d.f. = 2). These conflicting data are not
simple to interpret, but it may be hypothesized that the negative effects of MPs could have been
mitigated by a high connectivity, which is proven by the lower value of dVG/dto in the treated
plants, respect to the control (x* = 9.262; d.f. = 2). The enhanraq connectivity between antenna
complexes of different RCs might have facilitated the trun.®er of excitation energy between
antennas, thus effectively redistributing such energy to thos> RCs that were open at a given time.
Connectivity may consist also in the direct spillover rf ne excitation energy from PSII to PSI,
which might have effectively contributed to reopen S’ RCs (Kriger et al., 2014). Exposure to low
photosynthetic photon flux density (PPFC i known to increase connectivity (Ceusters et al.,
2019): it could be speculated that MPs might have shaded leaves, thus inducing the observed
phenomenon.

Following 2 days of exposure {1 M’s, a further group of parameters, i.e., specific energy fluxes
per active RC (of PSII), underw 2n* significant changes. The treatment weakened the flux of energy
over a wide part of the ~leuwron transport chains fed by active RCs (Fig. 7b). The JIP test
highlighted the decline of photon absorption (ABS/RC) (x> = 8.195; d.f. = 2), absorbed photon
energy trapping (TRo/RC) (3° = 8.697; d.f. = 2) and energy input into the transport chain (ETo/RC)
(% = 6.625; d.f. = 2). The lower energy dissipation per active RC (DIo/RC) (3° = 7.378; d.f. = 2)
might have been the consequence of the diminished absorption of photons (ABS/RC). Only the
section of the electron transport chain from plastocyanin to the end acceptors did not exhibit a lower
performance, but the overall outcome of the treatment with MPs was a loss of efficiency of energy

absorption and transport per active RC.



The parameters of the group encompassing efficiencies and quantum yields provide a measure of
the ratios between energy fluxes. Efficiencies express the proportion of energy transferred through
any single step along the photosynthetic energy flux, therefore they quantify the efficiency of each
step of the process. Quantum vyields measure the proportion of energy, per absorbed photon,
transferred through a given series of steps of the photosynthetic energy flux, i.e., they express the
efficiency of energy transport from photon absorption to the selected step. Fig. 7c shows that MPs
affected both negatively and positively some of the parameters belonging to this group. The
quantum vyield of primary photochemistry (¢(Po), equivalent to *he ~fore mentioned Fv/Fm) was
lessened by these particles (y* = 6.436; d.f. = 2), which means u.ct a lower amount of photon energy
was trapped into the primary acceptor QA: in other terms. e treatment reduced the efficiency of
the process that transforms light into chemical enercy. ositive effects were exhibited by the
efficiency of energy transfer from QA to QB and 0 “ne transporters further ahead, on the donor side
of PSI (y(Eo)) (° = 8.195; d.f. = 2) and b- thr quantum yield of the related process (¢(Eo)) (x* =
8.195; d.f. = 2), i.e., the proportion of <hsorbed photon energy that reached plastocyanin. This
seems to contradict what has been diccucsed previously, namely that MPs reduced the energy input
into the transport chain per activ® RC (i.e., lower ETo/RC). This apparent discrepancy may be
explained by considering that £ ™o RC is a measure of the energy flow, per active RC, through the
intersystem electron trans orwers, while y(Eo) is the proportion of energy, per single electron
transported, transferred from QA to plastocyanin and ¢(Eo) is the proportion of energy, per single
photon absorbed, transferred from the antenna complexes to plastocyanin. On this basis, it can be
suggested that MPs weakened the flow of energy that each active RC conveyed to the associated
electron transport chain, even though such energy was transferred efficiently, at least until
plastocyanin.

The fourth group of parameters that were significantly affected by MPs encompasses the
phenomenological energy fluxes per analyzed leaf cross section. These provide a measurement of

the energy flow that is occurring within the leaf. They are identified by the notation “0” when



calculated on the basis of the fluorescence signal recorded at T = 0 (i.e., upon switching on the light
and starting data acquisition, when all RCs are open), or “m” when referred to T = 1 s (i.e., at
maximum fluorescence emission by the leaf, when all RCs are closed) (Kriger et al., 2014). Fig. 7d
illustrates that MPs had a remarkable negative effect on C. nodosa photosynthetic machinery, both
at T=0and at T =1s. The applied particles strongly decreased photon absorption by antenna
complexes (ABS/CS) (x> = 7.378 and > = 7.233 at T = 0 and T = 1, respectively; d.f. = 2), the
number of active RCs (RC/CS) (x> = 6.499 and y* = 7.064 at T = 0 and T = 1, respectively; d.f. = 2),
photon energy trapping into the primary acceptor QA (TRo/CS) (+* = 7.755 and y* =7.064 at T = 0
and T = 1, respectively; d.f. = 2), energy transfer from quino e DA to plastocyanin (ETo/CS) (5 =
6.436 both at T = 0 and T = 1; d.f. = 2) and energv u2onsfer from plastocyanin to the final
transporters of the chain, on the acceptor side of PSI (RE6,7S) (x* = 7.378 and y* =8.195 at T = 0
and T = 1, respectively; d.f. = 2). Given the lovve. aksorption of photons, also the dissipation of
absorbed energy declined (DIo/CS) (x* = 6.<13 and y* =7.378 at T =0 and T = 1, respectively; d.f.
= 2). Overall, this set of parameters acmonstrated that, 2 days after treatment, MPs actually
impaired the energy processing of all the 'ight reactions of photosynthesis.

At the end of the treatment pe. od, \JPs did not show any significant effect, while those of MPs
were extremely weak. The latte; narticles lowered the overall quantum yield of energy flow along
the transport chain, up 0 e acceptor side of PSI (¢(Ro)) (y° = 5.645; d.f. = 2) (Fig. 7e). Despite
this, no serious negative consequences on photosynthetic light reactions were detected at whole leaf
level. The treatment with MPs increased the proportion of dissipated energy when all RCs are open
(DIo/CSo) (x° = 6.436; d.f. = 2) (Fig. 7f), which might be the cause of the observed reduction of @
(Ro). Thus, 12 days after the treatment with MPs, plants seemed to have almost completely
recovered from the detrimental effects observed at day 2.

As previously mentioned (see paragraph 3.1), MPs may stick to the leaf surface and in this way
they might have restricted light interception by photosynthetic pigments. This might explain the

different effects observed for NPs, that showed the ability of crossing cell membranes, thus



penetrating more in depth into the leaves (see paragraph 3.1). Light shortage by MPs is suggested
by some parameters of the JIP test performed at day 2, namely ABS/RC, ABS/CSo and ABS/CSm.

The lower PPFD might be responsible also for the higher chlorophyll concentration recorded at day
12 in MPs-treated plants since an increased amount of the pigment is a well-known feature of the
acclimation to a lower radiation. This response, along with other compensatory changes, might have
contributed to successfully restoring the photochemical efficiency of MPs plants at day 12, as
suggested by the results of the JIP test at that time. These revealed only a slight decline of the
general performance of the light reactions, probably attributable *a < increased dissipation of the
photon energy absorbed: it is worth noting that this process .Might have been enhanced by the
increased concentration of carotenoids in leaves recorded ct day 12, as these molecules are key
players of the dissipation processes. The recovery of C ncosa from the negative effects observed
at day 2 confirms its ability to acclimate to the <'-arfing as previously observed by Malta et al.

(2006) and Silva et al. (2013).

4. Conclusions

Results of the present study revea: that even a short-term exposure to at a high concentration of pure
polystyrene MPS/NPs can havc 2dverse impacts on the seagrass C. nodosa altering shoot/leaf
turnover and inducing rut uegeneration and oxidative stress. Besides, MPs can impair plant
photosynthetic machinery. MPs effects could be mainly related to particle adhesion on the surface
of leaves, rhizomes, and roots, while NPs effects could be due to particle internalization by plant
tissues. In highly polluted coastal habitats, seagrasses can be subjected to a continuous exposure to
high concentrations of MPs/NPs occurring in water column and sediments. Our findings suggest
that a prolonged exposure could lead to a progressive shoot decline in seagrass meadows with
negative effects on ecosystem services they provide, such as water column oxygenation, water flow
attenuation, and biodiversity maintaining. Importantly, the ingestion of leaves contaminated by

MPs/NPs by herbivores would represent a new overlooked route of entering marine food webs for



plastics affecting ultimately humans. Overall, this study contributes to significantly advance current
understanding of the potential risks poses by MPs/NPs to coastal habitats. It also underlines the
importance of implementing cleaning programs to remove all plastics already present in marine
environments as well as of undertaking specific actions to prevent the introduction of plastic debris
within or close to seagrass meadows. However, further studies using different concentrations of
plastic particles collected from marine environments should be performed to analyze the actual

impacts of these contaminants on seagrasses and elucidate the related mechanisms.
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Figure legends

Fig. 1 Scanning electron microscopy (SEM) representetive images of plastic polystyrene particles
(a, NPs; b, MPs) and of Cymodocea nodosa plant s’ ar.es as they appeared in microscopic analysis.
(c) and (f) show a transversal cut of rhiz ym¢ and leaf of control samples, (d) shows detail of
rhizome cortex cells of NPs treated plants . which NPs were observed as single particles, (e) shows
an enlargement of the pane in d, (g) <ho v< a detail of leaf mesophyll cells of NPs treated plants in
which NPs were observed as parti: le aygregates, and (h) shows an enlargement of the pane in g.

Two-column fitting image

Fig. 2 (a) Number of leaves per shoot, (b) number of dead leaves per shoot, and (c) net change in
leaf number observed for Cymodocea nodosa plants grown without plastic polystyrene particles
(control) or treated by NPs or MPs. Different letters above bars denote significant differences (p <
0.05) among treatments. Values are means = SE. n = 12.

Two-column fitting image, color in online version only

Fig. 3 Concentration of (a,b) hydrogen peroxide, (c,d) thiobarbituric acid reactive substances

(TBARS), and (e,f) phenols in shoot (left panels) and rhizome (right panels) of Cymodocea nodosa



plants grown in control conditions (control, without plastic polystyrene particles) or treated by NPs
or MPs. Different letters above bars denote significant differences (p < 0.05) among treatments.
Values are means + SE, n = 4.

1.5 column fitting image, color in online version only

Fig. 4 Representative images of leaf portions of Cymodocea nodosa plants processed to
histochemical detection of oxidative stress markers. (a-f) DAB staining (H2O- indicator), (g-I)
Schiff’s reagent staining (lipid peroxidation indicator). a, d and = . leaf tip and mid-leaf portion
from control sample; b, e and h, k leaf tip and mid-leaf portic. v-om MPs treated plant; ¢, fand i, I:
leaf tip and mid-leaf portion from NPs treated plants. Scale Lor =1 mm.

1.5 column fitting image, color in online version only

Fig. 5 Representative images of rhizome c¢:ass sections of Cymodocea nodosa plants processed to
histochemical detection of oxidative sucss markers. (a-c) staining with Amplex probe (H,O,
indicator), (d-f) staining with Bodipv nrche (lipid peroxidation indicator). a,d = Control samples; b,
e = MPs treated samples; ¢, f = Ni"= treated sample. Scale bar = 100 um.

1.5 column fitting image, col~r 1> %nline version only

Fig. 6 Concentration of (a) total chlorophyll and (b) carotenoids in leaves of Cymodocea nodosa
plants grown without plastic polystyrene particles (control) or treated by NPs or MPs. Different
letters above bars denote significant differences (p < 0.05) among treatments. Values are means +
SE., n=4.

1.5 column fitting image, color in online version only

Fig. 7 Results of the JIP test performed at day 2 (a, b, c, d) and day 12 (e, f) on Cymodocea nodosa

leaves. Only the groups of parameters exhibiting significant differences between control and treated



plants are shown. Technical parameters are reported in panel a, specific energy fluxes per active RC
in panel b, efficiencies and quantum yields in panels ¢ and e, and phenomenological energy fluxes
per analyzed leaf cross section in panels d and f. Data of NPs and MPs in panels a and d are referred
to the control, that was made = 1. Values are means = SE, n = 4 (error bars not shown in panels a
and d). Different letters in panels b, c, e, f indicate significant differences (p < 0.05) between
control and treated plants for each parameter. In panels a and d the data of MPs differed
significantly from the control, while those of NPs did not.

Two column fitting image, color in online version only
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Cymodocea npdosa plants
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Graphical Abstract

-Increased leaf loss
-Increased oxidative stress
and phenol production
-Negative effects on
photosynthetic machinery
after 2 days of exposure

) -Particle internalization
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