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Abstract.

To understand the fate of plastic in oceans and the interactibrmarine organisms, we investigated
the incorporation of (bio)polymers and microplastics in selected befdhaeniniferal species by
applying FTIR (Fourier Transform Infrared) microscopy. Thipezkmental methodology has been
applied to cultured benthic foraminifeRosalina globularis, and toin situ foraminifera collected in a
plastic remain found buried into superficial sediment in the Meditean seaflooRosalina bradyi,
Textularia bocki andCibicidoides lobatulus. In vitro foraminifera were treated with bis-(2-ethylhexyl)
phthalate (DEHP) molecule to explore its internalizationhie ¢ytoplasm. Benthic foraminifera are
marine microbial eukaryotes, sediment-dwelling, commonly shortHasmd with reproductive cycles
which play a central role in global biogeochemical cycles ofyi#oic and organic compounds. Despite
the recent advances and investigations into the occurrence, distritantbgbundance of plastics,
including microplastics, in marine environments, there remain relévantledge gaps, particularly on
their effects on the benthic protists. No study, to our knowledgedd@smented the molecular scale
effect of plastics on foraminifera.

Our analyses revealed three possible ways through which plalstied molecules and plastic debris
can enter a biogeochemical cycle and may affect the eeosysi) foraminiferan situ can grow on
plastic remains, namel@. lobatulus, R. bradyi and T. bocki, showing signals of oxidative stress and
protein aggregation in comparison wig globularis cultured in negative control; 2) DEHP can be
incorporated in the cytoplasm of calcareous foraminifera, as oliser® globularis; 3) microplastic
debris, identified as epoxy resin, can be found in the cytoplasm and the agglutinatedTsieitiof

We hypothesize that plastic waste and their associated additaseproduce modifications related to
the biomineralization process in foraminifera. This effect woulddsed to those induced by ocean
acidification with negative consequences on the foraminiferal biogerimr&ye capacity.
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1. Introduction

Plastics are emerging pollutant at the global scale thtt,cai 5 billion tons of waste dispersed in the
environment, is affecting the oceans and the trophic chain (Gewtr, 2017). It has been recently
estimated that 5-8 million tons of plastic move from land to oceaersy year (Jambeck et al., 2015)
also reaching the deep ocean floor (Peeken et al., 2018). Plastiesthen to be regarded as an
analogue of sedimentary materials, as they undergo throughbtbgeochemical cycle characterized
by a grain size comminution associated to some change in salystaperties (Cau et al., 2020; and
references therein). Microplastics are generally referrethdosize smaller than 5 mm (Picé and
Barceld, 2019, and references therein) and can be further ddssifo subcategories depending on
their dimension. The amount of microplastics attaining the ocearesvarthe range of 0.13 and 0.28
million tons per year (IUCN, https://www.iucn.org/theme/marine-paldr/our-work/close-plastic-tap-
programme/reports). In turn, primary microplastics can becomsendary microplastics due to
physical and mechanical processes occurring in the oceans. Envitahmmécroplastic pollution is
recognized to have long persistence ranging from decades to hundgeds{Auta et al., 2017 and
references therein; Enders et al.,, 2019; Shim and Thompson, 2015; Vandenneteas., 2015).
Despite undoubtedly long-term harmful impact to microbiota, the fatei@bplastics, chemicals and
synthetic molecules incorporated into both the cytoplasm and skeletomarioe micro-organisms is
still poorly understood (Baztan et al., 2018; de Sa et al., 2018).

A growing body of literature investigates ecotoxicological @fef plastics. Redondo-Hasselerharm et
al. (2018) found that plastic pollutants endanger macroinvertebratghatcbncentration, however,
even if the risks of environmentally realistic concentrationsiofaplastics may be low, they still may
affect the biodiversity and the functioning of aquatic communitiegh after all also depend on the
sensitive species. Microplastics can interact with the planktos éntering the food web (Pazos et al.,
2018), and this likely results in bis-(2-ethylhexyl) phthalate (PEBccumulation across the food web
(Fossi et al., 2012).

DEHP is a moderately water-soluble synthetic molecule (GibboxdsAlexander, 1989; Luo et al.,
2018), industrially produced, and used in plasticizers, industrial solaedtkibricants, additives in the
textile industry, in pesticide formulations, and in bodycare proditgth as deodorants, perfumes, or
hairsprays (Graham, 1973; Koo and Lee, 2004; Stanley et al., 2003). WhiEEHP molecule does
not exist in nature, having only an industrial origin, several phthastelis occur as natural products
(Hoang et al., 2008; Ljungvall et al., 2008; Roy et al., 2006), making taldei for strong bio-
interactions in the ecosystem. The presence of carbonyl groupsssugiuat reactivity of DEHP may
show some analogies with other organic and natural molecules, suamiao acids, lipids and
polysaccharides, commonly associated to cyanobacterial aqiitgh et al., 2002), specifically to
monostearin (Sanna et al., 2015) or succinic acid and fumaric acid, bopereems of the citric acid
cycle. DEHP can be incorporated in hundreds of ppm in carbonate mipevaiding us a suitable
proxy for mineral-biosphere interactions (Sanna et al., 2015). MoreD#P contains ester groups
that are also present in molecular components of foraminvigriah causes that the DEHP may reveal
some affinity to them even though its overall chemical scaffotddgally different (see Sanna et al.,
2015 and references therein).

The open questions are how much the fate of plastics is affegtbmlogical activities, where grain
size comminution and interaction with tissues and biological fluidsiroco shed light on these
guestions, the different compartments of the biogeochemical cycle of plagstbennvestigated.

In this work, to explore the fate of plastic debris in marine habitats we focus dmclferaminifera.
These unicellular organisms, ubiquitous in the marine realm, colonizeh®othater column and the
sediment. In the global carbonate budget, foraminifera are oriee ahajor calcifiers contributing to
the carbonate production (Kawahata et al., 2019). It has been edtithateall benthic foraminifera
annually produce 200 million tons of calcium carbonate worldwide (La2§€8). Larger symbiont-
bearing foraminifera play a prominent role as carbonate prodircen®dern tropical environments
(reef and shelf areas), with an estimated production of atlld@shillion tons of CaC®per year. This
amount corresponds to approximately 2.5% of the GaGfOthe annual present-day carbonate




101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

production in all oceans (Langer, 2008). These data highlight the impodafaraminifera within the
CaCQ budget of the marine realm. Because of foraminifera are isen&it changes in the oceanic
environment and their calcareous test preserve a record afi cbeanical variations, they can be
considered as useful indicators of past climate and environméiatadjes (Boyle and Keigwin, 1985;
Curry et al., 1998; Langer, 2008).

Foraminifera can be used also to define the present Ecologicatyiatus (EcoQS) (e.g., Barras et
al., 2014; Bouchet et al., 2018; Damak et al., 2019; Fossile et al., 202Db) pnoditle time series back
to reference conditions (e.g., Alve et al., 2009; Dolven et al., 2013). disgibution and composition
are influenced by several environmental factors including temperagalinity, organic matter inputs,
oxygen, sediment grain size and composition (Celia Magno et al., 2012ayMa0n06; Sen Gupta,
1999). Based on such features, foraminifera are widely used as bitonslio& different impacts in
coastal environments: aquaculture, oil spills, harmful metals drghwsewage (e.g. Bouchet et al.,
2020; Parsaian et al., 2018; Vénec-Peyré et al., 2020), even thougrstill isontroversial the
distinction between natural and anthropogenic stress (Armynot du Chéatelet andyD2b&0a

In a fairly large body of literature, foraminifera are investigatechisitu and/orin vitro experiments to
dissect their response to changes in one or more chemicalqhpgsi@ameters under controlled
conditions, either at the level of the whole fauna (in micro- oroowsns) or of one or a few selected
species (in culture). The results obtained in the laboratory coulelsesg a model, albeit simplified, of
ecosystem functioning, and can be testesiltu.

It is noteworthy that accumulation of microplastics in foraneir@afmay be an entry of such particles
into the marine benthic food webs but there is a severe lack of lageven whether and how this
issue may affect benthic foraminifera. Grefstad (2019) fed akbenthic calcareous foraminiferal
species during a four-week experiment using fluorescent polystyn@rospheres. The author showed
that there are differences in the accumulation of microplastiognthic foraminiferal species driven
by their food preferences and test composition. Langlet et al. Y20@@itored the short-term effect of
polypropylene (PP) leachates at both environmentally realistic chronic concentrations on the
locomotion and metabolism of benthic calcareous foraminifera. Theyl finat PP leachates have no
lethal effects on this species activity. For these reasonsstiggest that benthic foraminifera may be
more resistant than other marine invertebrates (i.e., molluskss)ighelasticizers pollutants. Studies
cited above tested the foraminiferal ability to accumulateiptas the cell and the resistance to their
potentially toxic effects. But no study, to our knowledge, has docuchéhte effect of DEHP on
foraminifera.

Fourier Transform Infrared spectroscopy (FTIR) is a well-estalaliahalytical technique that provides
chemical information about the inspected samples (Silverstaih, &005). About 30 years ago, FTIR
spectroscopy was coupled with microscopes, becoming FTIR speatwsoapy (1-FTIR), allowing
for a spatially resolved chemical characterization of maseranging from polymers (Kellner et al.,
1986; Kellner and Weigel, 1988) to biological samples like bacteria akatyotic cells (Legal et al.,
1991; Wetzel and LeVine, 1999). Moreover, it was possible to push the mi@sdlutthe diffraction
limit by using high brilliant sources like Synchrotrons (Holmanakt 2000; Jamin et al., 1988).
Nowadays u-FTIR is commonly used in manifold scientific fieldke chemistry, materials sciences,
pharmaceutics, physics and in particular in biology, where busirmely employed to probe cellular
statuses (Doherty et al., 2017) or diagnose healthy and diseased tissuea@iicetaal., 2008).

In this work, we considered three foraminiferal species fronMibditerranean Sea and one cultured in
laboratory to be representative of the main taxonomic groups having differeastdfypuilding test: the
calcareous species which precipitate Ca@Cbuild their case and the agglutinated taxon that allocates
particles of different type and size held together by a leimatal or Ca-carbonate cement (Sen Gupta,
1999).

Therefore, the present study aimed to evaluate the etiEetgposure of microplastics in foraminiferal
specimens (ibicidoides lobatulus, Rosalina bradyi and Textularia bocki) grown attached to plastic
debris and collected into the sandy-silt sediment of the Medlitean seafloor. Also, this research will
focus then on the investigation of the DEHP molecule incorporatioreicyttoplasm and calcareous
test ofR. globularis grown in critical exposure of this plastic additive.
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2. Material and Methods
2.1. Samples from laboratory cultures

Culturing foraminifera was necessary to obtain and to maintainnsgles for experimental purposes.
Specimens oR. globularis, used in this study, were grown in monospecific cultures set tipeat
Laboratory of Paleoecology of the DISVA (UNIVPM). For foramféral culture maintenance we
followed Caridi et al. (2020).

For the experiment, we selected foraminiferal tests inearailage from 90 to 150 pum in order to have
adult specimens and not juvenile forms, which could bias the taxonommtfickion. Then, we
observed them under the stereomicroscope NIKON SMZ-U to checkvitadity. In particular, vitality
was assessed by the presence of sediment particles @ltrse dperture and/or yellow/brown colour;
these specimens were further observed under the optical microddapy Eclipse E 600 POL with
phase contrast, in order to further detect pseudopodial activity.

One foraminiferal taxonR. globularis) was picked from culture using a fine brush. Alive specimens
were selected using phase contrast optical microscopy ([deasabove), and then each specimen was
randomly transferred in three different series (replicates) of spdaéic jars. In particular, in total n=4
plastic jars were prepared for the experiment: n=3 repliczel containing n=5 specimens Rf
globularis, including controls (n=1 jar) for a total of n=20 specimens, in this work we showsreaijt
from some of the specimens.

Acute concentration of DEHP was tested, formally 500 mg/L mgaitll added to solution resulting in
ca. 0.3 mg/L dissolved (Gibbons and Alexander, 1989), plus one control concer(matimnally O
mg/L). 20 pl pure neat DEHP aliquots were added to 40 mLtefddl seawater and kept in a room
temperature for 7 weeks. The cultures were incubated at 15°C, ifajlalae day-night cycle and fed
with few drops of freeze-killetisochrysis galbana every two weeks. Conditions of pH of 8.0+0.1 and
salinity of 35 were kept stable for the duration of the experimesith weekly replacement of
experimental solution of DEHP. Salinity adjustments were performed by adieiioigjzed water.

2.2. Samples from Mediterranean seabed

Thirteen grabs (30 L Van Veen grab) were collected during th€A&Rruise carried out in the
Southern Tyrrhenian sea, along the NE Sicilian continental margiti fasin). The expedition took
place from December 16, 2015 to January 3, 2016 on board of the R/V Minerva tthe Itdlian
National Research Council (CNR). At station EPB41, located at 82 m depth withinlthegtiod small
gullies in front of the Mazzarra River mouth (Casalbore et al., 20 ®lack plastic bag (about
30x30cm probably constituted of polyethylene material) was found burtedsandy silt sediment,
completely colonized by meio- and macrofaunal communities (bivalkgdrozoa, gorgonians,
polychaetes, ascidians, foraminifera, briozoans). The plasticwaagcut into about 30 fragments
(about 5x5cm) and analyzed by means of stereomicroscope to piokirfideaa living on the plastic
surface. In this study, foraminiferal specimens belonging twadyi, C. lobatulus andT. bocki, were
considered. Only the well-preserved tests, recorded in attéitdedsition on the plastic remain, were
carefully detached from the plastic surface. Classificatioth®ftaxa was carried out on the literature
guidelines (Cimerman and Langer, 1991; Sgarrella and Moncharmont2@8). Taxonomical
identification was based on World Register of Marine Species W8R2020). Table 1 resumes the
investigated samples. In total, we analyzed n=10 specimens fospeacies R. bradyi, C. lobatulus
andT. bocki), in total n=30 specimens. Samples investigated by FTIR asafydditional information
on foraminifera is provided in the Appendix.
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Tablel.
Foraminifera investigated in this study. Pictures from EPB41 smnwpére taken on samples attached
on the plastic remain before washing and picking.

RESIN
DIAMOND ANVIL | EMBEDDED
SAMPLE SOURCE/COLLECTION PICTURE CELL (DAC) THIN
SECTION
. . unpolluted in vitro grown .
Rosalina globularis (S5) — negative control 8 maps 2 maps
. . DEHP polluted in vitro
Rosalina globularis grown (S9) — positive 28 maps
control
Cibicidoides ,
Mediterranean EPB41 (S3 : 6 maps 6 maps
lobatulus (53 1 P P
Rosalina bradyi Mediterranean EPB41 (S8 5 maps 7 maps
Textularia bocki Mediterranean EPB41 (S1 12 maps 1 map

*Each map can be 1x1 tile or be a mosaic of mutipés, ech tile contains 4096 spectra.

23.FTIR

Samples were measured at SISSI| beamline at Elettrao8ome Trieste using a Bruker Hyperion 3000
IR-VIS microscope coupled with a Vertex 70V in vacuum interferemets reported in Table 1, the
harvested samples were divided into two groups and underwent a diffeoesssing before being
measured. In order to prepare thin sections for FTIR microscopy, foramisiiefs were immersed in
100% resin (Epon 812) for 30 min at room temperature, followed by polyatien at 60°C for 48 h.
Semi-thin sections (1 pm) were cut with a diamond knife on uloratame and deposited onto GaF
windows. Some of the samples were picked up from solutions, deposited diatmond compression
cell (Diamond Anvil Cell -DAC — X’press - Japan) and crushed toiolfka pieces few microns thick
and then measured by FTIR. Single foraminiferal specimens pieked up from the solution and
dissected under the microscope into small fragments of shelefinthcpart. The extracted parts were
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placed onto the open DAC. Once the DAC was closed and the pressiepplied by tightening the
screws, the samples were pulverized and thinned to allow for tisiem measurements. In some
cases, to maintain substantial morphology of the samples, veryfsagatients were imaged (see the
next section).

FTIR spectra of the resin embedded sections and DAC samplesngaseired in transmission mode
using a 15X objective and condenser and a Focal Plane Array (feB&ctor. The FPA detector has a
sensitive overview area of 168x168 um divided in 64x64 pixels, and tremefery hyperspectral
image contains 4096 spectra, with the effective pixel size of 2.6xB.¢per pixel. To survey the
sample to find any area of interest, low-resolution images oWtiwe samples were firstly acquired
using pixel binning at 4x4 (10.5x10.5 pm per pixel) with 16 scans and at 18meuatral resolution.
Then, images at higher lateral and spectral resolution wermectal without binning, co-adding 256
scans and at 4 chrspectral resolution. For the samples grown in DEHP polluted envirgnsiagle
point spectra were collected with a Mercury Cadmium TelluME€T) detector, with 50x50 aperture
size and 256 scans at 4 ¢tnThe data were analyzed in OPUS (Bruker Optics) and by in hodse ¢
written in Python 3.5 using its routine numpy, scipy and matplotlib nesd(Harris et al., 2020;
Hunter, 2007).

2.4. Data processing: Fixative removal for resin-embedded samples

To remove the contribution of the embedding resin from the collectegesran automated procedure
was developed. First, the spectra from the thin section imagescweto the 970-1770 ¢hspectral
ranges, and vector-normalized (to account for differences frorkngss/density). Data with weak
absorbance, mainly attributed to the substrate and the resin, ejerted, by using the height of the
peak height at 2560 ¢h(overtone calcium carbonate) as a discriminator factor: &dl\dih this peak
value<0.1 were treated as “empty areas” and were eventually sulzbiiite the zero vector of the
respective size (to make them easier for identification inddwaset). Such images were finally
subjected to simple image processing by the median filtramohclosing transformations to remove
isolated pixels from the image.

Within the pre-filtered data, it was critical to discrimimdhe areas of the samples that belong to the
shell and of the cellular compartments, minimizing the contributioth@fembedding medium. As a
matter of fact, the spectra of resin have an intense sigh@B&tcnt, whereas the pixels belonging to
the foraminifera have a relatively intense band at 1033 dtherefore, by computing the ratio of the
signals at 1735 ci11033 cnf, it is possible to discriminate the two components. In the engjxbs
characterized by this ratio between 0.1-1 yielded clean forfema spectra that are presented and
discussed in the next sections. Additional information is provided in the Appendix.

3. Reaults
3.1. Direct incorporation and oxidation of microplasticsin Textularia bocki

Among the foraminifera found on the plastic bag from EPB41 grapecimen ofextularia bocki, an
epiphytic foraminifer that build its shell by agglutinating seelnt grains, was extracted from the flask
and inspected under the optical microscope (Fig. 1 A). Right uponctingsét, a white particle
emerged from inside the shell (Fig. 1 B-C-D). From the dissection graoeksthe shape of the particle,
that is 100x150 microns in size, it could be speculated that the organdits shell grew around the
particle.
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E —— Point #2
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CH2-CH3
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o
w
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' 35l00 ' 30'00 25l00 ' 20l00 ' 15lOO 10'00
Wavenumbers (cm™)
Fig. 1. A) optical image of intacT. bocki specimen (S1EPB41 1l) deposited onto the diamond anvil cell. B)
RGB FTIR image ofT. bocki (S1, EPB41 Il) sectioned by inside the diamond anvil cell: Cstérdand at ~
1720 cni (red), the calcium carbonate overtone 2700-2500 @reen), the blue represents the amide Il from
protein material. C) Optical image of the debris founddmghe sample. D) false color RGB map obtained
integrating the C=0 ester band at ~ 1720'¢ned), the CH-CHj stretching 3000-2800 ch(green), the blue is

the C=C-H stretching 3100-3000 ¢nE) Average spectrum extracted from the FTIR image in gan8cale
bars 100 microns.

In Fig. 1B, a heat map obtained by integrating the signals of interest fnahgparticle is presented in
false color. For doing so the following bands were integrated: calcaubonate (green), a strong peak
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from the released non-foraminiferal-material at 1723' ¢ned), and the signal from amide 1 (1580-
1480 cm') (blue). From this image composite, it is possible to seelibated particle has a chemical
composition completely different in respect of the shell mdtdviareover, there are even more red
particles with similar chemical composition, to be found within the sample’s debris

More detailed spectroscopic analysis of this particle is shovig.s 1D-E. From these data, we can
see that the particle has an overall homogenous composition, withrednageas at the edges. i.e.
oxidized, but better preserved in the center, with more C=C, that are usually promiz®. ox

By comparing the particle spectra, presented in Fig. 1E, with th@sdatabase, the best match was an
epoxy resin (Wiley, 2020). Since this organism was harvested ire#het ss likely that the englobed
particle was incorporated in the foraminifera within the stedl later became its part of this during the
growth stage. To confirm this hypothesis, it is possible taghitirther evidence for degradation of the
polymer, which, when compared to a spectrum of a pristine epoxy pessgnts broader peaks, traces
of oxidation and hydrolysis detectable by the strong C=0 peak andoe@tdand local decrease of the
double bonds.

By analyzing the variations of average spectra of two w&egoints, it is possible to see that the
unknown debris is characterized by a strong variability of sigh&¥723 crit that originates from C=0,
stronger at point #2 and weaker at #1 (red and black dots Fig. 1 Dtreslgeand spectra in Fig. 1E).
Another prominent feature involved a strong signal in the-@HH; stretching range (2800-3000 ¢m
shown as green channel in Fig. 1D). From the spectra in Fig. isEpassible to notice that the point
#1 has a higher content of aliphatic chains in respect to #2, thedates perfectly with in the partial
oxidation of #2, and areas in the particle’s image that appeardenad”. In addition, we could also
identify a variation of the intensity of the band at 3050'¢shown as blue channel in Fig. 1D), that
could be assigned to olefin =Ghoieties.

3.2. Comparison with negative control using oriented thin sections

As a first step, we checked for differences between wild Bpleradyi collected from plastic sea
residue, andR. globularis specimens, grown in clean water in the laboratory. Thin sections of
foraminiferal specimens were analyzed by FTIR imagingb&ading medium was artificially removed
as described in the previous section and Supplementary materdingia resin free map. In this
work, we show the most relevant results, concerRirglobularis andR. bradyi.

In Fig. 2A, a slice oR. globularis, deposited onto Caks presented. The optical image in Fig. 2A
shows partial sub-axial sections Bf globularis where two chambers and monolamellar septa are
visible. The Fig.s 2B and 2D are RGB false-color images, thet¢ wbtained by blending three infrared
chemical images: the red channel represents the distribution eingrdity integrating Amide I, the
green channel represents the chemical distribution of the catadmonate of the shell, and the blue
channel shows the distribution of phosphates, either from the biochemmcpboent of the shell and
cytoplasm. A large and fast overview scan of the sample alldheddentification of the desired
organic compartments on all the sections deposited on oneslidd-(data not shown). In Fig. 2B, it is
possible to identify the two chambers delimited by the monolamellar septcatcium carbonate &.
globularis (in green in the picture); proteins and phosphates portrayed by fRIG&color image
highlight the organic components and in particular the dried cytoplés Fig.s 2 C-D, the same
representation is used for a longitudinal sectiorRobradyi harvested from a plastic bag from the
MediterraneanAt a first glance, when compared with the map in Fig. 2 Beenss that the organic
signal fromR. bradyi is suppressed, thus pointing to lower metabolic activity due tmtdderence of
the plastic support. This phenomenon is even more evident in Fig. 2k thibesiverage spectra from
the two species and their differences are shown. By analyaengpectrum oR. globularis, it is
possible to clearly distinguish the Amide A (3300 %nand Amide | (1650 cif) peaks, which are
almost undetectable IR. bradyi. This is more evident when analyzing the difference spectumch
looks almost like a pure protein spectrum. We attributed this tootheainount of organic material
present in the slice. As it comes to the shell composition, thigatarbonate main peak at 1410°tm
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appears to be the same in both samples. An interesting spbtadlthat can be observed for this
band, it is a shoulder at 1460 ¢mlong to the main peak, suggesting that the shell of both may contain
a mixture of crystalline and amorphous calcium carbonate.

E . Rosalina globularis CaCOs;
0.24 4 — Rosalina bradyi
| |— difference spectrum
Amide |
0.20 4
o 0.16 1 Amide A CH2z-
Q .
O
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5 ]
£ 0.08+
0.04 4
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Wavenumbers (cm™)
Fig. 2. A-B) optical image and RGB false-color imagesRofglobularis deposited onto CaFC-D)
optical image and FTIR imaging analysis of a longitudinaiseof R. bradyi harvested from a plastic
bag from the Mediterranean Sea (S8, EPBE)])omparison betweeR. globularis (culture, red line)

andR. bradyi (plastic bag, black line) and difference spectrum obtained by stibg & bradyi from
R. globularis. Scale bars= 100 microns [A,C].
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3.3. Analysis of cellular stressin benthic foraminifera

The DAC measurements B globularis (sample S5), yielded more pixels with a significantly higher
amount of biochemical component if compared wWRhbradyi (S8), in accordance with what was
observed in the thin sections. In Figure 3A are shown small fratignoé aR. bradyi (S8) inside the
DAC cell. The size of the particle goes from few tenths to huisdoé microns, and they are either
parts of the shells or they can also contain some cellular components.

As a matter of fact, in DAC samples, the Amide | signal wiroet to be strong enough to allow for a
more in-depth analysis of the protein conformation through the @isalythe second derivatives. To
this purpose, the amide | band is the most studied band for the detemmfathe conformation of
proteins using FTIR (Barth, 2007) and by analyzing the sub-componens dfand it is possible to
determine their secondary structure. Robradyi (S8) samples we could see an increase in the high-
wavenumber part of amide |, indicative of accumulating misfoldeddafrproteins: beta-sheets and
turns (ca. 1660-1690 ¢h In addition, the main component of amide | red-shifts towards 1642 cm
In the foraminifera cells, a decrease in alpha-helix compan®hta contextual increase in beta-sheet
structures are signals of cellular stress, which can lesdtal apoptotic processes (Frontalini et al.,
2015). Significative differences emerged fRr globularis specimens grown under the laboratory
conditions (S5) that were found with a protein-rich cytoplasm (Fig.B3&s line). Specifically, it
seemed to be particularly enriched in alpha-helical conformatibabénd at 1654 cfy, along with a
strong component at 1642 ¢mindicative of unordered forms. Considering the shell composition, as it
was observed for thin sections, the calcium carbonate sigrplitis similar for the two systems,
whereas the low-wavenumber part (down to 1000 omainly phosphates) of the FTIR spectra presents
some differences between the two average spectraRngbdbularis sample the signals of symmetric
and asymmetric stretching from phosphates groups at 1100 am 1230 cil, conventionally
assigned to the nucleic acids, are clearly visible, whered® fwadyi the signal at 1100 cmis quite
weak as the band at 1120 ¢rusually assigned to RNA. This can also be assigned to aaceitrgss,

as we saw for the protein material. Finally, there is alsedashift of the main carbohydrates’ peak
from 1055 crii to 1020 crit.
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Fig. 3. A) optical image of fragments fromFR bradyi (S8, EPB41)nside the diamond compression
cell, before being pressed. B) average spectra comparing #r@ofactions oR. bradyi (S8 green,
EPBA41) andR. globularis (S5, negative control, blue), the line thickness corresponds to the standar
deviation. C) comparison of average spectral.obocki (S1, black, EPB41)C. lobatulus (S3, red,
EPB41), R bradyi (S8, blue, EPB41), an®. globularis (S5 green). The grey dotted rectangle
highlights the spectral range of the Amide I, that is shown in the next parssc@)d derivative of the
average spectra presented in C, in the range of the Amide |,igesycbrrespond to the frequencies
varying the most: 1690 ¢hm 1654 crit and 1645 cil.

In addition toR. bradyi, other species of foraminifera were also harvested from thditbtranean
EPB41 debris. Among thes€, bocki andC. lobatulus were considered in this study and measured in
DAC in order to verify the hypothesis whether the remarks noteR.foradyi are species-specific or
representative to all foraminifera speciés.Fig. 3C, average spectra ©f bocki, C. lobatulus, R.
bradyi andR. globularis were comparedlhe spectra were found with peculiar absorption bands. The
relative vibrational architecture seemed different for eacliiepeSpecifically, the data in Fig. 2C
showed that the twBosalina species present a higher content of lipids ¢-€ignal at 3000-2800 chy

as compared with. bocki andC. lobatulus. In addition, we could see that the calcium carbonate signal
greatly varied in intensity among the species subjected to the comparison.

Instead, considering the protein component, we could see a similarrioahpattern than that of the
samples harvested on the plastic bag. This remark is morenévid Fig. 3D, where the second
derivative spectra of Amide | are shown. From this plot, it iarcleat all the plastic-grown samples
have a common component at 1690’ cassigned to protein beta-sheets which is absent in theweegati
control-laboratory-grown samples (S5). Noticeably, intra-cellyestein aggregation into water-
insoluble beta-sheets is one of the most common features suggestimological events displayed
during oxidative-stress cytotoxicity (Krishnakumar et al., 2012; Naoatakl., 2019; Shivanoor and
David, 2015). The accumulation of beta aggregates within the cdikis donfirmed to be a good
candidate as a proxy for plastic-induced-environmental stress.
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3.4. DEHP accumulation in the Rosalina globularisell

The analysis set out at answering the question on whether or nd? @Etdimulates in the organic
fraction (i.e., the cell) oR. globularis. This species is routinely cultured in the laboratory and we were
able to grow it in clean water (S5 specimen) and under controlledoeddf net liquid DEHP (S9
specimen). In Fig. 4A, an optical image of a small fragmerR. @flobularis (S9, DEHP), deposited
onto DAC, is shown. It should be emphasized that the cell was not ¢ttopeelserve the morphology
of this sample in this case. Therefore, it was not possible tectalFTIR hyperspectral image of the
complete specimen that could be used to visualize the DEHP acdomuwlathin the foraminifera,
because of the thickness of the sample. Nevertheless, sfnafjerents could be analyzed and the
RGB map shown in Fig. 4B represents the results collected. migei was shown in RGB, the red
was assigned to the DEHP band at 1730,dime blue to the protein material from the cytoplasm, and
the green was used to show the distribution of the calcium carbénate the data in Fig 4B, it can be
seen that the DEHP signal is co-localized to the shell and cytoplasm.

By computing the average spectra for S5 and S9, shown in Fig. 5A, tHE-B¥posed sample (S9)
was found with the highest absorbance values. Surprisingly, any stifectof the pollutant onto the
protein secondary structure could not be concluded. However, it seesible that, the exposure to
the chemical was too short to see any strong net effect ahilP Diolecules are accumulated in the
cellule’s vacuoles and probably slightly transferred to shell carbonate ahateri

DEHP
Proteins
CaCoO;

1.

Fig. 4. A) optical image of a part dR. globularis (S9, DEHP) inside the diamond compression cell,
after being dried. The red square is the measured area; insktei)i Optical image of an intag
globularis grew with DEHP before being dissected. B) RGB false colemital map of the same area
shown in panel A oR. globularis+ DEHP. Scale bars: 50 microns.

11



437

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

To prove that DEHP accumulation yielded substantial moleculacteiih the treated samples, the
average spectrum of the un-treated sample was subtracted frooh tthetreated one. These data were
shown in Fig. 5B. The net-DEHP signal was evident, as opposedrawv HEHP spectrum. In
particular, the intense DEHP bands centered at 172 t&v5 crit, 1077 crit as well as the whole
CH-stretching range were found to be the most intense ones. Wausn conclude that the DEHP
molecule can enter the cell Bf globularis and be further accumulated within the shell. To confirm
further these data a second sample for the same batch waisreseance the water is dried out, in Fig.
5C are shown the minimum and maximum DEHP signals measurenlnirdifferent points of the
sample: two insid&. globularis and two outside. In the specific, the points inside the cell correspond
to an area comprising one pseudopodium and the cytoplaRnglaibularis. Instead, those outside the
cell are found in small drops of DEHP that form onto the surfadeotompression cell once the
water, that has a lower boiling point, evaporates (see ingegirbC) It is evident from the data that
the DEHP measured inside the cell is comparable or even higher than that cheatide.

12
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454  Fig. 5. A) average spectra comparifyglobularis (S9 black, culture with DEHP) arid globularis

455 (S5, red, culture without DEHP), B) the difference spectrum of 3®sn$5, in blue, compared to the
456 DEHP spectrum, green line. C) four spectra representing thenmiand maxima DEHP signal
457 detectable inside S9 (tones of red) and in the surrounding area ¢tdsiag), after the drying of most
458 of the water. In the inset the four locations from where the speare extracted. Scale bar = 200
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4. Discussion

Now that microplastics have been worldwide recognized as an ieggrgllutant, evaluating their
effects on biota has become an urgent research priority. Tthis fast work, as far as we know, that
investigates the impact of microplastic and their additivesovaniinifera at the molecular scale.
We observed a microplastics fragment, being the core around Whioocki built its shell, and FTIR
spectroscopy allowed to recognize the fingerprint of the epesiy debris. Furthermore, we found
clear evidence for degradation of the polymer, which, when compagedpectrum of a pristine epoxy
resin, presents broader peaks, traces of oxidation and hydroliesitathée by the strong C=0 peak and
—OH peak and local decrease of the double bonds. For this reason,gine incorporation of plastic
debris in the shell of the agglutinated species could be relatbe touilding behavior of. bocki to
select and pick up these foreign elements to build its portatalee. This indicates that investigated
foraminifer can, at some extent, alter the plastic molecules drivinticglasogeochemical fate.
Moreover, we individuated spectral markers providing insights on tleetefthat chemical stress
induces on the studied foraminifera. DAC samples clearly indibateall the samples grown on the
plastic debris andR. globularis cultured in laboratory under acute DEHP concentrations present a
signal at 1690 ciy assigned to beta-aggregates, that is abseRt ghobularis grown in laboratory
without any stress related to plastics or DEHP.

Our results confirm the reliability of FTIR spectroscopy iscdiminating between the natural and
synthetic molecules and so the possibility to mark the DEHP itisgdoraminiferal cytoplasm even if
in other marine organisms. Several literature works (Prakaah, @015) report that one of the effects
of micro and nano plastics presence in fishes (Alomar et al., 201&t él., 2018), marine worms
(Rodriguez-Seijo et al., 2018) and even marine bacteria (Sun 208), is the production of reactive
oxygen species (ROS) and the increase of the oxidative &irdb® organ or whole organism. Ciacci
et al. (2019) found that nanoparticles of polystyrene can be identifieggaplasm of a foraminifer,
Ammonia parkinsoniana, and this results in ROS and lipids production. Intra-cellular protein
aggregation into water-insoluble beta-sheets is one of the most aonfieatures suggesting
pathological events displayed during oxidative-stress cytotoXi€righnakumar et al., 2012; Novak et
al., 2019; Shivanoor and David, 2015). One of the FTIR biomarkers for oxidsttiess is the
increment of proteirf-sheet aggregates at 1690 and 1620' ¢Eimadany et al., 2018; Gonzalez-
Montalban et al., 2007; Mitri et al., 2015; Xiong et al., 2019). Thereforeliberved accumulation of
beta aggregates within the cell, often insoluble, can be usepragyafor the suffering of the cells for
different species and plastic-related-stress environmental conditions.

Literature studies monitored the short-term effect of polyprowyldPP) leachates at both
environmentally realistic and chronic concentrations on the locomotion atabotism of benthic
calcareous foraminifera (Langlet et al., 2020). They found thaPtRdeachates have no lethal effects
on this species activity. Present study shows that DEHP, évem evidence was found for lethal
effects, deeply affected cytoplasm and shell composition. Indactanalysis of FTIR data indicated
that DEHP can enter the cell Bf globularis and can be accumulated inside the cytoplasm. As far as
we know, this is the first evidence for noticeable accumulationEHfi® in foraminiferal cytoplasm.
Thus, this study opens to the possibility that DEHP enter the fodx directly by unicellular
organisms. Moreover, it confirms that molecular scale knowledge lbflacestress and pollutants
incorporation is complementary to ecotoxicology studies.

It is worth noting that DEHP together with other phthalate esteAES) has been placed on the
priority pollutant list of the United States Environmental Probecthgency (U.S. EPA). DEHP is
resistant to degradation, resulting in potential accumulation in iaqoammunities, thus posing
potential environmental threats to aquatic organisms and affeittengpverall aguatic ecosystems
(Zhang et al., 2018). Consequently, DEHP exposure (e.g., ingestiondyfdrinking water, dust/soil,
air inhalation and dermal exposure) leads to serious damage ligethand/or reproductive system
(Net et al., 2015; Notardonato et al., 2019). In our study, analysis aéehtrons and DAC mounted
samples indicates that bocki, R. bradyi and C. lobatulus grown on plastic bags, arRl globularis
cultured under acute DEHP exposus@pw lowering in organic components up to 10 times with
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respect tdR. globularis grown in pristine seawater culturd$e results from this original spectroscopic
analysis indicate that plastic pollution and related molecutasstcan weaken cellular processes in
foraminifera.

Plastic pollution, added to ocean acidification, can have an enhancet/eaftect. Particularly, in
calcareous foraminiferal species target of this studyFFI® marker related to the shell results to be
weakened by plastic pollution. It is worth noting that calcareousnioiferal shells are a biological
carbon reservoir playing a moderator role in global changes arehsgcof partial pressure of carbon
dioxide (Barker and Elderfield, 2002; Schiebel, 2002; Boyle, 1986). Frapthint of view, plastics
dispersion in the oceans impacts on biogenic storage of carbon andy,ihasira negative feedback
leading to additional increase in the atmospheric partial pressure of carbmle diox

The reduced calcification together with metabolic depression wéserved also for benthic
foraminifera experimentally grown in polluted-artificial-sedsva Caridi et al. (2020) found that the
leachate of smoked cigarette butts affects the vitality antegiduilding mechanism of three different
benthic foraminiferal species includirig globularis and T. agglutinans. Thanks to FTIR analysis,
authors supposed that the two processes: foraminiferal death and decalcifreationralated but both
could depend on the pH reduction measured in the cigarette buttsaleaand on the toxicity of other
dissolved substances, in particular nicotine, which lead to physiallbgsation and in many cases
cellular death.

Conclusions.

Knowledge of molecular processes ruling pollutants incorporatiohiata is an insight into the
assessment of the overall impact of pollutants on the oceansr A&s fae know, this is the first
molecular scale study that aims at determining the efteetsplastics and related chemical residues
(DEHP) have on foraminifera health status and biomineralizatioregsod o recognize the presence of
microplastics debris and DEHP in the cytoplasm and the shdlisoéét of samples and to probe the
status of the biological material, FTIR (Fourier Transfornmardd) microscopy was used. FTIR data
allowed to answer the question whether there are any noticeableimical differences in the shells
and the cytoplasm depending on the exposure of the cell organismréplastics and bio-accessible
plasticizers. The analysis of FTIR measurements consistinigookands of spectra collected on 22
different samples show that: 1) microplastics debris can be foutiteiytoplasm and inside the
agglutinated test of. bocki; 2) C. lobatulus, R. bradyi and T. bocki, grown on plastic remains, show
signals of oxidative stress and protein aggregation; 3) DEHPeamcorporated in the cytoplasm of
the commonly calcareous foraminifdRaglobularis, thus entering biogeochemical cycles.

Polymers belonging to cellular machinery can be found both in tllagm (rich in proteins, lipids,
polysaccharides) and in the shell which is commonly made of calithiedifferent Mg concentration
(calcareous tests such@slobatulus, R. bradyi andR. globularis), also containing natural biopolymers
or formed by sediment particles glued together with a vaoktements (agglutinated tests suciTas
bocki). This underlies high propensity of synthetic polymeric molecules ificorporation to
foraminifera. The accumulation of beta aggregates within theicdlen confirmed to be a good
candidate as a proxy for plastic-induced-environmental stress.

This work demonstrated that foraminifera are good proxy of on-goiastiplpollution and if the
associated molecules can be found in their shell, they can be carndidigtect the history of the
plastic pollution in future investigations over several past decbdesuse foraminifera are able to
fossilize. Plastics undergo through biogeochemical cycling not lmetguse the comminution due to
biological activity, but also because of biochemical processesrdeance or induce some oxidation of
plastics molecules. Our findings proved that microscopic FTIR sisaig an effective tool to
investigate molecular-scale processes of interaction amonticplasnd foraminifera cytoplasm and
shell. The possibility of analyzing spectral maps and specific specatatds was particularly useful to
assess and compare the status of shells and cells. Future Wdo& addressed to characterize at the
molecular scale the biogeochemical cycle of plastics comsgdeother pollutant molecules and
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foraminifera species. Plastic pollutions and ocean acidificationhave together a cumulative effect
potentially affecting the foraminifera biogenic storage capdiefore the 2100 forecast of Uthicke et
al. (2013).
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Foraminifera can use plastic debris to build agglutinated tests
Plastic debris in foraminifera can undergo oxidation
Phthalate molecule can enter the body of foraminifera
Plastic can affect foraminiferal cellules

Ocean acidification and plastic pollution can have a cumulative effect



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




