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ABSTRACT

Benthic foraminifera are single-celled eukaryotes that make a protective organic, agglutinated or calcareous

test. Some agglutinated, single-chambered taxa, including Psammophaga Arnold, 1982, retain mineral par-

ticles in their cytoplasm, but the selective mechanism of accumulation is not clear. Here, we report the abil-

ity of a foraminiferal species to select and accumulate zircons and other heavy minerals in their cytoplasm.

In particular, the use of Scanning Electron Microscope coupled with an Energy Dispersive X-ray microanaly-

sis system (SEM–EDS) enabled a representative overview of the mineral diversity and showed that the anal-

ysed Psammophaga zirconia sp. nov. individuals contained dominantly crystals of zircon (51%), titanium

oxides (27%), and ilmenite (11%) along with minor magnetite and other minerals. The studied specimens

occur in the shallow central Adriatic Sea where the sediment has a content of zircon below 1% and of

other heavy minerals below 4%. For that reason we hypothesize that: (i) P. zirconia may be able to chemi-

cally select minerals, specifically zircon and rutile; (ii) the chemical mechanism allowing the selection is

based on electrostatic interaction, and it could work also for agglutinated foraminifera (whether for inges-

tion, like Xenophyophores, or incorporation in the test as in many other described taxa). In particular, this

aptitude for high preferential uptake and differential ingestion or retention of zircon is reported here for

the first time, together with the selection of other heavy minerals already described in members of the

genus Psammophaga. They are generally counted among early foraminifera, constructing a morphologically

simple test with a single chamber. Our molecular phylogenetic study confirms that P. zirconia is a new

species, genetically distinctive from other Psammophaga, and occurs in the Adriatic as well as in the Black Sea.
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INTRODUCTION

The ability of monothalamous (single-chambered) foramini-

fera, including Psammophaga, to selectively incorporate min-

eral grains into their cytoplasm has been known for some

decades (Arnold, 1982; Pawlowski & Majewski, 2011; Bal-

lero et al., 2013). The etymology of the name Psammophaga

reflects the ingestion of sediment grains, which are retained

in the cytoplasm as inclusions. Traditionally this genus

belongs to soft-walled monothalamous foraminifera, and

Pawlowski et al. (2003a) proposed a Precambrian origin for

this group. In the molecular phylogeny of foraminifera

(Pawlowski et al., 2002a, 2013) the genus Psammophaga is

included in clade E of the monothalamids. The extraordinary
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molecular diversity of monothalamous foraminifera has been

documented by Majewski et al. (2007), Habura (2008) and

Gooday et al. (2011). Several Psammophaga species have

recently been described based on molecular and morpholog-

ical characters (Pawlowski & Majewski, 2011; Ballero et al.,

2013). One of these species, Psammophaga magnetica,

found in shallow-water Antarctic sediments, selectively

ingests magnetite, titanoferous magnetite, and other detrital

minerals such as feldspar and quartz grains, concentrating

them close to the aperture (Pawlowski & Majewski, 2011).

Another species, Psammophaga sapela, collected from salt

marshes and mudflats along the coast of Georgia, U.S.A.,

ingests and stores different mineral phases, including ilme-

nite and zircon (Ballero et al., 2013). Both papers suggest

that these two species are able to select and accumulate

heavy minerals as ballast, although neither study quantified

these minerals in the cytoplasm of Psammophaga and com-

pared them to the mineral composition of the sediments

where they were found.

Faunal studies of living benthic foraminifera from the

central Adriatic Sea have revealed the seasonal occurrence

of individuals of Psammophaga sp. (Sabbatini et al., 2012).

Fluctuations in their density apparently reflect an oppor-

tunistic response to pulses of high-quality organic carbon,

suggesting a possible role for the species as a shallow-water

benthic eutrophication indicator. However, as stated

above, the types of minerals ingested by these foraminifera

in the Adriatic Sea have not been investigated previously.

The mineral composition of central Adriatic Sea sedi-

ments reflects the composition of the drainage basins of

the adjacent rivers. The Po River is the most important,

and its drainage basin includes the western and central Alps

and the Ligurian-Emilian portion of the northern Apen-

nines. As a consequence, the main mineral phases found in

the central Adriatic sediments are calcite, dolomite, quartz,

clay minerals (muscovite-illite, chlorites, and smectite), and

feldspars, with occasional occurrences of amphiboles and

serpentine (Dinelli & Lucchini, 1999). Heavy minerals like

ilmenite, rutile, and zircon are generally present, but in

very low abundance (Pigorini, 1968; Brondi et al., 1979).

The above cited literature, reporting on mineral inges-

tion by individuals in different environmental settings,

stimulated us to investigate the contents of Psammophaga

from the Adriatic Sea in order to explore the mineralogical

phase selection and possible cellular mechanisms underly-

ing this phenomenon.

MATERIALS AND METHODS

Analyses of the ingested minerals in Psammophaga

Microscopic analyses, mineralogy, and petrography

Replicated samples (n = 5) for this study were collected

from five transects, each with three stations, perpendicular

to the coast in the central Adriatic Sea in 12–17 m water

depth using a Van Veen grab (Figs 1 and 2 and S1). The

specimens were isolated from the upper 2–3 cm of surface

sediments of three replicates of each station. Immediately

after recovery, the sediment samples were gently washed,

and living Psammophaga individuals were picked from the

>90 lm residues; 23 selected specimens were prepared for

Scanning Electron Microscopy (SEM).

The remaining sediment residues were fixed in 10% for-

malin buffered with sodium borate, with 2 mL of Rose

Bengal solution (1 g L�1) for population studies of living

stained foraminiferal assemblages. A total of 291 Psam-

mophaga specimens were picked.

Living specimens were photographed after isolation

using a Nikon Eclipse E 600 POL stereomicroscope with

transmitted light. Scanning Electron Microscope micro-

graphs were obtained using a ZEISS SUPRA 55 VP SEM

with a 3rd generation GEMINI field emission column,

allowing a spatial image resolution down to 1.0 nm, in

scattered (SE) and backscattered (BSE) modes, at the

University of Paris VI-UMPC.

Chemical compositions of mineral grains inside 17 Psam-

mophaga specimens were analysed using an energy disper-

sive X-ray (EDS) microanalysis system (SAHARA Silicon

Drift Detector with PGT’s Spirit Software, Rocky Hill, NY,

USA) allowing high counting rates, and related cartogra-

phies were produced. Hyperspectral X-ray images were pro-

duced using the SAHARA Silicon Drift Detector with the

same analytical conditions (15 kV accelerating voltage,

7 mm working distance, and a beam current of 8 nA).
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The size, shape, and chemical composition of the crystals

found inside 4 Psammophaga individuals were determined

using a Philips XL30 SEM with SE and BSE detectors for

imaging and EDS for analysis at Dipartimento di Scienze

della Terra, Universit�a di Pisa. The individuals were broken

and smeared onto a glass slide and carbon coated. A total

115 crystals inside Psammophaga were imaged by SEM–SE
and BSE detectors, collecting size/shape data for every

crystal analysed by SEM–EDS. Furthermore, a volume

evaluation of the heavy mineral grains inside four

Psammophaga cytoplasms was performed using the

measured dimensions of the crystals (see Table S1).

Magnetic analyses

The magnetic properties of Psammophaga individuals were

investigated using a Princeton Measurements Corporation

MicroMag 2900 alternating gradient magnetometer

(AGM) at the Istituto Nazionale di Geofisica e Vulcanolo-

gia (INGV) in Rome. We chose to use an AGM (rather

than a vibrating sample magnetometer) to maximize sensi-

tivity and avoid potential inaccuracies caused by movement

of Psammophaga individuals during sample vibration.

We measured remanent magnetization during stepwise

acquisition of an isothermal remanent magnetization

(IRM) up to 1 tesla (T); the remanent coercive force

(Bcr), evaluated by stepwise back-field application on the

saturation IRM; hysteresis loops; and first-order reversal

curves (FORCs). We performed FORC analyses (Roberts

et al., 2014) to characterize magnetostatic interactions

and magnetic domain state distributions in the studied

samples. Analyses were made with a field increment of

2 mT, Hu ranging from �60 to +60 mT, Hc from 0 to

120 mT, an averaging time of 100 ms, and N = 137

measured FORCs. Data were processed, smoothed, and

plotted using the FORCINEL program (Harrison & Fein-

berg, 2008). A smoothing factor of 5 was applied to data.

Finally, we evaluated the possible contribution of super-

paramagnetic grains (SP grains) to the total remanence

using the method of Wang et al. (2010), which works by

monitoring the viscous decay of an applied IRM. Assum-

ing that the room-temperature viscous decay of the IRM

100 s after its application is due to thermal relaxation of

the magnetization carried by the SP fraction, the SP parti-

cle percentage can be estimated as MRS(SP)% = 100

(MRS0 � MRS100)/MRS0, where MRS0 is the remanence

measured immediately after application of a 1 T saturating

field and MRS100 is the remanence measured 100 s after

field application.

Sediment analyses: sedimentology, petrography, and

geochemistry

The collected samples were used for grain-size analysis of

surface sediments. The sample locations are given in Fig. 1.

Grain-size analyses were carried out on wet sediment sam-

ples pre-treated with H2O2-16 vol. solution to remove

organic matter. The coarser fractions (>63 lm) of samples

were analysed by sieving using the sifting machine

FRITSCH analysette 3 (Spartan pulverisette 0) while the

finer fractions (<63 lm) were analysed by X-ray sedigraph

(Micrometrics 5100). Before sieving, the samples were

dried to determine their dry bulk masses, and 25 g of the

dry sediment was removed for bulk sediment measure-

ments. Sieving was performed with a vibration amplitude

of 1.5 mm and the sieving time was 20 min in total. Eight

grain-size fractions from >500 to >63 lm (See Table S2)
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Fig. 2 Type specimens for Psammophaga

zirconia sp. nov. preserved in 10% formalin

from the Central Adriatic Sea. (A–D) Holotype

and paratype from station D11 (Portonovo,

Central Adriatic Sea). In (A) holotype

specimen (DISVA UPM 2015-1) of 375 lm

length; in (B) paratype specimen (DISVA UPM

2015-2) of 275 lm length. In (C) and (D)

details of the terminal aperture, single and

flexible at the end of a very short neck. The

wall, thin and transparent with a shiny

surface, is also visible. (A) Light microscope

photograph of holotype DISVA UPM 2015-1,

375 lm length. (B) Light microscope

photograph of paratype DISVA UPM 2015-2,

275 lm length. (C) Light microscope

photograph of holotype DISVA UPM 2015-1.

(D) Light microscope photograph of paratype

DISVA UPM 2015-2.
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were obtained using eight stacked sieves. Grain size

distribution from 63 to 0.6 lm was determined following

the method described in Spagnoli et al. (2014).

SEM and EDS investigations, as described in the para-

graph 2.1.1, were also performed on the bulk, the coarser

(>63 lm), and the finer fraction (<63 lm) of the sediment

samples from the same stations used for foraminiferal anal-

yses (Transect D, A3 and E15 sites in Fig. 1), in order to

assess the distribution and the quantity of the minerals in

the sediment. For this study, sediments were set in a resin

epoxy (Araldite 2020, XW 396/XW 397) at room temper-

ature, and then highly polished (by alumina powder

0.5 lm on a ‘Escil ALD’ polishing cloth). Finally, with the

aim of comparing the mineral distribution between Psam-

mophaga and the host sediment, three sediment samples

were collected at the sites A3, D12 and E15. About 1 g of

the <63 lm fraction, after ultrasonic cleaning, was placed

in liquid Na-polytungstate (density = 2.95 g cm�3). The

suspension was centrifuged at 1000 9 g, and 900 crystals

of the sunken fraction were investigated for size, shape and

composition by SEM–EDS (see Table S1). Minerals were

identified based on cationic proportions and, for euhedral

crystals, also on crystal morphologies and faces, leading to

unequivocal identification of zircon and ilmenite; as for the

Ti oxide, the prismatic and fibrous shapes can be ascribed

to rutile, and the di-pyramidal crystal are likely anatase.

Major (SiO2, Al2O3, TiO2, Fe2O3, MnO, CaO, MgO,

K2O, Na2O, P2O5) and trace (V, Cr, Co, Ni, Cu, Zn, Ga,

As, Rb, Sr, Y, Zr, Nb, Ba, La, Ce) element analyses were

performed on the bulk and the finest fraction (<63 lm) of

the sediment samples from the same stations used for fora-

miniferal analyses, by means of X-ray Fluorescence spec-

trometry using a Panalytical Axios4000 spectrometer on

pressed powder pellets following the methods of Franzini

et al. (1972, 1975), Leoni & Saitta (1976), and Leoni

et al. (1986). Accuracy was tested by analysing interna-

tional reference standards: differences with reference values

were lower than 5%, except for trace elements with concen-

trations lower than 10 lg g�1 (10% relative difference).

The Loss on Ignition was determined gravimetrically after

overnight heating at 950 °C.

Molecular study

DNA extraction, PCR amplification, sequencing

DNA extractions were performed on three single speci-

mens using guanidine lysis buffer. The primer pairs s14F3-

s20 and 14F1-s20 were used to amplify and re-amplify the

30end fragment of SSU rDNA (Pawlowski, 2000). The

amplified PCR products were purified using High pure

PCR Purification Kit (Roche Diagnostics, Risch-Rotkreuz,

Switzerland), cloned with the TOPO TA Cloning Kit

(Invitrogen, Carlsbad, CA, USA) following the manufac-

turer’s instructions, and transformed into competent

Escherichia coli. Sequencing reactions were performed using

the BigDye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems, Foster City, CA, USA) and analysed

on a 3130XL Genetic Analyzer (Applied Biosystems).

Phylogenetic analysis

Eight partial sequences of Psammophaga zirconia SSU

rDNA were obtained and added to an existing database

using the Muscle automatic alignment option as imple-

mented in Seaview vs. 4.3.3. (Gouy et al., 2010). 54

sequences of the genus Psammophaga and three sequences

of the genus Vellaria were aligned. The alignment contains

1033 sites, of which 391 were used for analysis. Based on

MEGA5 (Tamura et al., 2011), a GTR model of evolu-

tionary changes was selected for all analyses. Phylogenetic

trees were constructed using maximum likelihood

(ML) method using RaxML as implemented in

BlackBox (Stamatakis et al., 2008).

SYSTEMATICS

We follow Adl et al. (2005) in placing the Foraminifera in

the supergroup Rhizaria. Traditionally, the monothalamous

foraminifera were split between agglutinated and organic-

walled genera, placed in the orders Astrorhizida and

Allogromiida respectively (Loeblich & Tappan, 1987). This

taxonomic division was however invalidated by molecular

phylogenies, showing agglutinated and organic-walled

monothalamous species intermingling in ribosomal trees

(Pawlowski et al., 2002a,b, 2003a,b, 2005). Here, we refer

to the genus Psammophaga assigned by Pawlowski &

Majewski (2011) and Pawlowski et al. (2013), and propose

to describe a new species of Psammophaga based on the

traditional description of morphological features.

Supergroup RHIZARIA Cavalier-Smith, 2002

Phylum FORAMINIFERA d’Orbigny, 1826

Class ‘Monothalamea’ Pawlowski et al., 2013;
Clade E (Pawlowski et al., 2002a)
Genus Psammophaga Arnold, 1982

Psammophaga zirconia Sabbatini, Bartolini, Morigi, sp.

nov.

Etymology

The species name zirconia refers to the nature of the min-

eral inclusions, namely zircon that this taxon selectively

ingests.

Type material

Type specimens, collected at station D11 (Portonovo) in

the Adriatic Sea (43.60335°N, 13.61175°E, 14.5 mwd)

and preserved in 10% formalin buffered with sodium

borate, were deposited at the Department of Environmen-

tal and Life Science (Di.S.V.A.), Polytechnic University of

© 2016 John Wiley & Sons Ltd
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Marche, Ancona (Italy) under the following registration

numbers: holotype DISVA UPM 2015-1 (Fig. 2A,C);

paratypes: DISVA UPM 2015-2 (Fig. 2B,D) and DISVA

UPM 2015-3a-c (Fig. S1A,D,G).

A total of 291 specimens, fixed in 10% formalin buffered

with sodium borate, with 2 mL of Rose Bengal solution

(1 g L�1) were analysed for the morphological and popula-

tion studies.

Diagnosis

Test free, single-chambered, pyriform, elongate, or spheri-

cal in shape with a single simple terminal aperture; the wall

thin and transparent, appears to be mainly organic with a

sparse surface dusting of fine particles. The cell body does

not entirely fill test lumen; abundant mineral inclusion

retained throughout the entire cytoplasm.

Description

Pyriform, elongate or spherical theca with length usually

ranging ~0.20–0.70 mm. The apertural (proximal) end is

usually rounded and tapering at the distal end toward a

large, simple aperture (Figs 2 and 3C). The wall is thin

and transparent with a shiny surface. The aperture is clearly

visible, single and flexible which may occur at the end of a

very short neck; it seems not to be prolonged into any

internal structure (Fig. 2C). The aperture is presumed to

be sufficiently plastic to allow for the passage of sediment

grains of various sizes. Where visible the cytoplasm is white

and fine grained and often drawn out into a point immedi-

ately inside the aperture. The cytoplasm contains numerous

cytoplasmic inclusions of mineral grains that typically

appear to fill the entire test (Figs 2 and 3C). Pseudopodia

reticulate solely from a short peduncle that emerges from

the aperture through which food and sediment grains also

pass. While sorting both living and Rose Bengal stained

specimens, strong brightness of Psammophaga specimens

was noted together with magnetism of some analysed indi-

viduals. As is typical of the genus, P. zirconia ingests and

retains abundant mineral inclusions and appears to prefer

heavier minerals, in particular zircon and rutile.

Molecular features

Eight partial SSU rDNA sequences were obtained from 3

P. zirconia specimens collected at the type locality (Fig. 4).

The sequences were submitted to GenBank (Accession

numbers LN886765 to LN886772). Sequence length

ranges from 877 to 1024 nt, the GC content ranges from

46.2% to 46.8%. Phylogenetic analysis of the eight

sequences groups them into a strongly supported clade

(96% BV).

Distribution

Living P. zirconia was found at 15 sites from the central

Adriatic Sea, between 12 and 17 mwd (Fig. 1). It was

commonly found in low numbers, <0.5 specimens per

10 cm�2, but at one location (D11) at 14.5 mwd it

occurred in great abundance (>150 specimens per

10 cm�2) following seasonal input of organic matter. Fau-

nal studies of living benthic foraminifera from the central

Adriatic Sea have described the occurrence, seasonally

100 µm 100 µm

500 µm 100 µm
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C D

Fig. 3 Stereomicroscope photographs of living

Psammophaga zirconia individuals. (A) Track

of the P. zirconia movement in the sediment;

arrow indicates the final position of the

specimen. (B) The appearance of P. zirconia in

the sediment where it lives. (C) Living

P. zirconia; intracellular mineral inclusions are

visible. (D) Pseudopodial activity of P. zirconia.
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important, of individuals of the genus Psammophaga

(Sabbatini et al., 2012); their density is associated with the

quantity of available organic matter on the sea floor, and

the specimens show opportunistic behavior in response to

the pulses of high-quality organic carbon, suggesting a

possible role for the species as shallow-water benthic

eutrophication indicator.

Remarks

Psammophaga zirconia differs from other described species

of Psammophaga including P. crystallifera (Dahlgren,

1962), P. simplora Arnold, 1982; P. magnetica Pawlowski

& Majewski, 2011 and P. sapela Ballero et al., 2013. Mor-

phologically, P. zirconia most closely resembles P. simplora

and P. sapela, which populations include pyriform, spheri-

cal and elongate individuals; P. crystallifera and P. magnet-

ica have both a more elongated test; conversely P. zirconia

has an organic wall composition like P. magnetica, a fea-

ture that it does not share with other Psammophaga spe-

cies. The new species has a peduncle as in other

Psammophaga species except for P. simplora lacking this

morphological characteristic. Psammophaga species have
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Fig. 4 Maximum likelihood phylogenetic tree

of monothalamid foraminifera showing the

position of the new species Psammophaga

zirconia described in this study. Numbers at

nodes correspond to bootstrap values higher

than 70%.
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predominantly mineral inclusions concentrated around the

apertural end and they seem to be more widely spread in

P. sapela and P. crystallifera. In all observed individuals of

the new species, cytoplasmic mineral grains appear to fill

the test entirely (Figs 2, 3 and 5 and S2). Although P. zir-

conia shares some morphological peculiarities with all

Psammophaga species, it differs in mineral inclusion fea-

tures. The new species incorporates heavy minerals and

predominantly selects equidimensional zircon, while

P. magnetica ingests magnetite along with minor amounts

of other lighter minerals; in other Psammophaga species,

authors described a mixture of mineral grains, most of

them heavy. As for P. zirconia, the presence of zircon,

ilmenite and Ti oxides was also reported in P. sapela,

although their quantitative proportion in the cytoplasm

remains undescribed. If left isolated in a culture dish with

no movement or extraneous sediment overnight, P. zirco-

nia does not egest most of its mineral inclusion as

observed in P. sapela (Ballero et al., 2013). P. zirconia

inhabits geographically and ecologically distinct settings

with respect to P. magnetica, dominant in polar habitats,

and P. sapela, in marsh and mudflat areas.

Phylogenetically, P. zirconia branches at the base of a

clade containing P. crystallifera and Psammophaga sp. from

Denmark, but the branching is not supported (Fig. 4).

The six sequences obtained from the Adriatic samples are

very similar to two unpublished sequences from the Black

Sea, collected near Sevastopol (Gooday et al., 2011).

Together all these sequences form a strongly supported

(96% BV) clade, which is considered here as corresponding

to the new species. It has to be highlighted that the genetic

diversity of the genus Psammophaga is very high. Our phy-

logenetic analyses group all Psammophaga sequences into

17 clades, each of which probably corresponds to a separate

species. However, none of these clades, including all

described species, is closely related to P. zirconia, reinforc-

ing the arguments for describing it as a new species.

RESULTS

The SEM and EDS analyses performed on the cytoplasm

of P. zirconia specimens allowed us to identify the pres-

ence of different minerals and also the shape and composi-

tion (and hence the nature) of the mineral crystals. These

analyses revealed that all analysed specimens are filled with

heavy minerals among which zircon particles are largely

dominant. The total volume of crystals throughout the

Psammophaga cytoplasm reaches more than 70%, as also

supported by SEM photographs and related EDS cartogra-

phies (Figs 5 and S2). Quantitative examination performed

on four previously broken Psammophaga individuals by

SEM and EDS showed that the mineral grains comprised

51% nearly equidimensional zircons, 27% Ti oxides (mainly

rutile), 11% ilmenite, and 3% magnetite, along with minor

amounts of other lighter minerals (Fig. 6). Aggregates

(10 9 20 lm) of lm-sized halite cubes have been

observed, which are possibly linked to precipitation from

individuals stained with Rose Bengal solution. Once the

numbers of crystals are converted to volumes, more than

80% is represented by zircon, with only a mere 20% by

other heavy mineral grains (Ti oxides, ilmenite, and mag-

netite; Fig. 5; see Table S1 and Fig. S2). The magnetic

analyses, performed on cells of P. zirconia, consistently

indicated the presence of magnetite (Fig. S3). More than

90% of saturation magnetization was reached in a field of

200 mT and the coercivity of remanence is in the range of

A B

C D

Fig. 5 SEM photographs and related EDS

cartographies of living Psammophaga zirconia

specimen. (A) SEM BSE photograph of

P. zirconia filled with mineral grains. (B)

Combined color image of three elements

(Red = Zr, Green = Ti, Blue = Si) from an

elemental analysis of the same specimen in

(A). Minerals in pink are zircons, in green Ti

oxides, in blue silicates and quartz. (C) Results

of differential elemental analysis mapping

(Red = Fe, Green = Ti, Blue = Si). Identified

minerals in red are Fe oxides, in orange

ilmenite, in green rutile, in blue silicates and

quartz. (D) Zircon crystals inside the cell of

P. zirconia; different specimen from (A–C).

Images resolution: 1024 9 768 9 16 bits.
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15 mT. The FORC diagram has a peak near the origin

with open contours that diverge toward the Hu axis; this is

consistent with the presence of low-coercivity (fine) mul-

tidomain magnetite grains (MD grains) (2–10 lm) which,

in turn, is consistent with the size of the intracellular Fe

oxides revealed from elemental analysis by EDS (Fig. S2).

However, the absence of a viscous decay of magnetization

(Wang et al., 2010) seems to exclude the concomitant

presence of ultrafine magnetite fractions (cubic SP,

20–30 nm).

On the basis of these results we further explored the

grain size distribution and chemical composition of the

sediments in the sites where individuals were collected, in

order to understand possible relationships between

P. zirconia density and sediment characteristics.

Our results show that the grain-size distribution in sur-

face samples is mostly clayey silt and silt (Shepard, 1954).

Coarser sediments (sand >30%) are dominant near-shore at

shallow depths and at the southernmost stations. Sites

located further away from the coast have a more abundant

silt fraction, while northernmost stations are richer in clay

(Table S2).

Geochemical analyses results indicate that silicate and

quartz are the dominant minerals in all samples ranging

from 31.93 (%) to 42.88 (%) in the bulk sediment and

34.11 (%) to 43.39 (%) in the finer fraction (<63 lm)

(Table S3). Zr concentrations range from 56 to 194 lg g�1

(10–183 ppm) and its value is higher (50–328 lg g�1;

126–329 ppm) in the finer fraction (<63 lm) of the studied

samples with increasing values to the south of the studied

transects (Fig. 1). The results for Ti (1320–3540 lg g�1)

and Fe (15 180–36 440 lg g�1) display a mainly increasing

trend with distance from the coastline (Table S3).

Additionally SEM and EDS investigations performed on

bulk sediment samples, on the separate coarsest (>63 lm)

and finest (<63 lm) fractions, reveal that silicates and

quartz dominate (Fig. S4B,C), while zircon, ilmenite, Fe

and Ti oxides are rare minerals. In detail, in the analysed

finest fraction of the sites A3, D12 and E15, 1% of miner-

als are zircon, 4% ilmenite, 4% Ti oxides (mainly rutile)

and 3% Fe oxides (magnetite) (Fig. 6).

DISCUSSION

Our data point to an unusually high concentration of

zircon minerals in the P. zirconia cytoplasm, which con-

trasts with the extreme rarity of Zr in the sediment,

strongly suggesting a selectivity of mineral ingestion in

these organisms (Figs 6 and S4).

To a lesser extent, but more significantly, Ti–Fe-bearing
minerals such as ilmenite, Ti oxides, and magnetite are also

accumulated along with the zircon crystals; they all are rare

minerals in the sediment and constitute the densest mineral

component within a sediment in which silicates and quartz

crystals dominate (Figs 6 and S4). The Zr is associated

only with zircon and no other mineralogical phases, sug-

gesting a very low abundance of this mineral in the sedi-

ment. In the case of Ti, however, the mineralogical phases

are various: Ti is associated with rutile, ilmenite, and titan-

ite and Fe with magnetite, ilmenite, and pyrite. Moreover,

our mineralogical distributions of sediment are consistent

with data published by Spagnoli et al. (2014) for the Cen-

tral Adriatic Sea, reporting low concentrations of Zr, Ti,

and Fe oxides, and a dominance of silicates and quartz.

Significantly, zircon and Ti oxides are both selectively

concentrated in the cell (respectively 51% and 27%, vs. 1%

and 4%), whereas Fe oxides (magnetite) and ilmenite show

cytoplasmic concentrations comparable to those found in

the sediment (Fig. 6). Here we address the question of

how foraminifera can select minerals, in order to under-

stand the possible advantages that this behavior confers in

a morphologically simple organism such as P. zirconia.
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Fig. 6 (A) Percentage of volume that heavy minerals occupy in the 4

Psammophaga zirconia cells. (B) Percentage of minerals calculated on the

basis of counted crystals inside 4 P. zirconia specimens. (C) Percentage dis-

tribution of the 16 minerals in three sediment samples of the <63 lm frac-

tionin the 900-point analyses. Size and nature of the mineral crystals are

determined by SEM–EDS. Arrow indicates the mineral density increase.
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Mechanism of mineral grain incorporation

In the absence of any specific literature dealing with the

ingestion or retention of mineral grains, we discuss the

most recent developments in the field of foraminifera, with

particular regard to monothalamid foraminifera. Aggluti-

nated fossilized foraminifera exhibit two modes of grain

selectivity in their test construction. Makled & Langer

(2010) review references on mineral selection according to

(i) size and (ii) selectivity of specific minerals or particles.

Reports of grain-size selection appear to be more common

(Lipps, 1973; Bowser & Bernhard, 1993) than selection

on the basis of particle composition. In the latter case, the

selection of mineral particles by foraminifera involves inter-

actions between the molecules present in the reticulopodia

and on the surface of the mineral (Makled & Langer,

2010). The ability to form electrostatic or hydrogen bonds

with the mineral surfaces relies upon the glycoprotein-rich

surfaces of reticulopodia (Pawlowski & Majewski, 2011).

This led Makled & Langer (2010) to speculate that miner-

als of high electron density form charged dipoles that are

particularly easy for foraminiferal pseudopods to detect.

Furthermore, since organic compounds, such as catechol

of the type found in other marine adhesives (Sever et al.,

2004), are known to favor adsorption onto TiO2 surfaces

(Vasudevan & Stone, 1996), we suggest that catechol or a

similar functional group is present in the reticulopodia

membrane of Psammophaga, and that this affinity provides

a mechanism for mineral selection (Cole & Valentine,

2006). In addition to this possible electrostatic interaction,

the isoelectric point (IEP) could also refine the chemical

recognition, by mimicking the flotation process mediated

by the organic components (Hos�ten, 2001). Thus, we

infer that the functional groups of the pseudopod mem-

brane glycocalyx could act as flotation agents to separate

and isolate particular minerals from the sediment in which

Psammophaga species live. We suggest that the selection

and concentration of minerals for monothalamous soft-

walled and agglutinated foraminifera (whether ingested or

incorporated in the test) is based on the same chemical

mechanism as we hypothesize for Psammophaga individu-

als. Such a mechanism depends on the IEP of the mineral

and the metabolically regulated pH of the cell. In the pres-

ence of high values of cellular pH, minerals such as silicates

and metallic oxides with IEP values between neutral and

basic seem to interact preferentially with the organic com-

ponent of the pseudopodia (Liu et al., 2000). This mecha-

nism could explain the selection of minerals such as zircon

and Ti oxides (IEP values ranging from 5.5 to 5.9 for

zircon and 5.7 to 6.1 for Ti oxides respectively), which,

due to a basic cellular pH (up to 10) above the IEP of the

minerals themselves, would be easily recognizable when in

contact with the filaments of the glycocalyx exposed on the

pseudopodial membrane.

Advantage of selective mineral inclusions

The reason for concentrating heavy minerals in foraminif-

eral tests has been discussed in several papers. The first is

Heron-Allen (1915) who speculated that the concentration

of heavy minerals as a result of rapid settlement following

wave/current agitation could increase the chances of fora-

minifera agglutinating these denser particles. A selective

behavior was then described in different taxonomic groups

of agglutinated foraminifera, namely Bathysiphon, Nothia,

Psammosphaera, Psammosiphonella, Ammobaculites, Reo-

phax, Recurvoides, Textularia, Trochamminoides and Para-

trochamminoides (Kaminski et al., 2008; Makled &

Langer, 2010; Waskowska, 2014), which build their tests

using specific mineral grains secured in various kinds of

cements referred to as tectin, consisting of protein and

complex carbohydrate (Lipps, 1973; Gooday & Claugher,

1989).

In contrast, the ingestion of heavy minerals by soft-

walled, single-chambered taxa such as Psammophaga has

rarely been discussed; Nyholm (1957) and Dahlgren

(1962) proposed that the presence of mineral grains inside

their cells helps light, soft-walled foraminifera to anchor

themselves in very soft mud. Therefore the ingestion of

heavy minerals by Psammophaga may be related to prob-

lems with buoyancy. Also, a group of large agglutinated

foraminifera, namely Xenophyophores, show a similar bal-

lasting behavior when ingesting barite crystals (Gooday &

Nott, 1982; Hopwood et al., 1997), or other minerals,

tentatively identified as ilmenite, rutile, and anatase (Rothe

et al., 2011). It is possible that, in addition to the ballast-

ing effect, the foraminifera ingest zircon instead of dark

minerals of similar specific density for camouflage in the sil-

icate-dominated sediment, allowing them to escape preda-

tors.

In addition, we can speculate that the location of min-

eral grains in different parts of the cell may reflect different

strategies for detecting the best food sources (bacteria or

organic matter with a high lipid content). For instance, in

P. magnetica, the minerals are concentrated at the anterior

end of the cell (see Fig. 2A–C in Pawlowski & Majewski,

2011), which may serve to bring the aperture into contact

with the sediment and potential food sources. In P. sapela,

ingested sediment grains are dispersed throughout and

concentrated toward the center of the cell body during

gametogenesis (see Fig. 7 in Ballero et al., 2013). Ballero

et al. (2013) found bacterial colonies within the organic

bioadhesive of P. sapela that specimens use to cement clay

platelets of its agglutinated theca. Since bacteria constitute

a large part of the food of many foraminifera (Lee, 1980;

Langezaal et al., 2005), these authors suggest that sedi-

ment uptake in the form of mineral grain ingestion allows

microbiota to adhere to sediment particles. However, the

more uniform distribution of minerals in P. zirconia sug-

© 2016 John Wiley & Sons Ltd

412 A. SABBATINI et al.



gests a different dietary strategy, as the aperture is not nec-

essarily oriented into the sediment, as observed in culture

experiments.

As stated above, most of our knowledge of foraminiferal

behavior in selecting heavy minerals is related to ingestion

mechanisms. Nevertheless, we cannot exclude the possibil-

ity that heavy mineral grains can selectively be retained in

the cytoplasm from the rough sediment randomly ingested

by the organism. Currently, there is no foraminiferal litera-

ture focusing on this topic and therefore we cannot dis-

criminate between differential ingestion and differential

retention; it is however noteworthy that in both cases

organisms show a selection behavior whose advantages

were previously described.

Geological implications

A deeper understanding of the sediment uptake dynamics

in P. zirconia and other Psammophaga spp. is essential,

also to understand the evolution of early foraminifera and

their relationship with modern single-chambered taxa con-

textualizing our results in the geobiology field. As sug-

gested by molecular clock estimation, the radiation of

monothalamous foraminifera probably occurred between

1150 and 690 Ma, largely predating the Cambrian origin

of multi-chambered species (Pawlowski et al., 2003a). In

the fossil record, the earliest foraminifera (single- and mul-

ti-chambered agglutinated taxa) are described from early

Cambrian sediments (Culver, 1991, 1994), while putative

foraminifera are reported in Neoproterozoic fossil faunas

(Lipps & Rozanov, 1996; Gaucher & Sprechmann, 1999;

McIlroy et al., 2001; Bosak et al., 2011a, 2012). Probably

some of these early foraminifera (including Psammophaga)

may have had mineral-rich tests (Pawlowski et al., 2003a)

and could have thrived in microbially dominated, oxygen-

poor environments (Bernhard et al., 2006), leaving a fossil

record. However, the difficulty of recognizing unambigu-

ously ancestral monothalamous foraminifera in the fossil

record might be related to a combination of factors, such

as preservation in the sediments, adverse paleoenvironmen-

tal conditions and the absence of clear morphological char-

acters distinguishing them from other morphologically

simple testate amoeboid eukaryotes (Bosak et al., 2011a,

2012).

As matter of fact, Bosak et al. (2011a) described forms

with an oval flexible wall made of organic and finely agglu-

tinated particles in post-Sturtian (716–635 Ma) cap car-

bonates, and interpreted them as possibly lobose testate

amoebae (Amoebozoa) with the capacity for an active, bio-

logical agglutination of detrital minerals. However, authors

do not exclude the possibility that some of these fossil

structures might also be related to early foraminifera, in

particular some modern monothalamous agglutinated fora-

minifera (Bosak et al., 2011a, 2012). Specimens reported

in Fig. 3 of Bosak et al. (2011a) are indeed morphologi-

cally very similar to saccamminid taxa, including represen-

tatives of the genus Psammophaga. In this context,

Psammophaga species are modern representatives of min-

eral-rich test organisms, and they are saccamminid with a

flexible wall. As all Psammophaga species sharing the pres-

ence of large mineral crystals branch within a single clade

E, it is very likely that also the behavior of ingesting and

storing the mineral particles has very ancient origins. In

fact, Psammophaga can be viewed as a packaging agent for

fine-grained, reactive (magnetite), heavy mineral phases,

encapsulating them in an organic matrix.

Furthermore, the emerging record of protist microfossils

(Bosak et al., 2011a,b, 2012) and other putative eukary-

otes (Maloof et al., 2010) suggests that a fossil Psam-

mophaga could be preserved (with or without mineral

inclusions); the fact that these authors found eukaryotic

body fossils that can be similar to a saccamminid represen-

tative supports our inference.

In that case, our observations can contribute to improv-

ing knowledge of the ecological behavior and environment

of these ‘oval monothalamous microfossils’ of the ancient

world. In particular, understanding more about mineralog-

ical phase selection and possible cellular mechanisms

behind this behavior might allow them to be used as better

indicators of ancient environments (Pike & Kemp, 1996;

Schieber, 2009, 2012). Finally, the behavior of some

Psammophaga species, such as P. zirconia, preferentially

accumulating a specific mineral in the cell, could favor their

fossilization, and the presence of heavy minerals inside

could be an additional diagnostic characteristic, preserved

through time and helping to describe and identify the fos-

sil monothalamous foraminifera.

CONCLUDING REMARKS

Our results provide the first quantitative observation of the

preferential uptake of heavy minerals other than magnetite

and Ti oxides by individuals of P. zirconia. In particular

P. zirconia selectively accumulates zircon. Our finding may

not be applicable to all Psammophaga species because the

behavior might be species-specific, but we present solid

evidence that the mineral inclusions are not dependent on

the compositional features of the sediment where the fora-

minifera live.

We suggest some behavioral mechanisms allowing the

selection and accumulation of the appropriate types of min-

erals within the cell of P. zirconia, which we speculate could

be based on the electrostatic interactions between cellular

compounds of the foraminiferal reticulopodia (or organic

cement) and the mineral surfaces. The most plausible

hypothesis regarding the reason for the genus Psammophaga

to select and ingest zircon and other heavy minerals is that

this behavior represents an advantage for remaining stable in
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the sediment, and thus a more efficient feeding strategy.

Finally, the presence of eukaryotic soft-walled monothalam-

ous microfossils, capable of building a fine aluminosilicate

case, in the Precambrian geological record, makes them use-

ful as a valuable record of the early evolution of foraminifera,

suggesting that biological agglutination was already present

in this group. P. zirconia is a new documented example

among foraminifera capable of highly intriguing preferential

mineral uptake, showing that this behavior could have

emerged very early in their evolution.
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Additional Supporting Information may be found in the

online version of this article:

Fig. S1 Scanning Electron Microscope (SEM) micrographs were obtained

using a ZEISS SUPRA 55 VP SEM with a third generation GEMINI field

emission column, allowing a spatial image resolution down to 1.0 nm, in

scattered (SE) and backscattered (BSE) modes at the University of Paris VI-

UMPC. SEM photographs of living Psammophaga zirconia specimens from

the study area.

Fig. S2 SEM photographs and related EDS cartographies of living Psam-

mophaga zirconia specimens (paratypes) from the study area.

Fig. S3 Magnetic properties of Psammophaga zirconia individuals.

Fig. S4 SEM photographs and related EDS cartographies of sediment sam-

ples <63 lm from the transect D.

Table S1 Summary of morphological features of measured intracellular min-

eral grains in four Psammophaga zirconia individuals.

Table S2 Grain-size data of sediment samples of the study area.

Table S3 Mineralogy, major and trace element data of sediment samples of

the study area.
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