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Leynaert, Tréguer and Not. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 10 October 2022

DOI 10.3389/fmars.2022.895995
Siliceous Rhizaria abundances
and diversity in the
Mediterranean Sea assessed by
combined imaging and
metabarcoding approaches

Natalia Llopis Monferrer1,2*, Tristan Biard3, Miguel M. Sandin2,4,
Fabien Lombard5,6, Marc Picheral5, Amanda Elineau5,
Lionel Guidi5, Aude Leynaert1, Paul J. Tréguer1

and Fabrice Not2

1Univ Brest, CNRS, IRD, Ifremer, LEMAR, Plouzane, France, 2Sorbonne University, CNRS, UMR7144
Adaptation and Diversity in Marine Environment (AD2M) Laboratory, Ecology of Marine Plankton
team, Station Biologique de Roscoff, Place Georges Teissier, Roscoff, France, 3LOG, Laboratoire
d’Océanologie et de Géosciences, Univ. Littoral Côte d’Opale, Univ. Lille, CNRS, UMR 8187,
Wimereux, France, 4Department of Organismal Biology (Systematic Biology), Uppsala University,
Uppsala, Sweden, 5Sorbonne Université, CNRS, Laboratoire d’Océanographie de Villefranche,
Villefranche-sur-Mer, France, 6Institut Universitaire de France, Paris, France
Siliceous Rhizaria (polycystine radiolarians and phaeodarians) are significant

contributors to carbon and silicon biogeochemical cycles. Considering their

broad taxonomic diversity and their wide size range (from a few micrometres

up to several millimetres), a comprehensive evaluation of the entire community

to carbon and silicon cycles is challenging. Here, we assess the diversity and

contribution of silicified Rhizaria to the global biogenic silica stocks in the upper

500 m of the oligotrophic North-Western Mediterranean Sea using both

imaging (FlowCAM, Zooscan and Underwater Vision Profiler) and molecular

tools and data. While imaging data (cells m-3) revealed that the most abundant

organisms were the smallest, molecular results (number of reads) showed that

the largest Rhizaria had the highest relative abundances. While this seems

contradictory, relative abundance data obtained with molecular methods

appear to be closer to the total biovolume data than to the total abundance

data of the organisms. This result reflects a potential link between gene copies

number and the volume of a given cell allowing reconciling molecular and

imaging data. Using abundance data from imaging methods we estimate that

siliceous Rhizaria accounted for up to 6% of the total biogenic silica biomass of

the siliceous planktonic community in the upper 500m of the water column.
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1. Introduction

Marine environments represent the largest ecosystem on

Earth, housing a broad variety of planktonic organisms, from

viruses and bacteria to unicellular and small multicellular

eukaryotes. These organisms, which span more than six orders

of magnitude in size, form complex ecological networks that

sustain major biogeochemical cycles (Edwards et al., 2013).

While phytoplankton forms the base of marine food webs,

zooplankton occupy numerous trophic levels and can

contribute to carbon export through mechanisms such as

vertical migration and production of fecal pellets (Stukel et al.,

2013; Toullec et al., 2019). To date, studies of phytoplankton

assemblages have focused mostly on diatoms, dinoflagellates,

and cyanobacteria (Alves-de-Souza et al., 2008), while the role of

zooplankton in the ocean has been assessed through the study of

copepods and euphausiids (e.g., Buitenhuis et al., 2006), mainly

because of their high abundances and good preservation in

formaline. These are however very specific compartments, only

representing limited aspects of the functional diversity of

plankton (Le Queré et al., 2005), omitting the potential role of

other organisms when developing biogeochemical models.

In recent years, automated sampling devices, image analysis

technologies, and machine learning algorithms have been

developed to quantify abundances of marine organisms

(Gorsky et al., 2010; Picheral et al., 2010; Irisson et al., 2022)

and to accelerate the analysis of planktonic samples which are

generally time-consuming (Benfield et al., 2007). These methods

have been fundamental in revealing the occurrence and potential

impact of previously neglected organisms in biogeochemical

cycles (Biard et al., 2016). In addition to imaging systems,

DNA-metabarcoding, allowing an extensive taxonomic

coverage, has become a powerful alternative to morphological

observation, being largely used in high-throughput exploration

of the diversity of microbial communities (de Vargas et al., 2015;

Faure et al., 2019).

Despite the benefits of either method, these come with

inherent uncertainties. Imaging tools do not cover all the size

spectra of plankton (Lombard et al., 2019), and several tools/

instruments need to be used simultaneously to study all

components of the marine ecosystem. On the other end,

molecular approaches produce relative-abundance and

compositional data. Abundances of specific groups are

inherently influenced by the abundances of other groups, thus

biasing conclusions (Gloor et al., 2017).

In the modern ocean, Rhizaria, a group of unicellular

eukaryotic organisms that span a wide range of sizes, from

tens to hundreds of micrometres, are known to play important

roles in food webs and biogeochemical cycles (Biard, 2022). In

the last decade, this group has been highlighted as a critical

source of carbon export (Lampitt et al., 2009; Guidi et al., 2016;

Gutierrez-Rodriguez et al., 2018), silica cycling (Biard et al.,

2018; Llopis Monferrer et al., 2020), and a significant component
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of ocean biomass (Biard et al., 2016). While some rhizarians

build their skeletons of calcium carbonate (Foraminifera) or

strontium sulfate (Acantharia), numerous marine rhizarians

form siliceous skeletons (Nassellaria, Spumellaria, Collodaria

and Phaeodaria) (Takahashi et al., 1983). Considering their

large taxonomic diversity, broad size spectrum and extended

range of vertical niches (Biard and Ohman, 2020) as well as

various trophic modes (Suzuki and Not, 2015), Rhizaria lack a

characterisation of their full size range and quantification of

their contribution to biogeochemical cycles.

Historically, living Rhizaria, have been collected using

plankton nets and Niskin bottles (Boltovskoy et al., 1993;

Boltovskoy, 2003; Ishitani and Takahashi, 2007). These

conventional sampling methods collect more efficiently smaller

specimens, which are also numerically more abundant (e.g.,

Boltovskoy et al., 2010). So far, large individuals have seldom

been taken into account, mainly due to the fragility of their

skeletons and only fragments are generally found in the nets.

The development of in-situ imaging techniques has enabled the

first characterizations and estimates of these organisms in the

pelagic realm (Biard et al., 2016; Biard and Ohman, 2020).

Despite their recent confirmed relevance to current marine

biogeochemical cycles (e.g., Biard et al., 2016; Guidi et al.,

2016; Llopis Monferrer et al., 2020), knowledge about the

distribution and abundances of living Rhizaria is still highly

fragmented due to the scarcity of the data and heterogeneity

between collection methods and sample analyses. These protists

have been patchily sampled and their distribution and role in the

biogeochemical cycles, especially in the silicon cycle, are not yet

fully understood.

In September 2017, we participated in the Mediterranean

Ocean Observing System for the Environment – Grande Echelle

(MOOSE-GE) cruise. During this cruise, three imaging

technologies, FlowCAM, ZooScan and Underwater Vision

Profiler, were employed in combination along with DNA

metabarcoding sampled at the same locations. We used this

integrative approach to describe the broad size spectrum of

Rhizaria, their abundance and diversity. Using the data obtained

with the imaging instruments and the existing allometry

between silica content and rhizarians’ biovolume (Llopis

Monferrer et al., 2020), we assess the contribution of rhizarian

biogenic silica standing stock and potential taxa specific

contribution to the silicon cycle on a regional scale.
2. Material and methods

2.1. Study area

Sampling was conducted at 16 sites during the MOOSE‐GE

2017 expedition (30/08/2017-24/09/2017) on board R/V Atalante

in the North-Western basin of the Mediterranean Sea (Figure 1).

This area is characterized by oligotrophic conditions with patchy
frontiersin.org
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productivity regions (Mayot et al., 2017). The Gulf of Lion is an

important area of deep water formation (Donoso et al., 2017),

with intense mesoscale activity along with the coastal current and

mid-sea eddies present along the basin (Robinson et al., 2001).
2.2. Environmental and biogeochemical
data

At each station, a rosette carrying 12 Niskin bottles (12 L)

and equipped with a CTD (Seabird Electronics) to measure

temperature and salinity was deployed. Samples were taken

according to the requirements of biogeochemical parameters.

Chlorophyll-a concentration was estimated from bottle water

samples using HPLC (Uitz et al., 2009). To measure biogenic

silica concentrations, 1 L of seawater sampled at 3 depths

distributed between the surface and the deep chlorophyll

maximum (DCM), which was calculated according to

maximum values of fluorescence, was filtered onto 0.6 μm,

47 mm isopore polycarbonate filters (GE Healthcare

Whatman). After filtration, filters were kept in petri dishes

and stored at room temperature. Analyses were performed

using the double digestion method according to Brzezinski

and Nelson (1989).
2.3. Plankton collection

A triple net, with 64, 200, and 500 μm mesh sizes was

deployed in a vertical haul mode at the constant speed of
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0.8 m s-1 in the upper 500 m. A flowmeter was attached to the

mouth of each net to quantify the amount of water passing

through the net. Once the net was on board the ship, samples

concentrated in each cod-end were diluted in 4 L of 0.2-μm

filtered seawater and divided into several subsamples.

For the 64 μm cod-end, a subsample of 1.5 L was

concentrated on a 50 μm mesh sieve. The concentrated sample

was carefully removed from the sieve using a squeeze bottle and

preserved with acidic Lugol’s solution (2% final concentration)

in a 250 mL dark plastic bottle to avoid light and stored at 4°C

for later analysis with the FlowCAM (Fluid Imaging Inc.)

(Sieracki et al., 1998).

For the 200 μm cod-end, a subsample of 1.5 L was

concentrated using a 180 μm sieve. The content of the sieve

was poured into a 250-mL plastic bottle with 25 – 30 mL

tetraborax buffered formaldehyde (4%v/v) and stored at room

temperature for later analysis with the Zooscan imaging system

(Hydroptic; Gorsky et al., 2010).

For genetic analyses, 1 L of each cod-end (64, 200 and

500 μm), was filtered through a 10 μm polycarbonate filter.

Filters from the different size fractions were flash-frozen

in liquid nitrogen and stored independently at -80°C until

DNA extraction.
2.4. Image acquisition and processing

2.4.1. FlowCAM analyses
The FlowCAM is an imaging system for measuring and

classifying organisms and particles (size from 3 to 5000 μm,
FIGURE 1

Map of the study area (North-Western Mediterranean basin) of the MOOSE-GE expedition with positions of the sampling stations (LEG-Station)
that were analysed in this study. Axis colour represents average chlorophyll values in mg m-3 during September 2017, the study period. Data was
collected using E.U. Copernicus Marine Service Information (https://doi.org/10.48670/moi-00114).
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depending on the objective chosen) present in a liquid medium.

Samples from the 64 μm cod-end and fixed with Lugol’s solution

were analysed using a FlowCAM at the Villefranche Platform for

Quantitative imaging (PIQv). Before the analysis, samples were

filtered through a 200 μm sieve to remove large particles and

avoid clogging of the FlowCAM chamber. Plankton organisms

were counted using the “auto-trigger mode” of the FlowCAM.

Samples were examined under a 4x objective lens and pumped

through a 3mm x 0.3mm chamber for 45 minutes or until

reaching 30 000 images (volume varied 0.6883 ml to

8.88707 ml). Raw images were saved to analyse them using the

Zooprocess software (Gorsky et al., 2010).
2.4.2. Zooscan analyses
The Zooscan is a plankton scanner that takes high-

resolution images of planktonic samples (Gorsky et al., 2010).

Samples in tetraborax-formaldehyde 4%v/v were digitized at

4800 dpi using the Zooscan at the PIQv. Each of the samples

collected were first divided into two size fractions using 1000 mm
sieves: d1 for the organisms larger than 1 mm and d2, for the

organisms smaller than 1 mm. Each of the two size fractions (d1,

d2) was subsampled using a Motoda splitter to reach aliquots

containing nearly 500 to 1000 objects and imaged with the

Zooscan (Gorsky et al., 2010).
2.4.3. In situ imaging – UVP analyses
The Underwater Vision Profiler (UVP5; Hydroptic) was

integrated on the CTD-rosette. The UVP5 allows the

acquisition of particles and zooplankton images larger than

>700 μm and to quantify them in a known volume of water.

The UVP operates a 4 MPix camera imaging a field of view of

approximately 180 x 180 mm2 about 200mm in front of the

camera. Vertical profiles exceeded 500 m except Station 27

(Leg1), but only data from the upper 500 m of the water

column was used in this study in order to compare with

results from the plankton nets.
2.4.4. Metabarcoding sequencing
DNA was extracted using the MasterPure Complete DNA

and RNA Purification Kit (Epicentre) following the

manufacturer’s instructions. This particular extraction method

was used because it has been proven to be appropriate for cells

with robust skeletons, such as Rhizaria (Pernice et al., 2016).

Polymerase chain reaction (PCR) amplification was performed

with the general eukaryotic primer pair TAReuk454FWD1 (5’-

CCAGCASCYGCGGTAATTCC-3’) and TAReukREV3 (5’-

ACTTTCGTTCTTGATYRA-3’) targeting the V4 hypervariable

region of the 18S rDNA (Stoeck et al., 2010). Sequencing was

performed using the IlluminaMiSeq platform (2x250 bp) for over

50000 reads per sample.
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2.5. Data analysis

2.5.1. Imaging
All raw images generated by FlowCAM, Zooscan, and

UVP were analysed and processed using the Zooprocess

software (Gorsky et al., 2010). Extracted images were

uploaded to Ecotaxa, an online collaborative software

dedicated to the visual exploration and taxonomic

annotation of planktonic images (Picheral et al., 2017). The

Random Forest algorithm (Breiman, 2001) was used to

classify all objects into major plankton categories. The

automatic classification was visually inspected to ensure the

quality of the sorting. Only images corresponding to siliceous

Rhizaria were picked out for subsequent analyses. For each

instrument, abundances (ind. m-3) of each rhizarian category

were calculated at every station and morphological

measurements associated with each vignette, such as body

length and width, were used to obtain biovolumes

(Supplementary Tables 1–3).

2.5.2. Metabarcoding data curation
and analysis

Raw reads obtained from sequencing were processed and

clustered following DADA2 (Callahan et al., 2016). The

resulting amplicons sequence variants (ASVs) were

taxonomically assigned using global search implemented in

Vsearch (Rognes et al., 2016) against PR2 v4.14.0 database

(Guillou et al., 2012) updated with Radiolaria sequences from

(Méndez-Sandıń, 2019). ASVs were considered for further

analyses as long as they were present in at least 2 of the 48

samples examined and had more than 10 total reads in those

samples and assigned to Phaeodaria and polycystine

radiolarians (Spumellaria and Nassellaria, excluding

Collodaria). Different size fractions were pooled together.

The final dataset was composed of a total of 48 ASVs,

normalized by sample to relative abundance.
2.6. Rhizaria biovolume and biogenic
silica content

Area of the imaged specimen were computed according to

Picheral et al. (2017). From the area, we calculated the equivalent

spherical diameter (ESD; Equation1) to prevent overestimation

of the individual’s biovolume, since in some cases, the skeleton

can have complex shapes, including long and irregular spines.

ESD = 2    

ffiffiffiffiffiffiffiffiffiffi
Area
p

r
(1)

where ESD (in μm) is the equivalent spherical diameter and Area

is the pixel area of the imaged organism.
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Then, we calculated the biovolume (μm3) using the following

equation:

Volume =  
4
3
  p    

ESD
2

� �3

(2)

where ESD is the spherical diameter calculated with equation 1.

After calculating the biovolume (equation 2), we calculated

the individual silica content of Rhizaria by using the log-linear

relationship established by Llopis Monferrer et al. (2020), which

relates silica content to biovolume (R2 = 0.86):

log10 QbSið Þ = −4:05 ± 0:18½ �
+ 0:52 ± 0:02½ �log10 biovolumeð Þ (3)

where QbSi is the biogenic silica content of the specimen (μg-Si

cell-1).
3. Results

3.1. Environmental data

Surface temperature during the cruise ranged from 16.0°C to

22.2°C. Integrated Chlorophyll a (Chl a) values over the 0-150 m

layer, varied between 2 and 45 mg m-2. The depth of deep

chlorophyll maximum (DCM) varied from 42 to 95 m. Biogenic

silica concentrations, integrated over the surface to DCM layer

ranged from 1.7 to 6.8 mmol-Si m-2 (Table 1).
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3.2. Size spectra of the organisms
captured by the different imaging
technologies

A total of 753 rhizarians specimens were imaged using

different imaging devices: either the FlowCAM (195 vignettes;

64-200 μm), the Zooscan (341, 200-1000 μm), or the UVP

(217; >1000 μm). The overall size of the analysed organisms

ranges from 45 to 3663 μm in equivalent spherical diameter (ESD;

Figure 2). In the present study, the FlowCAM recorded the

smallest individuals, with an ESD ranging from 45 to 176 μm

(mean ± standard deviation; 103 ± 26 μm). Among the three

instruments, the FlowCAMwas the only one able to capture some

of the polycystine radiolarians (i.e., Spumellaria and Nassellaria)

and phaeodarians of the genus Challengeria. The Zooscan

captured individuals with ESD ranging from 365 to 1244 μm

(799 ± 146 μm), which all belonged to the family Aulacanthidae

(Phaeodaria). The UVP imaged the largest individuals, starting

with an ESD of 945 μm up to 3662 μm (1279 ± 429 μm), with the

smallest individuals belonging to the Aulacanthidae family and

the largest cells to the Coelodendridae family (Phaeodaria).

We observed a discontinuity between the size class captured

by the FlowCAM and the Zooscan. No specimen was observed

between 176 μm (largest individual imaged by the FlowCAM)

and 365 μm (i.e., the smallest individual collected by the 200 μm

mesh-size and imaged by the Zooscan). However, there was a

size (ESD) overlap for organisms of about 1000 μm (essentially

Aulacanthidae individuals) that were captured by both, the
TABLE 1 Study sites location and collection date. Chlorophyll a (Chl a) and biogenic silica (bSi) values were integrated over the 0-DCM layer.

Station Date Latitude
(°N)

Longitude
(°E)

Distance to the
coast

DCM Chl a Bottom
depth

Sea
Temp.

bSi

YYYYMMDD km m mg m-2 m °C mmol-Si m-2

1-5 20170901 42.17 4.30 96 57 45 1909 21.8 1.7

1-21 20170905 43.15 8.15 78 71 17 2582 22.4 2.0

1-27 20170906 43.88 9.63 23 84 16 405 24.5 2.4

1-35 20170907 43.42 7.88 49 80 31 2330 23.0 2.3

1-40 20170908 43.53 7.62 28 70 22 2237 23.3 2.0

1-45 20170909 42.72 8.62 19 83 16 1558 23.8 3.5

1-51 20170910 42.15 7.68 76 83 11 2768 21.5 2.3

2-1 20170912 43.03 5.20 36 48 2 1109 16.1 1.7

2-15 20170914 40.20 4.18 14 95 20 839 25.4 2.7

2-20 20170915 41.62 3.63 50 86 29 954 23.8 2.8

2-25 20170916 42.42 3.55 33 68 30 897 18.3 6.8

2-33 20170917 41.93 4.98 146 68 22.3 2352 19.3 5.5

2-36 20170918 41.42 6.45 189 76 20 2690 21.6 4.3

2-45 20170919 40.00 8.03 29 90 20 1153 23.6 5.5

2-56 20170920 40.30 6.28 179 80 15.5 2828 23.1 5.6

2-67 20170921 43.00 6.00 13 42 NA 1005 18.7 2.2
NA, non available data.
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Zooscan and the UVP. In order to avoid overestimation of the

Rhizaria abundances (i.e., counting twice the same size fraction),

we excluded the specimens with an ESD larger than 1000 μm

from the Zooscan data, and specimens with an ESD equal or

smaller than 1000 μm from the UVP data.
3.3. Rhizaria diversity and abundance

The abundances of specimen (i.e., cells m-3) were established

based on quantitative methods (imaging tools) (Supplementary

Tables 1–3). The smallest size range investigated in this study

(Nassellaria, Spumellaria and Phaeodaria of the genus

Challengeria), the 64-200 μm (FlowCAM) showed the highest

abundance values at all stations, ranging from 5.0 to 61.1 cell m-3

(Table 2). The small size fraction was mainly dominated by

nassellarians in all stations. Phaeodaria of the genus Challengeria

were observed in lower proportions (in 12 of the 16 stations

studied; Table 3). Regarding the 200-1000 μm size fraction,

which corresponded to data obtained with the Zooscan,

abundances of specimens identified as Aulacanthidae, the only

category imaged with this instrument, had a maximum of 3.4

cells m-3. Rhizarian abundances in the largest size fraction

(>1000 μm), imaged by the UVP were generally slightly lower

than those found for the 200-1000 μm size fraction (from 0.3 to
Frontiers in Marine Science 06
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FIGURE 2

Density plot comparing the total size range of Rhizaria (in equivalent spherical diameter; ESD) captured by the three imaging tools used in this
study (FlowCAM, Zooscan and UVP). The area under the curve represents the probability of getting an x value between a range of x values. The
dashed line represents the upper limit of the Zooscan data considered and the lower limit of the UVP data, which was established to avoid
overlap between these two instruments. (A) FlowCam images of Nassellaria, (B) Spumellaria, (C) FlowCam images of phaeodarians of the family
Challengeridae, (D, D’) Zooscan and UVP images of phaeodarians of the family Aulacanthidae respectively, (E) UVP images of phaeodarians of
the family Coelodendridae and, (F) UVP images of phaeodarians of the family Aulosphaeridae.
ABLE 2 The abundance of siliceous Rhizaria collected using three
ifferent devices corresponding a different size ranges.

tation Size sampled

eg-Stn 64-200 µm >200 µm
Rhizaria concentration

(cell m-3)

>1000 µm

-5 5.1 0.3 1.7

-21 10.2 0.4 1.3

-27 17.2 1.1 1.8

-35 42.5 0.3 1.0

-40 41.7 1.1 1.9

-45 15.5 1.2 1.3

-51 19.8 1.8 1.4

-1 26.2 1.0 0.7

-15 13.0 0.2 1.9

-20 53.9 1.3 1.9

-25 5.0 1.1 0.6

-33 19.4 0.5 0.7

-36 61.1 0.2 1.4

-45 10.1 0.0 0.3

-56 40.8 0.1 0.7

-67 16.9 3.4 1.5
fro
FlowCAM corresponds to 64-200 μm, Zooscan to >200 μm and UVP to individuals
>1000 μm.
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1.9 cells m-3), except some stations (Table 2). The Phaeodaria

groups found during this cruise belong to the families

Aulacanthidae, Castanellidae, Coelodendridae, Aulosphaeridae

and Cannosphaeridae (Figure 3).

When we examine the biovolume, we encounter an opposite

trend to abundance (Figure 3B). The biovolume values of the

individuals captured by Zooscan or UVP (> 200 μm) are higher

than the ones obtained for individuals imaged by the FlowCAMand

bring composition closer to metabarcoding than abundance values.

In the metabarcoding data, organisms belonging to the

largest families (i.e., Coelodendridae and Aulacanthidae)

contributed the most to the relative sequence abundance

(Figure 3C). When analysing the contribution of the various

groups of organisms in terms of biovolume, we find that

Aulacanthidae and Coelodendridae are the most represented

taxa in each site while organisms belonging to smaller taxonomic

groups are scarcely represented (Figure 3B).

From molecular techniques, we estimated that Rhizaria

belonging to the >64 μm size class represented a total of 4.53%

(± 3.49) of the eukaryotic community reads, while the fraction >

200 represented 11.3% (± 7.80), and the largest fraction, > 500

μm represented the highest percentage, 15.8% (± 13.90) in all

samples. When comparing the relative abundances obtained by

both methods (imaging and molecular), on the same size

fraction sampled, we observed that the taxonomic groups

determined by each method were not the same. Consequently,
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the computed relative abundances differed for the two methods

(Table 3; Figure 3). A difference between the different taxonomic

groups is observed when calculating the corresponding

percentage of occurrence, ranging from 0.1% (Aulosphaeridae)

and 0.9% (Aulacanthidae). However, when comparing relative

abundances obtained through molecular tools and relative

biovolume from imaging techniques, the results are closer at

most of the stations investigated (Figure 3).
3.4. Contribution of Rhizaria to bSi
standing stock

We examined the contribution of the different size ranges to

the total silica biomass of Rhizaria. When converted to biomass

using the allometric relationship (Equation 3), we found that the

largest individuals (>1000 μm) contributed the most to the total

Si stock in the water column, from 5.2 to 70.3 μmol-Si m-2.

Overall, the small and medium-sized individuals (>64 – 1000

μm) contributed equally to the largest individuals at all stations,

except at offshore stations leg2-36, leg2-56, where small-sized

individuals dominated. These stations presented the deepest

bottom depths (Figure 4). Small Rhizaria (<200 μm)

contributed to the biogenic silica standing stock from 2 to 50%

depending on the sampling stations, contributing from 1.1 to

39.9 μmol-Si m-2 (Table 4).
TABLE 3 The presence and absence of the different taxonomic groups for the entire size spectra studied using imaging (I) and metabarcoding
(M) methods.

Taxonomic groups Nassellaria Spumellaria Challengeridare Aulacanthidae Coelodendridae Aulosphaeridae Other
Phaeodaria

Method I M I M I M I M I M I M I M

Leg-Stn

1-5 x x x x x x x x x

1-21 x x x x x x x x x x

1-27 x x x x x x x x x x x

1-35 x x x x x x x x x

1-40 x x x x x x x x x x

1-45 x x x x x x x x x

1-51 x x x x x x x x

2-1 x x x x x x x x x

2-15 x x x x x

2-20 x x x x x x x x x x

2-25 x x x x x

2-33 x x x x x x x x

2-36 x x x x x x x x x

2-45 x x x x x x x x x x

2-56 x x x x x x x x x x x x

2-67 x x x x x x x x x x
frontie
No metabarcoding data was available for stations leg2-05. For the imaging methods, Other Phaeodaria includes the groups Castanellidae and Cannosphaeridae, for metabarcoding it
comprises other non-identified groups.
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4. Discussion

4.1. Rhizaria abundances and
diversity: Imaging

This study is one of the few that simultaneously analyses a

planktonic compartment covering a wide size spectrum using a

wide array of instruments and methods. We used three imaging

methods and genetic analyses to investigate a broad section of

the Rhizaria size range. We found that these organisms are
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present at every station. In the North-Western basin of the

Mediterranean Sea, Rhizaria abundances reached 61.1 cells m-3

in 0-500 m water depth, with small cells being largely dominant

(from 5.0 to 61.1 cells m-3) over larger ones (up to 3.4 cells m-3).

These abundances are consistent with the size distribution of

organisms reported in previous studies where small rhizarians

are generally more abundant than larger ones in the upper water

column of the ocean (Boltovskoy et al., 1993; Llopis Monferrer

et al., 2020). Yet, abundances observed here fall in the lower

range of estimates from a worldwide compilation from
A

B

C

FIGURE 3

(A) Imaging technologies data. Relative abundances of the main rhizarians taxonomic groups cumulated from the different size fractions (> 64-200,
200-1000, > 1000 µm), from data obtained using the FlowCAM, Zooscan and UVP. (B) Imaging technologies data. Relative biovolume of the main
rhizarians taxonomic groups cumulated from the different size fractions (> 64-200, 200-1000, > 1000 µm), from data obtained using the FlowCAM,
Zooscan and UVP. (C) Molecular metabarcoding data. Relative abundance reads of the main rhizarian taxonomic groups in the different size
fractions cumulated (> 64, > 200, > 500µm) of the V4 rDNA from vertical tow nets. No metabarcoding data was available for stations leg2-05.
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microscopic observations of net samples deployed the 0-200 m

water layer of the tropical and subtropical waters (40°N/S),

which stated that small Rhizaria cell abundances ranged from

79 to 892 cells m-3 for polycystine radiolarians and from 5 to 20
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cells m-3 for larger phaeodarians (Llopis Monferrer et al., 2020).

Low cell densities observed in this study could be due to the

integration of abundance values to 500 m instead of 200 m. Also,

the different techniques used to obtain abundance values
FIGURE 4

Overview of the bSi biomass of Rhizaria integrated into the upper 500 m of the water column (µmol-Si m-2) in the Mediterranean Sea. Piecharts
indicate relative contributions of the three size classes studied to the total bSi at each station and their size is proportional to their Si contribution.
TABLE 4 Biogenic silica integrated over the 0 – 500 m layer for Rhizaria collected using three different devices corresponding to different
size ranges.

Station bSi Rhizaria (µmol-Si m-2) bSi Rhizaria (mmol-Si m-2) bSi water column (mmol-Si m-2) %

Leg-Stn 64-200 µm >200 µm >1000 µm Total

1-5 1.1 4.3 55.4 0.1 1.7 3.7

1-21 7.9 6.1 37.3 0.1 2.0 2.6

1-27 12.4 15.9 24.8 0.1 2.4 2.2

1-35 21.0 5.7 35.3 0.1 2.3 2.8

1-40 33.0 17.7 70.3 0.1 2.0 6.2

1-45 12.7 18.1 28.4 0.1 3.5 1.7

1-51 15.4 28.2 46.8 0.1 2.3 3.9

2-1 15.4 13.4 17.5 0.0 1.7 2.7

2-15 8.4 3.1 60.0 0.1 2.7 2.7

2-20 32.8 21.0 59.0 0.1 2.8 4.0

2-25 1.6 16.4 12.8 0.0 6.8 0.5

2-33 14.6 9.1 24.7 0.0 5.5 0.9

2-36 39.9 3.3 44.9 0.1 4.3 2.1

2-45 4.8 0.5 5.2 0.0 5.5 0.2

2-56 28.9 2.1 26.3 0.1 5.6 1.0

2-67 7.4 55.2 42.9 0.1 2.2 4.8
frontiersin.o
FlowCAM corresponds to 64-200 μm, Zooscan to >200 μm and UVP to individuals >1000 μm. Biogenic silica (bSi) values integrated over the 0-DCM layer and the potential impact (%) of
Rhizaria to the total bSi bulk (net bSi/seawater bSi).
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(microscopy versus FlowCAM) as well as the seasonality

patterns in rhizarians communities. Analysis of plankton time

series on the Northern coast of the Mediterranean Sea shows the

highest biovolume of Rhizaria (including the non-silicified) in

August, and quite low numbers the rest of the year (Romagnan

et al., 2015).

Low cell densities could also be explained by the caveats

associated with the use of imaging instruments. Although the

combined use of the three instruments covered a broad size

spectrum, we observed a size gap between the FlowCAM and

Zooscan. From 176 μm to 365 μm no specimens were observed

(Figure 2), which corresponds to the size class in which we may

find many specimens of polycystines and phaeodarians (e.g.,

genus Challengeria; Llopis Monferrer et al., 2020). Their absence

in the results could be explained by the handling of FlowCAM

samples before the analysis, since these are sieved onto a 200 μm

mesh size to prevent instrument clogging. To avoid the

underestimation of larger cells, samples could be divided into

different size fractions and analysed using smaller or larger flow

cells. Moreover, many siliceous Rhizaria specimens can exhibit a

size smaller than 64 μm which was the smallest plankton mesh

used (e.g., small size species, juvenile forms), leading to an

underestimation of total siliceous Rhizaria abundances. Finally,

fixatives used classically (e.g., Lugol’s iodine or formaldehyde) are

known to affect organisms leading to potentially underestimated

cell counts (Choi and Stoecker, 1989; Beers and Stewart, 1970).

Regarding the Zooscan (200–1000 μm), its operational size

range starts at 240 μm. This instrument may limit the

enumeration of small individuals whose sizes are close to the

detection limit. Although all observations reported in this study

lie within the range in which reliable quantitative results can be

obtained, not all the operational size range is efficient to obtain

quantitative results. The Zooscan captured the smallest

individuals of the family Aulacanthidae and therefore it was

necessary to avoid an even higher gap between different

instruments (e.g., between the FlowCAM and the UVP).

The UVP has the advantage of determining in situ

abundances of organisms in in the water column without

damaging the organisms, along with their size distribution.

However, despite this instrument has been designed to study

large (>100 μm) particles, it is impossible to reliably identify

Rhizaria groups when the size of the specimen is below 700

μm. Furthermore, the largest organisms are the least

abundant and taxa with few representatives are likely to

be overlooked.
4.2. Comparison of imaging and
metabarcoding results

Molecular methods provide insights into the relative

abundances and diversity of organisms but results are not

quantitative. Molecular data can attempt to be compared to
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quantitative imaging technologies. In this study, the results of

the imaging and metabarcoding comparisons do not match,

neither in terms of relative abundances nor in terms of

taxonomic diversity. However, when we analyse the biovolume

obtained using imaging techniques, results are comparable and

closer to metabarcoding data.

Molecular results show that siliceous Rhizaria were present

in every sample among the different stations and size fractions

and that the largest individuals had the highest relative

abundances when comparing to data obtained through

imaging approaches. It is well known that genes copies vary

among protists and correlation exists between size and number

of rDNA copies (Zhu et al., 2005; Godhe et al., 2008, Biard et al.,

2017) which might bias their representativeness in an ecosystem

leading to an overrepresentation of large specimens in

metabarcoding data compared to morphologically cell

counting. If we examine the biovolume results, they support

the hypothesis that larger individuals usually present higher

genome size and more gene copies, being more proportional to

biomass than quantitative abundances (i.e., number of cells). In

the present study, larger organisms, despite being less abundant

in the water column, may have an important impact on the total

biomass because of their large size.

On the other hand, in terms of diversity, Nassellaria, which is

the dominant group in abundance with imaging techniques,

rarely appear in metabarcoding data. Nassellaria possess robust

skeletons (Takahashi et al., 1983) and cell breakage may affect

DNA extraction and amplification (Not et al., 2007; Méndez-

Sandıń, 2019). In addition, metabarcoding analyses rely on the

reference database. Since sequences obtained from the

environment will be compared to the closest related sequence,

taxa not yet included in the database may lead to an

underestimation of the relative abundances found in the

metabarcoding data.

Although a correlation between rDNA copy number per cell

and cell length was established across eukaryotic marine

Collodaria (Biard et al., 2017), the comparison of relative

abundances and diversity measured by imaging methods and

molecular tools (Supplementary Figure S1) is complex and must

be made cautiously. In this study, we excluded Collodaria

specimen because they can include colonies composed by tens

to thousands of cells, number which is complicated to determine

with imagine methods and therefore, biogenic silica estimations

cannot be conducted. Also, Collodaria can be naked (e.g.,

Collozoum sp.) or provided with siliceous spines (e.g.,

Sphaerozoum sp.), feature that cannot always be confirmed

with imaging methods.

Imaging and metabarcoding methods have great potential

and allow a rapid analysis and processing of samples. All these

approaches for plankton enumeration have, however,

uncertainties when estimating the actual composition and

abundance of the community, and a thorough interpretation

of the results requires assessment of the limits of each method.
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To provide reliable comparisons between imaging and

molecular methods, sampling protocols must be homogeneous

(e.g., sample the same size class, analysing the same water sample

using both methods). Single-cell sequencing may help to avoid

the mismatch between the taxonomic groups as it will enrich

the database.
4.3. Use of imaging data to assess the
relative contribution of Rhizaria to the
bSi stock in the NW Mediterranean Sea

Rhizaria are important contributors to biogenic silica

production in the global ocean (Takahashi et al., 1983; Biard

et al., 2018; Llopis Monferrer et al., 2020). They span a wide size

range and occupy a variety of ecosystems which makes it difficult

to achieve an integrated perspective on their specific

contribution to biogeochemical cycles (Suzuki and Not, 2015;

Biard and Ohman, 2020).

The North-Western Mediterranean basin is characterised by

oligotrophic conditions. During Fall (September-early

November), surface waters are nutrient-depleted, and

microphytoplankton is generally dominated by non-siliceous

organisms (Leblanc et al., 2003). Leblanc et al. (2003) reported

biogenic silica integrated stocks from 3.1 to 21.5 mmol-Si m-2 in

the first 150 m of the water column at a station located in the

North-Western Mediterranean basin with the lowest values of

diatom biogenic silica corresponding to autumn. Values of

diatom biogenic silica are close to 0 below 150 m throughout

the year (Leblanc et al., 2003). During MOOSE-GE 17 cruise,

biogenic silica values integrated over the 0-DCM layer ranged

between 1.7 and 6.8 mmol-Si m-2, which are concordant to those

found by Leblanc et al. (2003) at a similar period of the year.

Using data obtained from the imaging tools along with the

allometric relationship previously established (Llopis Monferrer

et al., 2020), we provide the first attempt to determine the

contribution of siliceous Rhizaria, across a broad size

spectrum, to the biogenic silica standing stock in the

Mediterranean Sea. Assuming that phytoplankton biogenic

silica under the DCM was null (Leblanc et al., 2003), we

compared Rhizaria biogenic silica values from the first 500 m

of the water column to biogenic silica values of the water

column. Therefore, we found that siliceous Rhizaria

contributed up to 6% (2.6 ± 1.6) of the total biogenic silica in

the water column (Table 4),

ThecontributionofRhizaria to thebiogenic silicabiomasscanbe

highlyvariable.Forexample, inproductiveareasof theWorldOcean,

where Rhizaria are less abundant and diatoms concentrations are

much higher, the impact of these protists on the biogenic silica

biomass in surfacewaters ismuch lower, as in the case of theRoss Sea
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in Antarctica, where Rhizaria account for only 0.1% at most of the

total biogenic silica (Llopis Monferrer et al., 2021).

In this study, the smallest size class was collected with a

plankton net over the first 500 m. With this sampling method,

there is no detailed information on the vertical distribution of

small Rhizaria, and it is difficult to know if they mainly thrive in

the euphotic layer, where phytoplankton grow. We investigated

metabarcoding from the Niskin bottles (Supplementary Figure

S2), where the small phytoplankton community was represented.

We observed that Rhizaria were relatively more abundant than

diatoms in most of the stations, most likely due to the fact that

larger organisms present more gene copies. For larger

individuals, imaged in-situ with the UVP, the highest

abundances were found at approximately 100 m depth

(Supplementary Figure S3), below the maximum of diatom

biogenic silica found in this area (Leblanc et al., 2003). There is

evidence that the vertical distribution of some groups of Rhizaria

can be associated with hydrographic features, such as the DCM

(Kling and Boltovskoy, 1995; Dennett, 2002). A wider depth

coverage, including the depth preferences of each taxonomic

group, would be needed to study in detail the effect of these

features on the rhizarians community.

Different Rhizaria species have different depth preferences

(Boltovskoy et al., 2017; Biard and Ohman, 2020). According to

this information, Rhizaria living in deeper layers, have been

omitted in our estimates. This uneven distribution of organisms

would affect the contribution of Rhizaria to the global biogenic

silica standing stocks, especially in the waters below the euphotic

layer, where they can be very abundant contributing to the

biogenic silica fluxes to the deep ocean (Nakamura et al., 2013).

According to Llopis Monferrer et al. (2020), in tropical and

subtropical waters (0-40°N/S) the contribution of Rhizaria to the

standing stock of silicifiers in the 0-200 m water layer is of

the same order of magnitude as their contribution estimated for

the 200-1000 m layer. The impact of deeper-living organisms on

the silica cycle has not been considered here, as we only analysed

rhizarians found in the 0-500 m layer, but it could significantly

increase their contribution to the total biomass.

Our results highlight that the study of the entire size

spectrum and vertical distribution of Rhizaria is essential to

fully understand the role of these protists in the biogeochemical

cycle of silicon. Despite the possible underestimation of cell

concentrations due to the sample manipulation (in FLowCAM

and Zooscan protocols), small specimen accounted for up to

50% of the biogenic silica standing stock at some stations,

showing that the small size class cannot be ignored. The

biogenic silica content was certainly influenced by the

taxonomic groups present at each station and their different

cell sizes. Small Rhizaria, represented by polycystine (Nassellaria

and Spumellaria) possess solid skeletons and are generally

denser (up to 530 μg-Si mm-3) than large phaeodarians (10
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μg-Si mm-3) (Llopis Monferrer et al., 2020), whose skeletons are

instead porous (Nakamura et al., 2018).

Despite the uncertainties associated with each method

employed, results showed that both, small and large Rhizaria

are non-negligible contributors to the biogenic silica biomass in

this oligotrophic region. To better understand the global

significance of these organisms and to be able to include them

in the biogeochemical models, the full extent of siliceous

rhizarians must be considered.

4.4. Prospects to better characterize the
entire Rhizaria community

Silicified Rhizaria vary widely in size, and studying them

simultaneously is a challenging task. Furthermore, collecting

enough individuals to get a fair representation of its abundance

and diversity is a difficult task (Cortese, 2004). To sample both,

large and small organisms concurrently, bongo nets can be used,

as is the case of the present study. Sampling Rhizaria specimens

can be also done by filtering water (Boltovskoy et al., 1993). For

example, the entire content of a Niskin bottle could be analysed

by imaging and/or molecular tools. By sampling with Niskin

bottles, small collected Rhizaria could be associated with a given

depth and physicochemical parameters, providing valuable

information on the ecology of each specimen. Larger plankton

could be sampled by traditional closing nets (e.g., Multinet) to

take into account different water layers. Alternatively, the Bottle-

Net could be used as an alternative to the traditional plankton

net. The Bottle-Net is an oceanographic device designed

specifically for the Malaspina 2010 Circumnavigation (Agustı ́
et al., 2020) to improve the collection of microplankton and

particles (Leblanc et al., 2021). This instrument is designed to be

mounted on a standard rosette and it consists of an external PVC

and stainless-steel frame, with a 20 μm mesh size inside it. One

of the major assets of this device is that it can sample a delimited

water layer and it does not concentrate as many organisms as the

plankton net, avoiding damage to the organisms.

To investigate large Rhizaria, the UVP appears as the most

adequate instrument. This in-situ device is attached to the CTD,

no extra time is needed for its deployment and environmental

parameters can be associated with the organisms imaged. With

this information, their ecological preferences and vertical niches

can be characterized (Biard and Ohman, 2020). Its depth range is

6000 m, therefore, it can study the vertical distribution of

Rhizaria up to zones where other tools cannot reach. The size

of the resulting dataset is vast, resulting in a complex and time-

consuming task to manually classify all the images.

Molecular tools, in turn, are a promising alternative to

morphological observation for diversity determination but still

many concepts are yet to be understood, such as cellular

architecture and cellular size, copy number and intragenomic

variability (Sandin et al., 2021). Another limitation of molecular

methods is that DNA is capable of remaining available even when
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cells are dead (environmentalDNA). Thismakes it difficult to know

whether organisms foundat a certain depth inhabit that samedepth

or are simply organisms sedimented from surface waters, making it

impossible to know whether the DNA comes from a metabolically

active cell, a dead cell, or the remnant of a cell (Brisbin et al., 2020).

The combination of imaging and molecular tools may lead

to a better understanding of Rhizaria biology and ecology as it

offers extensive coverage of the size spectrum.
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