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HIGHLIGHTS

e Impact of PET-MNPs was tested for ten
days on Azolla filiculoides-Trichormus

azollae.

e Chlorophyll, ionome and root anatomy,
but not biometry, were altered by the

treatment.

e PET-MNPs affected morphology and
abundance of the cyanobacteria.

e A negative effect of PET-MNPs on ni-
trogen supply to the fern was proposed.
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GRAPHICAL ABSTRACT
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ABSTRACT

The symbiotic system Azolla filiculoides-Trichormus azollae was exposed for ten days to environmentally relevant
concentrations (i.e. 0.05 and 0.1 g L™!) of polyethylene terephthalate micro-nanoplastics (PET-MNPs). Plastic
particles did not induce any visible toxicity symptoms or growth disorders to the fern, as well as any effects on
leaf anatomy and chlorophyll fluorescence parameters. Nonetheless, in treated plants a decrease of chlorophyll
content occurred and was coupled to reduction of Nitrogen Balance Index (NBI), an informative parameter of the
plant nitrogen status. In the presence of MNPs, plants exhibited a substantial decline in the absorption of
essential elements, as evidenced by decreased tissue concentration of Ca, Mg, Co and Mn. The exposure to the
pollutants compromised root integrity and possibly its functioning in nutrient accumulation, with evident
physical damages not only in the rhizodermis and cortex, but also in the vascular system. In addition, a DNA-
based estimation of T. azollae revealed a decreasing trend in the relative abundance of the Nj-fixing cyano-
bacteria for PET-treated samples. This was coupled with an alteration of the symbiont’s phenotype highlighted
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by microscopy analysis, showing a reduction in number of vegetative cells between two consecutive heterocysts
and in heterocyst size. This work is the first evidence of MNPs disturbing a strict symbiosis, with possible im-
plications on nitrogen cycling in ecosystems, bio fertilization of agricultural lands and evolutionary pathways.

1. Introduction

Scientific research on micro- and nanoplastic (MNP) pollution has
seen marked development in recent years, but the number of publica-
tions concerning the impacts of MNPs in freshwater ecosystems is still
limited if compared to marine studies (Bhardwaj et al., 2024). Special
attention should be devoted to these areas, as freshwater bodies tend to
collect and accumulate many MNPs due to slower flow, poor diffusion,
and closer proximity to human activities (Y. Wang et al., 2022a).
Particularly, polyethylene (PE), polypropylene (PP) and polyethylene
terephthalate (PET) are the most frequently detected polymers in rivers
and lakes (Pereao et al., 2020). The effect of such contaminants on
aquatic vascular plants is of crucial importance, since these organisms
not only constitute a habitat for several functional groups, including
periphyton, zooplankton, invertebrates, fish and many others, but are
also involved in nutrient cycles (Bornette and Puijalon, 2009; Scheffer,
2004).

In the past two years, there has been a surge in research about MNP
phytotoxicity on both sediment-rooted and free-floating macrophytes,
with a wide range of reported effects dependent on polymer type, par-
ticle concentration and size, and time of exposure. Among various
studies, for example poly(styrene-co-methyl methacrylate) [P(S-co-
MMA)] at two different concentrations (i.e. 0.05 and 0.1 g L™ has
been shown to impair growth and chlorophyll content of Lemna minuta,
with more evident impacts after a prolonged exposure (i.e. 28 days)
compared to short ones (i.e. 7 and 14 days) (Ceschin et al., 2023).
Another duckweed (i.e. Spirodela polyrhiza), despite not showing a
reduced growth rate when exposed for 10 days to the same concentra-
tions of PET particles, was reported to display alterations in nutrient
absorption, oxidative status and DNA methylation patterns (Dainelli
et al., 2024). Furthermore, the effects of polyvinyl chloride (PVC) MNPs
at high concentrations (i.e. 0.1 and 1 g L™1) on the same species in a
7-day-experiment ranged from growth and reproduction inhibition to
metabolism adjustments (Y. Wang et al., 2023). Environmentally rele-
vant concentrations of PS-MNPs instead stimulated Vallisneria natans
root growth after 40 days of exposure, but oxidative stress at the root
level was elicited depending on particle size (Fu et al., 2023).

Notwithstanding this increasing body of information, a possible
impact of MNPs on macrophytes with microbial symbiotic interactions
has not been explored yet, despite these “superorganisms” play a key
role in the nutrient cycle of freshwater ecosystems (Rejmankova, 2011).
The presence of MNPs and their physicochemical properties (e.g., hy-
drophobicity, surface roughness and chemical properties) can change
the community structure and functions of microorganisms, finally
affecting the geochemical cycle of carbon, nitrogen and phosphorus
(Bank and Hansson, 2019; X. Wang et al., 2022). In particular, nitrogen
cycling has been shown to be widely subjected to the negative impact of
MNPs (i.e. W. Wang et al., 2024; Zhang et al., 2024 etc.). This cycle plays
a decisive role in biogeochemistry, and largely depends on the microbial
driven nitrogen transformation (Shen et al., 2022), Together with
nitrification and denitrification, nitrogen fixation is a key process in
nitrogen cycling, namely the main way of entrance for the reactive and
available forms of this element in most ecosystems (Bellenger et al.,
2020). Several macrophytes host microorganisms capable of these pro-
cesses that help plants to access essential elements otherwise unavai-
lable as N5 (Cui et al., 2022; Wickstrom and Corkran, 1997). Therefore,
an additive detrimental effect of MNPs on these organisms through
possible impact on their symbionts cannot be excluded.

In this context, Azolla filiculoides is a free-floating aquatic fern and a
common species in freshwater ecosystems. The peculiarity of this plant

is the stable association with the filamentous nitrogen-fixing cyano-
bacterium Trichormus azollae capable of forming heterocysts, which
provide organic nitrogen to the plant (Carrapico, 2017). The symbiotic
relationship between these two organisms is also exploited in the
agronomic field. Because of its high potential for biological N fixation
carried out by cyanobacteria, A. filiculoides is regarded as one of the most
promising biofertilizers, especially in rice crops, enhancing the cereal
production by 20-30% (Korsa et al., 2024; Verma et al., 2022). This is an
important data, since excessive use of chemical fertilizers results in
increased environmental pollution while their replacement with bio-
logical sources of nitrogen seems to be a good choice to naturally
improve crop yields (Maswada et al., 2021).

In this work we investigated for the first time the effects of PET-MNPs
at environmentally relevant concentrations on the “superorganism”
Azolla-T. azollae. Particularly, we aimed at: i) evaluating the impact of
PET-MNPs on the water fern’s growth, anatomy, photosynthetic effi-
ciency and ionomic profile, ii) assessing if MNP exposure affects
T. azollae heterocyst frequency and size and the symbiotic cyanobacte-
rium relative abundance in terms of DNA-based estimation. The signif-
icance of this study concerns the understanding of not only the MNP-
induced alterations in floating macrophytes, but also of the possible
consequences on the nitrogen fixation process. This research area has
major implications on both ecosystems functioning and yield of agri-
cultural practices.

2. Materials and methods
2.1. Production and characterization of MNPs

PET-MNPs were obtained by breaking down water bottles from an
Italian producer, following the standard procedure already used by
Dainelli et al. (2024). The size distribution of the plastic particles was
determined by Dynamic Light Scattering (DLS) on a Malvern Zetasizer
Nano ZS (ZEN 1600 model, Malvern Instruments Southborough, MA),
equipped with He-Ne 633.4 mW laser and backscattering detection. In
order to ensure quantitative comparison among different samples, the
detector attenuation was set to the constant level 10. DLS measurements
were performed over 11 runs and in duplicate. The obtained data
showed that the mean size of the MNPs was in the range 190-230 nm.
Fig. S1 and Table S1 report the results for two independent specimens
taken from the same preparation. The polydispersity index (PDI) was
0.5-0.6, revealing a broad size distribution, which was however mon-
omodal and allowed an estimate of the item concentration as 1 x 107
particles/mL from its mean value. This value was calculated from the
sample weight, the PET density and by approximating the particle shape
to equivalent spheres, as commonly done for DLS data (Caputo et al.,
2021).

Zeta Potential ({) measurements were performed with a Zetasizer
(Zetasizer Pro, Malvern Panalytical Co. Ltd., Malvern, UK) in DTS1070
cells, at 298 K. In these experiments the { values were measured by
phase analysis light scattering (M3-PALS). Each measurement was car-
ried out in duplicate. Results are reported in Table S1 as mean val-
ues with standard deviation over 15 runs. The obtained zeta potential
showed that the surface of the MNPs was negatively charged with
average ( values of ~ —20 mV. This result suggested a moderate, though
not negligible, capacity for ions and other small chemicals in solution to
be absorbed, and was consistent with prior studies (My Tran et al., 2021;
Sitko et al., 2013).
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2.2. Plant growth and experimental conditions

The laboratory tests were performed on the floating fern Azolla fili-
culoides following the guidelines of the Organisation for Economic Co-
operation and Development (OECD) protocol (Test No. 221, 2006)
formulated for Lemna sp. for the testing of chemicals, with a few mod-
ifications. Azolla filiculoides plants were collected from an artificial pond
in the Botanical Gardens of the University of Florence as in Bianchi et al.
(2020). Plants were cultivated in the climate chamber under controlled
conditions: 24/16 °C day/night, light intensity 300 pmol m 257!, 16-h
(day) photoperiod and relative humidity 60-65%. The beakers used for
the cultivation contained 100 mL of H-40 medium growing solution
(Table S2, Pereira and Carrapico, 2009). One beaker was used as inoc-
ulum of the culture and 4 to 6 fronds were transferred to each beaker
(Fig. la—c). Azolla filiculoides plants were tested under three different
treatment conditions: i) control (C), 100 mL H-40 medium prepared in
distilled water; ii) 100 mL H-40 medium prepared in PET-MNP solution
diluted 1:2 (v/v) with distilled water (PET 5, approximative MNP
concentration = 0.05 g L™Y); iii) 100 mL H-40 medium prepared in pure
PET-MNP solution (PET, approximative MNP concentration = 0.1 g
L~1). For each treatment, 6 replicates were set up, for a total of 18 test
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beakers. The test lasted 10 days as standard growing time without me-
dium renewal, which would have led to an uncontrolled alteration of the
concentration of PET particles. The concentrations of PET-MNPs used to
conduct the experiment are fully comparable with those found in
polluted freshwater ecosystems (see e.g. Gupta et al., 2023; Li et al,,
2020). At the end of the 10 days of treatment (Fig. 1d-f), the plants were
sampled from a subset of test beakers. Their fresh and dry weight were
determined, while the remaining material was used for the chlorophyll
fluorescence, pigment content, and ionome, microscopy and DNA
analysis. The root length of each sample was also measured. Photos of
the plants (Fig. 1a-f) at the beginning and at the end of the experiment
were taken from above using a digital camera (Canon PowerShot SX100
IS) placed at a distance of 10 cm from the top of the beakers. The area
(em?) occupied by the plants at the two time points was measured with
Fiji softwareof ImageJ (Schindelin et al., 2012). According to OECD
protocol (Test No. 221, 2006), the following formula was used to
calculate the average specific growth rate (pg.10): po-10 = (In (N1p) — In
(Ng))/t; t is the time period of the experiment and Njo/Np are the
measurements of the area occupied by the plants at the beginning or at
the end of the test.
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Fig. 1. Photos of A. filiculoides plants at the beginning (a—c) and at the end of the experiment after ten days (d-f). One representative beaker for each treatment is
shown. a) and d) = C; b) and e) = PET !; ¢) and f) = PET. g) Average specific growth rate (ji9.10) and h) root length of A. filiculoides plants grown in absence (C) or in
presence of MNPs at different concentrations (PET !; and PET) for ten days. Boxplots and whiskers were created using 6 independent replicates. Lower case letters

indicate significant differences among the samples (at least p < 0.05).
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2.3. Chlorophyll fluorescence analysis and pigment content

At the end of the treatment period, a single frond from each beaker
was sampled, placed on absorbent paper wetted with distilled water and
dark-adapted for 15 min using a leafclip. After that, Chlorophyll a fluo-
rescence (i.e. the light re-emitted by the molecules during return from
excited to non-excited states) was measured using a portable fluorimeter
(HandyPEA, Hansatech Instruments Ltd, Norfolk, UK). The dark adap-
tation of A. filiculoides allows to reach the maximum oxidation of the PSII
so that all PSII reaction centres can undertake photochemical reactions.
A 1-s long saturating light pulse (3500 pmol m~2 5™}, 650 nm) was then
applied by the sensor of the fluorimeter and the fluorescence emission
recorded, thus obtaining OJIP transients to be analysed. These transients
were analysed according to Stirbet and Govindjee (2011) after double
normalization between F (step O, minimum fluorescence value at 20 ps)
and Fy (plateau P, maximum fluorescence value at plateau). The Bio-
lyzer software (Fluoromatic Software, Geneva, Switzerland) were used
to calculate basic parameters (listed and described in Table S3) based on
double normalized transients, thus allowing a coherent comparison
between the different treatment groups.

A portable Dualex® instrument (Multi-Pigment-Meter MPM-100,
Paris, France) was used to measure in a non-destructive way the
indices of pigment content (amount of pigment per cm? determined
through the fluorescence simple ratio), such as chlorophyll content
index (CCI), flavonol index (FlvM), and Nitrogen Balance Index (NBI) on
a completely expanded leaf. This instrument uses ratio of fluorescence to
measure flavonol content (ratios: F660nm/F325nm) and leaf trans-
mission in the near and far infra-red to determine the chlorophyll con-
tent (T850,/T720). NBI is calculated as the ratio between chlorophyll
(T850/T720) and flavonol (F660nm/F325nm) contents.

2.4. Ionome analysis

The concentration of macro- and micro-nutrients (ionome) of
A. filiculoides plants was analysed following standard methodologies (i.e.
Bettarini et al., 2019). The plant material was oven-dried at 50 °C for
48h and then acid-digested using 5 mL of 69% HNOs3 in a microwave
digestion system (Mars 6, CEM) with maximum temperature of 200 °C
for 20 min. Element concentrations (K, Ca, Mg, Fe, Zn, Mn, Co, Cu and
Ni) were measured by atomic absorption spectroscopy (PinAAcle 500,
PerkinElmer) checking the reliability (<10% RSD) and accuracy (<5%
RSD) of the method with certified reference materials (grade BCR, Fluka
Analytical, Sigma-Aldrich). Macro- and micronutrient concentrations
were then expressed on a dry weight basis as mg g~! and pg g~!
respectively.

2.5. DNA analysis to quantify the relative abundance of Trichormus
azollae

Leaf samples were thawed in ice and total DNA was extracted from
300 mg of leaves using the FastDNA™ SPIN Kit for Soil (MP Bio-
medicals) according to the manufacturer’s instructions. The relative
abundance of T. azollae DNA was calculated by using Ribosomal protein
L25 (RPL25) loci as well as the A. filiculoides ITS DNA locus in quanti-
tative PCR (qPCR) (Brilli et al., 2022). The qPCR was performed in an
ABI StepOne Plus real-time PCR system (Applied Biosystems) in a 10 pL
mixture containing 1 X BlasTaq qPCR MasterMix (Applied Biological
Materials Inc.) and 400 nM of each primer. The following cycling pa-
rameters were used: initial step at 95 °C for 3 min, then 40 cycles each
including a step at 95 °C for 15 s and a step at 60 °C for 1 min. Details
about the primers used are provided in Table 4. The RPL25 gene was
used to estimate the presence of the symbiont T. azollae and the
A. filiculoides ITS was used as a reference gene. The ACt between the
RPL25 gene and the ITS gene (ACt = CtRPL25 — CtITS) was calculated
based on the q-PCR results. In this way, the presence of T. azollae was
normalized to the reference gene. The 272 algorithm was used to
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calculate the relative abundance of T. azollae DNA (Schmittgen and
Livak, 2008).

2.6. Light microscopy observations

Three plants from each treatment were collected at the end of the
experiments and fixed in a solution of Formaldehyde 10%, Ethanol 50%,
Acetic Acid 5% (FAA) for 48h at 4 °C. Subsequently, fixed samples were
washed in 70% ethanol for 1 h and then dehydrated progressively by
treatment with 80% ethanol for 1 h, 95% ethanol for 2 h, and then twice
in absolute ethanol for 3 h, cumulatively. Pre-inclusion was performed
first with ethanol and historesin in 1:1 ratio for one night, then with 1:2
ratio for 2 h, and in pure historesin for 3 h. Finally, samples were
included in a polypropylene capsule with the addition of hardener in
ratio 1:15 of basic resin. The included samples were cut in 5 pm thick
sections with an ultramicrotome and stained with Toluidine Blue O 0.1%
(w/v) in phosphate buffer pH 7.

For the visualization of T. azollae, the leaf cavities of fresh samples
were gently pressed to ensure the cyanobacteria outflow. Thus, the
counting of the cells of the filament between heterocysts and the mea-
surement of the heterocyst size were performed in triplicate for each
treatment. We photographed 3 independent samples per treatment
(Fig. S2), each from a different beaker, and conducted measurements
until reaching a final total of 28 observations. Observations were carried
out using a Leitz DM-RB Fluo optical microscope equipped with a Nikon
digital camera, and the images analysed by Image J.

2.7. Statistics

The One-way ANOVA was used to check the significance of differ-
ences (P < 0.05) among means of treatment groups, using GraphPad
Prism 7 (GraphPad Software, San Diego, CA). Data normality was
verified with the Shapiro-Wilk test, whereas the Bartlett’s test was used
for checking homogeneity of variances.

3. Results
3.1. Effects of MNPs on plant growth, photosynthesis and pigment content

Azolla filiculoides colonies grown with PET-MNPs medium did not
show any significant variation in final fresh and dry weight compared to
the untreated plants (Table 1a, Tables S4a-b), nor in the average specific
growth rate (po.10) calculated based on the occupied area in the beakers
over time (Fig. 1g-Table S4c). Moreover, the length of the roots did not
exhibit significant difference with respect to the controls
(Fig. 1c-Table S4d). By analysing the parameters of photosynthetic ef-
ficiency, most of the considered OJIP-test parameters (Table 1b, Fy, ®P,,
YRE,, Sm and ABS/RC) did not significantly change upon plant growth
in MNP solutions. The only exception was Fj, whose values were
significantly reduced in samples treated with the highest PET-MNP
concentration (Fig. 2, Table S5) (see Table 3).

The pigment analysis showed a significant decrease of CCI in
A. filiculoides colonies treated with MNPs at maximum concentration,
while the amount of the FIvM remained almost unchanged (Fig. 3,
Tables S6a-b). Regarding NBI index, there was a significant reduction of
this parameter (Fig. 3, Table S6c¢).

3.2. Effects of MNPs on element concentration

Concerning macro-elements (Table 2), only Ca and Mg showed a
reduction in concentration in MNP-treated plants (Tables S7a—c), while
among the micro-elements only Mn and Co concentration was signifi-
cantly lower in MNP-exposed samples as compared with control plants
(Tables S7d-i). Fig. 4 represents the amplitude heatmap of the MNP-
treatment-induced decreases in element concentration. Overall, the
elemental profile of PET-treated plants was more altered than that of
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Table 1

Values of a) fresh and dry weight (FW and DW, expressed in grams), and b) OJIP-
test parameters (listed and described in Table S3) of A. filiculoides plants grown
in absence (C) or in presence of MNPs at different concentrations (PET ! and
PET) for ten days. Values are mean of 6 replicates + standard deviation. Letters
indicate the significant differences among the treatments (at least p < 0.05).

a) Fresh and dry Treatments

weight
C PET 1/2 PET

FW (g) 1.892 + a 1.983 + a 1.869 + a
0.221 0.201 0.080

DW (g) 0.173 £ a 0178 + a 0.171 + a
0.020 0.018 0.007

b) OJIP-test Treatments

parameters

C PET 1/2 PET

Fo 441.273 + a 421.400 + ab 389.600 + b
36.968 33.711 27.805

PP, 0.825 + a 0.827 £ a 0.825 + a
0.011 0.008 0.006

WET, 0.539 + a 0.520 + a 0.517 + a
0.029 0.018 0.025

WRE, 0.184 + a 0175+ a 0.169 + a
0.028 0.016 0.018

Sm 19.544 + a 18.624 + a 18.394 + a
2.280 1.178 1.518

ABS/RC 2.586 + a 2.651 + a 2.671 + a
0.192 0.285 0.194

Piaps 2171 £ a 2.030 = a 1.923 + a
0.397 0.457 0.328

Table 2

Element concentration (mg g~ * and pg g~* for K, Ca, Mg and Co, Zn, Mn, Cu, Ni
respectively) in A. filiculoides plants grown in absence (C) or in presence of MNPs
at different concentrations (PET . and PET) for ten days. Values are mean of 6
replicates + standard deviation. Lower case letters indicate significant differ-
ences among control and treated samples (at least p < 0.05).

Element Treatment
concentration
C PET 1/2 PET
K (mg/g) 70.01 £ 4.38 a 68.94 + 2.22 a 67.10 £ 3.74 a
Ca (mg/g) 2.30 £ 0.26 a 1.75 £ 0.14 b 1.52 +£0.40 b
Mg (mg/g) 594 +0.41a 5.28 +0.15b 5.61 + 0.40 ab
Co (ng/g) 81.51 £85%a 70.86 + 7.53 b 66.16 + 3.34b
Zn (pg/g) 311.54 + 54.93 269.25 + 40.41 a 255.80 + 32.29
a a
Mn (pg/g) 310.67 + 69.46 261.91 + 56.91 204.66 + 23.26
a ab b
Cu (pg/g) 29.71 £ 2.08 a 29.34+191a 28.99 +£2.72a
Ni (pg/g) 41.50 £9.32a 41.05+6.11a 37.78 £ 3.08 a
Table 3

Pigment content indices in A. filiculoides plants grown in absence (C) or in
presence of MNPs at different concentrations (PET ! and PET) for ten days. CCIL:
chlorophyll content index; FIvM: flavonol index; NBI: Nitrogen Balance index.
Values are mean of 6 replicates + standard deviation. Letters indicate the sig-
nificant differences among the treatments (at least p < 0.05).

Pigment content Treatment

C PET 1/2 PET
CCI 0.48 £ 0.15a 0.42 + 0.15 ab 0.26 + 0.06 b
FIvM 0.07 £ 0.03 a 0.06 + 0.02 a 0.06 + 0.02 a
NBI 6.51 +243a 5.07+1.25a 444+ 1.80a

PET Y% plants, with a notable decrease in Ca, Mg, Mn and Co levels. In
general, decreases were more evident for micro-elements with respect to
macro-elements.
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3.3. DNA analysis to quantify the relative abundance of Trichormus
azollae

The relative abundance of T. azollae DNA was calculated by the
229 glgorithm. While we observed a decreasing trend in 2072%Y mean
values of MNPs-treated samples with respect to the control, the differ-
ences were not statistically significant (Fig. 5, Table S8).

3.4. Light microscopy observation

Fig. 6 shows light microscopy images of Trichormus azollae extracted
from leaf cavities of A. filiculoides grown in water (Fig. 6a) and in the
presence of the two different concentrations of MNPs: PET1/2 and PET
(Fig. 6b and c).

Control samples showed a lower number of vegetative cells between
two consecutive heterocysts if compared with the filaments collected
from plants treated with MNPs, significantly at the higher concentration
(Fig. 6d-Table S9a). Moreover, the size of the heterocysts decreased in
filaments obtained from plants treated with both concentrations of
MNPs in comparison with the cyanobacteria filaments from the control
plants (Fig. 6e-Table S9b).

Fig. 7a shows the typical anatomy of Azolla root, with regular rhi-
zodermis, a cortex with two layers of parenchyma cells and the internal
endodermis with its peculiar hexagonal shape. The internal cylinder was
composed of a pericycle that consisted of six parenchyma cells with few
plastids, a xylematic vessel, and few sieve tubes. Samples exposed to
PET1/2 (Fig. 7b) and PET (data not showed) showed a similar PET-MNP-
affected structure as compared to control plants. Their rhizodermis
appeared thinned and the cell walls of the cortex severely damaged, with
larger intercellular spaces. The vascular elements inside the internal
cylinder were much smaller in diameter as compared to control samples.

Regarding frond morphology, A. filiculoides leaf was composed of an
emerged, dorsal lobes and very thin, ventral lobes which floated on the
water surface (Fig. 7c). The dorsal lobe showed a photosynthetic pali-
sade and an ellipsoid cavity (length ~ 260 pm) that harbours the sym-
bionts. The cavity was open to the outside through a pore (length ~ 50
pm) covered by protruding teat cells (Fig. 7d). Typical bicellular tri-
chomes were visible as well (Fig. 7d). No differences were evidenced
comparing fronds from control plants with those from plants exposed to
the two treatments (data not shown).

4. Discussion

The experimental data did not indicate any growth inhibitory effects
of PET-MNPs on A. filiculoides over the short-term treatment of 10 days.
These results differ from those of an earlier investigation on another
floating macrophyte, i.e. Spirodela polyrhiza, exposed to MNPs of the
same polymer at the same concentrations and for the same duration
(Dainelli et al., 2024). In fact, although the average specific growth rate
remained unchanged between treatments in that study, a plastic
particle-induced decrease in fresh and dry weight was observed. The
same consideration applied to photosynthetic performance, that was
reported to be substantially impacted by PET-MNPs both in duckweeds
(Dainelli et al., 2024) and submerged macrophytes (Abduro Ogo et al.,
2022; Yu et al., 2022), and in general also in terrestrial plants (Colzi
et al.,, 2022; Dainelli et al., 2023; Pignattelli et al., 2021). In the
experimental conditions here adopted, no photosynthetic efficiency in-
dicators (i.e. chlorophyll fluorescence parameters) were altered in
A. filiculoides. This is probably due to possible adaptive traits of this
species, conferring wide tolerance to a variety of environmental
stressors, including xenobiotics (Maldonado et al., 2022). Such traits are
supposed to promote the invasiveness of this species (Nikkhah et al.,
2024; Sood et al., 2012). It is also worth considering that a longer
exposure to plastic pollutants could lead to negative consequences on
this fern, as demonstrated by Ceschin et al. (2023) on Lemna minuta
exposed to [P(S-co-MMA)]-MNPs for different times, with more evident
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Table 4
Primers used in this study.
Locus Forward primer (5-3") Reverse primer (5-3) Reference
NARPL25 GTACGGTCACAAAGGCACAG AGGTGTTCCCTTCGCTGGAT de Vries et al., 2018
AZITS GAATTCCGCGAATCATCGAGT CGGACAACCATCTCCGCT Brilli et al., 2022
effects after 28 days with respect to 7 and 14 days.
Fo * —a—C The only fluorescence parameter that was impacted by the treatment
o—PET 1/2 was Fo, which itself depends partially on the chlorophyll levels of the

) —a—PET
Pl(abs) ’ ®(Po)

Sm

ABS/RC WY(REo)

Fig. 2. Radar plot of OJIP-test parameters. Each point represents the average
value normalized on the respective average value of control plants. Asterisks
indicate significant differences among the samples (at least p < 0.05).

analysed samples (Bussotti et al., 2012). Consistently with the reduction
of Fy, the pigment analysis showed a lower chlorophyll quantity in
treated plants, while no changes were reported concerning the flavonol
content. These last-mentioned pigments have antioxidant properties and
help plants to cope with stressful conditions and pollutants
(Daryanavard et al., 2023), including MNPs (see e.g. Z. Yu et al., 2024).
In line with the obtained results on growth and photosynthesis, also the
stability of flavonol levels suggested lack of PET-MNP-induced stress in
A. filiculoides, at least in the short term. Therefore, the observed reduc-
tion of the NBI parameter (i.e. ratio CCI/FIlvM) in treated plants resulted
from the decrease in chlorophyll content. NBI is regarded as a reliable
indicator of plant nitrogen status (Abdallah and Goffart, 2012; Padilla
et al., 2014). Since chlorophyll biosynthesis is expected to be impaired
under nitrogen shortage (Mu and Chen, 2021), a probable
PET-MNP-imposed deficiency in this element cannot be excluded for the
studied system. Considering that the growing medium was nitrogen-free
(Table S2), this supposed N-shortage could relate to a possible negative
impact of PET-MNPs on N»-fixing activity of the cyanobacterial symbi-
ont, since the atmosphere was the sole provider of nitrogen for the su-
perorganism. Interestingly, several studies did not observe any decline
in chlorophyll content on macrophytes exposed to PET-MNPs in N-rich
substrates (e.g. Cui et al., 2023; Dainelli et al., 2024).

As for the analysis of the ionome, a PET-induced nutrient imbalance
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Fig. 3. Pigment content indices in A. filiculoides plants grown in absence (C)

or in presence of MNPs at different concentrations (PET ' and PET) for ten days.

Boxplots and whiskers were created using 6 independent replicates. Letters indicate the significant differences among the treatments (at least p < 0.05).
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50
PET 1/2 -1.5 -22.8 -11.2 -12.1 -13.6 -15.8 -1.2 -1.1
0
PET -4.2 -33.9 -5.7 -18.8 -17.9 -34.2 -2.4 -9.0
*% % * -50
K Ca Mg Co Zn Mn Cu Ni

Fig. 4. Heatmap showing ionome variation of A. filiculoides plants grown in presence of MNPs at different concentrations (PET ' and PET) for ten days. Colour scale
indicates decreased (red), unchanged (white) or increased (green) element concentration in respect to the control. The percentage of variation is reported, together
with asterisks indicating the significant difference between the element concentrations in treated and control plants (at least p < 0.05).
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Fig. 5. The relative abundance of Trichormus azollae DNA grown in absence (C)
or in presence of MNPs at different concentrations (PET '; and PET) for ten
days. Boxplots and whiskers were created using 6 independent replicates. Let-
ters indicate the significant differences among the treatments (at least p
< 0.05).

emerged with most of the plant elemental concentrations decreased in
treated samples. Recent studies suggested several kinds of ionomic
changes after MNP exposure (Colzi et al., 2022; Dainelli et al., 2023,
2024; Fu et al., 2022; Tang et al., 2022), but the underlying mechanisms
for these variations remain largely unexplained. In our case, negatively
charged PET-MNPs could have physically interacted with the roots of
A. filiculoides. This effect was demonstrated for polystyrene with similar
charge on A. thaliana roots (Sun et al., 2020), causing a
concentration-dependent reduction in the absorption of macro- and
micro-nutrients. Physical damages induced by MNPs has been repeat-
edly reported in the literature, irrespectively of polymer type and plant
species (see e.g. Liu et al., 2023; H. H. Wang et al., 2024; J. Wang et al.,
2023). In accordance, the root anatomy of the fern was disturbed by the
presence of plastic particles, as revealed by microscopy observations.
External tissues were particularly damaged, likely due to the direct
contact with the pollutants, and the vascular system appeared to be
shrunk, thus probably contributing to impaired nutrient absorption and
transport within the organism. In addition, negatively charged MNPs
surface may have contributed to the amount of cations available for
plant metal uptake. In the long term, the PET-induced decrease in
element accumulation could lead to significant growth reduction of
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Fig. 6. Images of Anabaena azollae flow out from the leaf cavity of Azolla grown in the absence a) or in the presence of b) PET 1/2 and ¢) PET. Scale bars (a, b, ¢) =
50 pm. d) Number of cells between heterocysts and e) heterocysts area of Trichormus azollae collected from A. filiculoides cultivated in water or with MNPs at the two
different concentrations. Red arrows indicate the heterocysts. Boxplots and whiskers were created using a total of 28 measurements from three independent samples
per treatment, each from a different beaker. Letters indicate the significant differences among the treatments (at least p < 0.05).
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Fig. 7. Cross sections of A. filiculoides root grown in culture medium Control (A) and in presence of MNPs treatment (B). Scale bar (A-B): 50 pm. Cross section of a
leaf from the control (C). Scale bar (C): 200 pm. Particular of the lobe (D). Scale bar (D): 100 pm. All sections were stained with Toluidine blue. rhizodermis (rd),
cortex (cx), endodermis(en), pericycle (p), xylem vessel (xv), sieve tube (st); leaf cavity (Ic); palisade (p); T. azollae (a); vascular bundles (vb); leaf primordia (arrow),
abaxial epidermis (abe); inner epidermis (ie); adaxial epidermis (ade); teat-cell (tc); pore cavity (+); bicellular trichome (arrow head).

A. filiculoides, especially considering the crucial role of Ca in the rapid
growth of this fern (Sadeghi et al., 2013) or the key role of Mn in met-
alloenzymes (Schmidt and Husted, 2019). Interestingly, the
PET-decreased concentration of Co deserves further investigation, since
this element is required for the growth of the Azolla-Trichormus symbi-
otic system in the absence of combined nitrogen (Johnson et al., 1966).
This can be correlated with the indispensability of Co and cobalamin (i.
e. vitamin B12) in enzymes for the fixation of atmospheric N5 into NH3
and for the survival of Trichormus azollae and other nitrogen-fixing
bacteria (Hu et al., 2021).

Microscopy analysis emphasized several PET-induced modifications
of the symbiont’s phenotype (i.e. increased number of vegetative cells
between two consecutive heterocysts and reduced heterocyst size). The
development of heterocyst patterns is a genetically regulated process,
with environmental constraints serving as key regulators (Alvarez et al.,
2023; Corrales-Guerrero et al., 2013; Yoon and Golden, 2001). Among
these, nitrogen availability is especially significant (Zapomélova et al.,
2008) and the reduced heterocyst frequency here reported in T. azollae
from PET-treated plants is hypothesized to indicate a compromised
nutritional status of the holobiont. This hypothesis is further reinforced
not only by the plant ionome and NBI data, but also by heterocyst di-
mensions, as cell size is optimized according to resource availability in
nitrogen-fixing symbiosis (Cornejo-Castillo et al., 2024).

Furthermore, DNA analysis showed a mean reduction in the relative
abundance of Trichormus azollae in the presence of MNPs, although not
statistically significant. Plant microbiome alterations induced by plastic
particles have been largely reported in the last years (see for example
Chai et al., 2024; Ng et al., 2021; Zhang et al., 2023), even if the
mechanisms by which this happens remains poorly understood. A
pivotal role is undoubtedly played by the plastisphere (i.e. the microbes
associated with plastic debris, Amaral-Zettler et al., 2020) that could
cause microbial invasion (Li et al., 2021). In any case, chemical
byproducts released during plastic degradation and mechanical and
physical effects can contribute to the re-shaping of microbial commu-
nities as well (Rillig et al., 2024). Multiple factors could have concurred
to our observation, including the above-reported Co shortage in treated

A. filiculoides holobiont. In addition, small particles are dimensionally
suited for entering the fern leaf cavity, as the measurements of the pore
dimension by microscopy analysis evidenced. They could therefore fill
up cyanobacterial vital space and facilitate the transmission of
competing microbes or toxic substances (Rillig et al., 2024), ultimately
interfering with the performances of the whole symbiotic system, as
evidenced by its altered nitrogen status (i.e. reduced NBI parameter).
The implications of these observations extend far beyond an ecological
point of view. In the long term, MNPs can also pose a significant threat to
the global agricultural food production since nitrogen-fixing microor-
ganisms are the mostly used bio-fertilizers (Adhikari et al., 2020).

However, the variability of MNP-exposure consequences on different
organisms living in disparate environments emphasizes that many as-
pects (i.e. type of polymer, particle size, shape, concentration, con-
cerned species etc.; Karalija et al., 2022) contribute to this interaction,
making it difficult to predict its outcome. For example, Q. Wang et al.
(2023) showed that particles of polylactic acid (i.e. a biodegradable
plastic type) boosts N-fixing Rhizobiales bacteria in peanut plants. On
the other hand, among the few studies dealing with PET pollution and
nitrogen, X. Sun et al. (2022) conducted a microcosm experiment to
examine the impact of this polymer in paddy soils. Their findings
demonstrated that a low PET-MNP concentration decreased the NHJ
level in overlying water, while a higher one had an opposite effect.
Anyway, an alteration of the microbial nitrogen fixation process by PET
could be hypothesized from these results and ours on the Azolla--
Trichormus system. In any case, particle concentration seems to exert
considerable influence, complicating the prediction of the outcome as
stated above.

The present research is an initial step for understanding how plastic
particles can disturb A. filiculoides and, potentially, its delicate strict
symbiosis, a phenomenon previously documented only in the renowned
anthozoan-algae symbiotic relationship, namely corals (Lanctot et al.,
2020; Okubo et al., 2018, 2020). In addition, our results could raise
concerns of ecological and agricultural importance, as the fern Azolla is a
multifaceted aquatic resource crucial for ecosystem sustainability
(Kollah et al., 2016). This species not only helps to mitigate greenhouse
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gas emissions from agriculture and has high bioremediation potential
for trace metals, but also serves as major biological source of nitrogen for
agriculture and the animal industry (Kollah et al., 2016). Plastic particle
pollution is increasingly evident in flooded paddy soils (Ashjar et al.,
2023; Y. Wang et al., 2022b) and has been reported to impair rice
growth and yield (Chen et al., 2022; Yi et al., 2023). An additional
negative effect of microplastic particles (MNPs) on Azolla, which is
typically dual-cropped with rice to enhance nitrogen supply (Adhikari
et al., 2020), could exacerbate the existing threat posed by such con-
taminants to one of the most important staple foods (Amelba et al.,
2022).

5. Conclusion and perspectives

Despite the presence of PET-MNPs did not cause alterations in the
growth of Azolla filiculoides, ten days of exposure were already sufficient
to induced significant decrease in chlorophyll content, in the concen-
tration of Ca, Mn and Co and in altering the root anatomy. These data
pointed to a possible PET-MNP-induced shortage of nitrogen to the fern
due to a negative impact of the particles on the symbiont Trichormus
azollae, that in treated samples presented altered morphology and
decreased abundance. This work represents the first evidence that MNPs
can have a harmful effect on a symbiotic superorganism, like Azolla-
Trichormus. Long term studies are needed to understand possible out-
comes of MNP pollution both on the evolution of eukaryotic organisms
with No-fixing-prokaryotic partners and on the nitrogen supply in
ecosystem functioning and in global agricultural food production.
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