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Abstract

Describing living community compositions is essential to monitor ecosystems in a
rapidly changing world, but it is challenging to produce fast and accurate depiction
of ecosystems due to methodological limitations. Morphological methods provide ab-
solute abundances with limited throughput, whereas metabarcoding provides relative
abundances of genes that may not correctly represent living communities from envi-
ronmental DNA assessed with morphological methods. However, it has the potential
to deliver fast descriptions of living communities provided that it is interpreted with
validated species-specific calibrations and reference databases. Here, we developed a
quantitative approach to retrieve from metabarcoding data the assemblages of living
large benthic foraminifera (LBF), photosymbiotic calcifying protists, from Indonesian
coral reefs that are under increasing anthropogenic pressure. To depict the diversity,
we calculated taxon-specific correction factors to reduce biological biases by com-
paring surface area, biovolume and calcite volume, and the number of mitochondrial
gene copies in seven common LBF species. To validate the approach, we compared
calibrated datasets of morphological communities from mock samples with bulk reef
sediment; both sample types were metabarcoded. The calibration of the data sig-
nificantly improved the estimations of genus relative abundance, with a difference
of +5% on average, allowing for comparison of past morphological datasets with fu-
ture molecular ones. Our results also highlight the application of our quantitative ap-
proach to support reef monitoring operations by capturing fine-scale processes, such
as seasonal and pollution-driven dynamics, that require high-throughput sampling

treatment.

KEYWORDS
COl, coral reef, foraminifera, monitoring, quantitative metabarcoding

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Molecular Ecology Resources published by John Wiley & Sons Ltd.

Mol Ecol Resour. 2024,00:e14000.
https://doi.org/10.1111/1755-0998.14000

wileyonlinelibrary.com/journal/men 10f17


https://doi.org/10.1111/1755-0998.14000
www.wileyonlinelibrary.com/journal/men
mailto:
https://orcid.org/0000-0001-5785-542X
http://creativecommons.org/licenses/by-nc/4.0/
mailto:elsa.girard@naturalis.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1755-0998.14000&domain=pdf&date_stamp=2024-07-23

GIRARD ET AL.

20f17 MOLECULAR ECOLOGY
WILEY

1 | INTRODUCTION

Describing living community composition is essential to moni-
tor ecosystems in a rapidly changing world, but it is a challenging
task. It is especially important for well-studied ecosystems such
as coral reefs, on which hundreds of organisms (including humans)
rely (Hughes et al., 2017). Coral cover has been globally declining
in response to human activities in the past decades, thereby in-
creasing the urgency for improving existing monitoring tools to
rapidly identify local causes to reef decline (Downs et al., 2005;
Madin & Madin, 2015). One of the established bioindicator taxon
groups of reef environmental conditions associated with coral
growth and water quality are large benthic foraminifera (LBF)
(Hallock et al., 2003; Humphreys et al., 2022; Prazeres et al., 2020;
Renema, 2018; Uthicke & Nobes, 2008). LBF are calcifying protists
that are generally larger than 0.5mm in diameter, but rarely bigger
than a centimetre ubiquitous in shallow coral reefs (Renema, 2018).
Contrary to other, usually smaller, benthic foraminifera, LBF have a
characteristic symbiosis with photosynthetic microalgae, similar to
corals, next to a high diversity of endobiotic prokaryotes (Prazeres
& Renema, 2019). They have a short community turnover rate (some
months to a year), much shorter than coral colonies (many years)
(Hallock & Reymond, 2022); hence, LBF community composition
changes at the rhythm of changing environmental conditions. They
can also make up to 70% of the inter-reef sediment and produce on
average 5% and exceptionally up to 55% of the carbonate reef sed-
iment (Dawson et al., 2014; Doo et al., 2017; Narayan et al., 2022;
Renema, 2018, and references therein). LBF are therefore ecosys-
tem engineers in reef environments.

Continuous progress is being made to improve taxonomy, spe-
cies identification and detection, as well as community composition
basedongeneticinformation(Taberletetal.,2012),especially forrare
taxa or small organisms, like foraminifera (Pawlowski et al., 2016;
Skelton et al., 2022 and references therein). Metabarcoding is a
molecular tool that is used for community assessment (Gielings
et al., 2021; Hassan et al., 2022; Miya, 2022; Taberlet et al., 2012)
and biomonitoring (Cordier et al., 2021). It is a time-effective ap-
proach compared to morphological methods, which can be time-
consuming and require taxonomic expertise (Miller et al., 2011).
However, quantitatively estimating community composition (i.e.,
estimation of relative abundance and proportional biovolume) from
molecular datasets is not straightforward and limited due to signif-
icant technical biases, such as those inherent to DNA extraction,
PCR amplification and primer choice (Ficetola et al., 2016; Moinard
et al., 2023; Shelton et al., 2023; Taberlet et al., 2012), in addition
to environmental biases, such as DNA degradation, currents and
sediment dynamics. Steps towards the resolution of some technical
biases are ongoing with, for example, the development of correc-
tions that can be implemented retroactively on already sequenced
datasets, as described by Moinard et al. (2023) and Silverman
et al. (2021) to overcome PCR-induced biases. Besides technical
biases, biological biases are equally problematic because of differ-
ential gene copy numbers that can unpredictably fluctuate between

closely related species (Lamb et al., 2019; Pawluczyk et al., 2015).
Such biological differences directly influence the relative number of
sequence reads and can result in spurious proportional values upon
estimating the community composition (Weber & Pawlowski, 2013).
One way to remedy the later issue is by performing taxon-specific
calibration in the form of correction factors (Lamb et al., 2019;
Pifiol et al., 2019; Shelton et al., 2023). These correction factors
permit a translation of the number of reads into proportional bio-
mass, biovolume or relative abundance estimates closer to reality.
This approach has the potential to allow for more informative en-
vironmental monitoring, compared to uncorrected metabarcoding
outputs, by rapidly producing outputs similar to specimen counting
with higher taxonomic accuracy, although accuracy is dependent
on the quality of the reference database (e.g., Ershova et al., 2023;
Ratcliffe et al., 2021).

In foraminifera, the vast majority of the metabarcoding studies
have used the nuclear marker SSU rDNA (e.g., Barrenechea Angeles
et al., 2024; Brinkmann et al., 2023; Eqgbal et al., 2022; Pawlowski
et al., 2016). Discrepancies arise when comparing the proportion of
reads and the number of specimens. The incompleteness of the ref-
erence database for the study sites and other biological biases are
responsible for most of those discrepancies (Cavaliere et al., 2021;
Frontalini et al., 2020, 2018). Biological biases may include variable
numbers of nuclei from different reproduction strategies (Weber &
Pawlowski, 2013; Zhao et al., 2019), variable number of gene copies
in the genome (Milivojevic¢ et al., 2021; Weber & Pawlowski, 2013)
and hybridization events (Pillet et al., 2012). Considering the above-
mentioned biases for the nuclear marker, it might be more realistic
to expect a correlation between the proportion of reads and pro-
portional biomass or biovolume rather than the species relative
abundance, assuming that gene copy densities are tightly bound
with specimen size. However, it has been shown that the number of
gene copies of common foraminiferal nuclear regions varied inde-
pendently of cell size (Milivojevi¢ et al., 2021) as well as the number
of nuclei within the cell (Weber & Pawlowski, 2013). Recently, a new
mitochondrial marker was developed, the cytochrome c oxidase sub-
unit | (COI) located at the Leray-region (Leray et al., 2013; Macher,
Wideman, et al., 2021). This marker is a conserved coding region
that has the potential to solve many of the issues encountered with
the SSU rDNA nuclear marker (Girard, Langerak, et al., 2022). To our
knowledge, no similar study to date has investigated the relationship
between mitochondrial gene copy number and individual size, but
we hypothesise mitochondria to be more abundant in larger cells
since they provide energy to the cell and participate in regulation
of cell growth, among other functions (Friedman & Nunnari, 2014;
Wu et al., 2013).

We aim to develop an efficient tool to quantitatively assess fora-
miniferal community composition using the mitochondrial marker by
correcting for biological biases (Girard, Macher, et al., 2022; Macher,
Wideman, et al., 2021). This tool is meant to monitor, among others,
coral reefs from the Coral Triangle, a hotspot of marine biodiver-
sity under increasing anthropogenic pressure. LBF communities are
highly diverse in the Coral Triangle, with 21 genera and more than
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40 species (Forderer et al., 2018). The Spermonde Archipelago, our
region of interest, located in the middle of the Coral Triangle, hosts
at least 26 LBF species, of which 17 species (11 genera) are domi-
nant (Girard, Estradivari, et al., 2022; Renema, 2018) and upon which
we based our study. At present, molecular and morphological com-
munities are often seen as two different entities (Eqbal et al., 2022;
Frontalini et al., 2018). Our work focuses on making those two com-
munities (molecular and morphological) comparable and relatable
to each other by correcting metabarcoding output data from mock
samples using a quantitative metabarcoding approach (Figure 1). On
the basis of the life cycle of foraminifera and their population dynam-
ics and turnover rates (Hallock & Reymond, 2022), we hypothesise
that LBF assemblage composition can be estimated from the number
of mitochondrial reads in correlation to the taxa proportional biovol-
ume in a sample rather than relative abundance of specimen counts.
We assessed this hypothesis by using genus-specific calibration
curves on our metabarcoding data to quantitatively estimate generic
composition in sediment samples.

The Coral Triangle: hotspot of reef biodiversity
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2 | MATERIALS AND METHODS

To develop a quantitative approach for metabarcoding data, we
used an integrated approach that included several quantitative
techniques for calibration and hypothesis testing (steps 1-2 and
3-6 in Figure 2, respectively). Step 1: We extracted morphomet-
rics from 3D reconstructions of seven large benthic foraminifera
species (LBF) to study the correlation between the surface area,
the biovolume (unicellular volume of the specimen) and calcite
volume (volume of an empty shell) and calcite weight. Step 2:
We used droplet digital PCR on single specimens (single-cell) to
study the relationship between the number of mitochondrial gene
copies and the surface area, from which we calculated a genus-
specific correction factor. Step 3: We measured the proportional
surface area and relative abundance in the mock assemblages at
the genus level. Step 4: We applied the correction factors to the
number of reads from the mock assemblages to estimate the pro-
portional surface area and relative abundance. Step 5: We tested

Theoritical population dynamic turnover

31 specimens

; 0.19 mm3
5 specimens

0.20 mm3

|
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of reads
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to monitor coral reefs

FIGURE 1 Sediment metabarcoding of large benthic foraminifera (LBF) to quantitatively assess community composition for reef
monitoring: An overview of the study. From a sediment sample, we compare and relate the relative number of sequence reads from DNA
metabarcoding to morphological assessment (relative abundance and size), using a quantitative metabarcoding approach. The life cycle of
foraminifera and theoretical population dynamics turnover of LBF (here Neorotalia gaimardi), after Hallock and Reymond (2022), suggest
that the biovolume is likely better represented by the number of mitochondrial reads than the specimen counts, on which our hypothesis is

based.
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FIGURE 2 Summary of the method workflow performed in this study (steps 1 to é). Filled squares are methods and empty squares are

data.

the accuracy of the quantitative metabarcoding method by com-
paring the genus relative abundance, the proportional surface
area and the relative pre-corrected and post-corrected number of
reads obtained from the mock assemblages. Step 6: We assessed
the similarity between metabarcoding outputs of the mock and
bulk assemblages to see whether bulk samples provide compa-
rable results to the mock samples. The mock assemblages were
created with specimens picked from a subsample of the bulk sedi-
ment, morphologically identified (step 3), pooled and metabar-
coded (step 4). They served as mock communities to assess the
accuracy of the developed approach (step 5) and during compari-

sons with bulk assemblages (step 6).

2.1 | Sample collection

Coral rubble, algae and/or sand samples were collected in cotton
bags (18 x 32 cm) by scuba diving or snorkelling in the Spermonde
Archipelago (South Sulawesi, Indonesia) in 2012 and 2013 for
morphometrics measurements and in 2022 for calibration and

hypothesis testing (see Table S1 for sampling details). For the LBF
assemblage composition, we visited three islands (Pajenekang,
Badi and Lumulumu), at which samples (n=35) were collected
along a depth gradient from the reef flat to the base of the reef
slope. The coral rubble and algae were brushed to detach the fo-
raminiferal community from its substrate. The sand and brushed
material were split into two 8-mL falcon tubes (creating two sub-
samples). One subsample was used to morphologically assess the
community and do community DNA on the pooled specimens (re-
ferred to as “mock” samples throughout); the second subsample
was used for bulk-DNA analysis of unsieved sediment (referred
to as “bulk” samples throughout). Both mock and bulk samples
were used for metabarcoding. The samples were stored in etha-
nol 96% in a freezer until further steps. For the calibration and
the morphometric measurements, specimens from seven species
(Amphisorus SpL, Amphistegina lessonii, Baculogypsinoides spinosus,
Calcarina spengleri, Heterostegina depressa, Neorotalia gaimardi and
Operculina ammonoides) were selected and picked from separate
sediment samples (see Table S1 for sampling details). We chose
those seven species because (1) they represent the most important
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taxonomic groups; (2) they represent different morphologies; (3)
they have a smooth shell, which reduces the risk of co-amplification
of extracellular DNA and facilitates morphometric measurements;
and (4) they are the most abundant species in the study site. LBF
are an informal grouping in multiple higher classified groups. Our
species represent the porcelaneous Soritacea (Amphisorus) and
the lamellar perforate families Calcarinidae (Neorotalia, Calcarina,
Baculogypsinoides), Nummulitidae  (Operculina, Nummulites,
Heterostegina) and Amphisteginidae (Amphistegina). These repre-
sent a coin-shaped annular genus (Amphisorus), trochospiral taxa
(Elphidium, Neorotiala, Calcarina, Amphistegina), and planispiral coil-
ing (Operculina, Nummulites, Peneroplis). In total, these represent
about half of the genera reported from the Coral Triangle (see e.g.,
Renema (2018) and Férderer et al. (2018)). With those 11 genera,
we cover 10 of the 11 most abundant species in the Spermonde
Archipelago, based on previous studies (Girard, Estradivari,
et al., 2022; Renema, 2018). All species except H.depressa were
sampled in the Spermonde Archipelago. Because no fieldwork
in Indonesia was possible between March 2020 and June 2022,
H.depressa specimens were collected from the Indo-Pacific aquar-
ium at Burger's zoo (Arnhem, the Netherlands) in April 2022 and
kept alive until DNA extraction at MARUM (Bremen) to conduct

preliminary work.

2.2 | Morphometric measurements using micro-CT
scanning

All specimens (n=193) were scanned using a Micro X-ray com-
puted tomography scanner (Micro-CT) with a voxel resolution
of 1.7909-7.5853 um (mean=2.5um) at 80kV (Zeiss Xradia 520
Versa, Germany) at Naturalis Biodiversity Center, the Netherlands
(NBC) to quantify their volume. Using AVIZO Lite 3D software
(version 2020.3.1, ThermoFisher Scientific, Waltham, MA, United
States), we (1) took a screenshot of the reconstructed specimen
as if lying flat under a microscope (surface area), (2) selected the
shell by adjusting the contrast ratio (shell volume), (3) filled the
empty space inside the shell, (4) shrinked and expended the inner
volume to isolate the chambers (cell volume). Using ImageJ 1.53
(Wayne Rasband and contributors, National Institutes of Health,
United States of America; http://imagej.nih.gov/ij), we measured
the surface area of all specimens from the screenshot taken in
step 1. Relationships between surface area, shell volume (calcite
volume) and cell volume (biovolume) of the scanned specimens
were non-linear and therefore calculated using a power law. The
power law coefficients were determined from the linear regres-
sion of log-transformed variables. Additionally, the specimens of
Heterostegina depressa were used as a model organism to describe
the relationship between calcite volume and weight. Those speci-
mens were weighed on a water-based microbalance reaching a
precision of 0.001 mg (Sartorius GPC26-CW Precision Weigh Cell,
Germany). A linear model was used to describe the relationship
between calcite volume and weight.
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2.3 | Quantification of COIl gene copy number

All specimens (n=271; 33 Amphisorus SpL, 24 A.lessonii, 32
B.spinosus, 35 C.spengleri, 82 H.depressa, 30N.gaimardi and 35
O.ammonoides) were photographed using a microscope-mounted
camera (Leica Microsystems, Wetzlar, Germany) and their smooth
shell was brushed to remove extracellular DNA and other po-
tential organisms living on the shell before DNA extraction.
DNA was extracted from each specimen using the QlAamp DNA
Micro Kit Tissue, using a modified protocol to enhance DNA re-
trieval (QIAGEN GmbH, Hilden, Germany). The specimens were
transferred into individual 1.5mL tubes and let to dry for 5min
and then crushed using a sterile pestle. The samples were lysed
overnight into the AL buffer and carrier RNA to increase DNA
yield (volume of reagents following the manufacturer's recom-
mendation). The subsequent steps of the protocol were car-
ried out following the manufacturer's instruction. The number
of mitochondrial gene copies was quantified using the Droplet
Digital PCR system (ddPCR) with the EvaGreen assay (Bio-Rad
Laboratories, Inc.) using cytochrome c oxidase subunit 1 (COI)
marker specific to Foraminifera (forward primer Foram_COI_fwd1
5-GWGGWGTTAATGCTGGTYGAAC-3"; reverse primer Foram_
COl_rev 5-RWRCTTCWGGATGWCTAAGARATC-3”) (Macher,
Wideman, etal.,2021). With the precautions and protocol followed
before DNA extraction and the choice of primers, we consider it
unlikely that the number of COIl gene copies measured during the
ddPCR experiment was resulting from the co-amplification from
extracellular DNA, smaller foraminifera, squatter or other eukary-
otes (Girard, Macher, et al., 2022), and instead is reflecting the
specimen's gene copy numbers.

The ddPCR reaction mix (22 pL) consisted of 11 pL of QX200™
ddPCR™ EvaGreen Supermix (Bio-Rad Laboratories, Inc.), 1uL of
each primer (10 uM), 7 uL of RNase and DNase free-water and 2 pL
of DNA template diluted 1:100, with the exception of a few sam-
ples that required a 1:10 dilution to amplify. The QX200 Droplet
Generator (Bio-Rad Laboratories, Inc.) was used to partition 20 uL
of the PCR reaction mix into droplets and samples were further
amplified using a T100 Touch thermal cycler (Bio-Rad Laboratories,
Inc.). Initial denaturation was performed at 95°C for 5min, fol-
lowed by 40cycles at 95°C for 30s and at 54°C for 1min, then
a signal stabilization at 4°C for 5min and at 90°C for 5min and
finally an infinite hold at 4°C. After amplification, droplets were
analysed using the QX200 Droplet Reader (Bio-Rad Laboratories,
Inc.). Threshold values for positive droplets were determined using
the QuantaSoftsoftware (version 1.7; Bio-Rad Laboratories, Inc.).
The threshold for a positive signal was set based on a sample that
showed good band separation, and droplets above that threshold
were counted as positive events. For low DNA concentrations,
count estimates for each sample were compared to the maximum
confidence interval (95%) of the negative controls to determine if
they were statistically different from zero. We judged technical
replications not necessary after testing the variability between 3
replicates for 7 specimens (see Table S2). The range of deviation
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between the replicates depended on the gene copy densities. For
high numbers of gene copies (10°-107), deviation between repli-
cates was low (<10%); for specimens with very low numbers of
gene copies (10°), the variability was much higher (>25%). Since
the number of gene copies between replicates was within the
same order of magnitude (10%), we considered that we reached
satisfactory biological replication through the elevated number of

samples processed in our work (n=271).

2.4 | Morphological assessment of the mock
samples

For the community morphological assessment of the mock samples,
the sediment material was randomly spread on a petri dish. Under
a stereo microscope, the petri dish was searched section by sec-
tion and all LBF seen were picked out. For samples enriched in LBF,
a maximum of 150 specimens were picked. This protocol was fol-
lowed to mimic traditional methods for morphological assessment
of living LBF assemblages. To isolate the living community from the
sediment samples, only LBF that showed coloured endosymbionts
were selected, which indicated that they were living at the time of
sample collection. The specimens were morphologically identified
based on the description from Macher, Prazeres, et al. (2021) and
Renema (2018). However, many specimens could only be identified
with certainty to the genus level, especially in the calcarinid, soritid
and peneroplid groups. Photos grouping all specimens of a genus per
sample were taken. Finally, all the specimens from a sample were
pooled together for DNA extraction. The pooled specimens were
not brushed before DNA extraction and it is therefore likely that

smaller foraminifera and extracellular DNA co-amplified.

2.5 | DNA extraction and library preparation of
mock and bulk samples

DNA extraction of the mock and bulk samples was performed using
the NucleoSpin® Soil (Macherey-Nagel, Germany), using a modified
protocol to enhance DNA retrieval. To improve the lysis, the samples
were first dried overnight and crushed with a clean porcelain mortar
and pestle. The powder resulting from the mock specimen pool was
extracted at once. The powder from each bulk sample was divided
equally in triplicates (A, B, C), using all or up to 500 mg of material
per replicate (maximum material weight according to the extraction
protocol). To enhance the digestion of eukaryotic cell walls, we per-
formed a chemical lysis step originally not included in the manufac-
turer protocol, in which only a mechanical lysis is the default. For this
extra step, we added 50 L of Proteinase-K before the bead-beating
step and incubated the samples at 37°C overnight in a thermomix
after the bead-beating step. We followed the rest of the protocol as
stated by the manufacturer. Since the mock samples were extracted
only once, amplification in triplicates was performed on those sam-
ples (A, B, C) (Figure 2). We performed library preparation for a
NovaSeq 6000 (Illumina, United States of America) sequencing run

using IDT10 tails and indexes (Integrated DNA Technologies, Inc.,
United States of America). The target region was the mitochondrial
COl as used for the gene copy quantification (see method section
above). The initial amplification and library preparation followed the
steps of Girard, Macher, et al. (2022), with an initial amplification
of 35cycles instead of 40 to reduce potential amplification biases.
The NovaSeq 6000 sequencing (250 paired-end reads) run was per-
formed at BaseClear B.V. (Leiden, the Netherlands).

2.6 | Molecular data processing

We treated the demultiplexed data (referred to as ‘raw data’) using the
VSEARCH-based software APSCALE (Advanced Pipeline for Simple
yet Comprehensive AnaLysEs) resulting in an exact sequence variant
(ESV) table (Buchner et al., 2022). During the treatment, the following
steps were performed with specific settings to the target marker (see
Table S3 for details on algorithms, versions and settings): (1) sequence
pairing and merging, (2) primer trimming, (3) sequence filtering based
in length, (4) dereplication, (5) denoising into ESVs, also known as am-
plicon sequence variants (Callahan et al., 2017), and (6) quality filtering
and chimaeras removal. Additional details on the programs, algorithms
and commands used at every step of the raw data processing up to
the ESV table are described in Buchner et al. (2022). Samples with
fewer than 1000 reads were disregarded. We checked the quality of
the ESV table by filtering out ESVs with less than 0.1% of the total read
number in that same sample (98.25% of reads retained), to correct for
cross-contamination and tag switching (Cock et al., 2023; Di Muri
et al., 2020). We assigned the ESVs to species level (at 99.4% ID) using
megaBLAST (Version 2.13.0) (Morgulis et al., 2008) against a cus-
tom mitochondrial reference database for LBF from the Spermonde
Archipelago region (identity threshold for ESV assignments and se-
quences were published by Girard, Macher, et al. (2022), see also
Table S4). Because we are only interested in known large benthic fo-
raminifera living in the Spermonde Archipelago (Girard, Estradivari,
et al., 2022; Renema, 2018), any sequences not classified to species
level or classified to other taxa than LBF were disregarded. This step
ensured the removal of non-target smaller foraminifera that (poten-
tially) co-amplified in the mock and bulk samples. Finally, we consid-
ered an ESV present in a sample only when it had been sequenced in at
least two of the three biological and technical replicates to reduce the
effect of index hopping (Costello et al., 2018; Farouni et al., 2020). To
test the method reliably, we decided to merge the data to genus level
for further analyses, because some specimens could not be taxonomi-

cally assigned to the species level with certainty.

2.7 | Comparing morphological and molecular data

We used the surface area as a variable indicative of foraminifera
biovolume. The surface area of foraminifera specimens, which were
used to quantify the number of mitochondrial gene copies, was meas-
ured using ImagelJ. To define taxon-specific calibration coefficients,
we determined the relationship between the number of gene copies

858017 SUOWILLOD BAEaID |l jdde aup Aq peuenob afe sajoie VO ‘8sn Jo SNl 10} ArIqiT8UIIUO /8|1 UO (SUORIPUOD-PUB-SWLBI W00 A8 |imAlelq 1 Bul|UO//SdNY) SLUORIPUOD Pue swie 1 8y} 885 *[1202/80/80] U0 Akeiqiauluo 48| ‘seikeiq) AisieAlun Lepe T A 000T '8660-GSLT/TTTT OT/I0p/Au0D A8 Arelq1jeuljuo;/sdny Wwoiy papeojumod ‘0 ‘8660S5.T



GIRARD ET AL.

(millions) and the surface area (mm?) for each species. We tested a

linear (Equation 1) and a logarithmic (Equation 2) model as follows:

Number of gene copies (millions) =

(1)

Gene copy density (miIIions/mmz) xsurface area (mmz)

log (Number of gene copies (millions)) = ax log(surface area (mm?)) + b
(2)

For the linear model (Equation 1), the gene copy density was
used for the model coefficient, which corresponds to the slope of
the linear regression applied to non-transformed values of the num-
ber of gene copies and the surface area. The intercept was forced
to zero, due to biological and physical limitations: a specimen with
a surface area of 0mm? can only have O million gene copies. For the
logarithmic model (Equation 2), the model coefficients a and b corre-
spond to the slope and intercept, respectively, of the linear regres-
sion applied to the logarithmic values of the number of gene copies
and the surface area. In this case, the intercept could not be forced
to zero since the logarithmic value of O is undefined, and the value
of zero can never be reached. To calculate robust model coefficients
(Gene copy density, a and b), we used bootstrapping, by subsampling
the dataset to 30 specimens per species with 999 permutations (for
species n>30). The mean of every coefficient was calculated. The
average coefficients were further used as genus-specific biological
correction factors applied to the number of sequence reads from the
mock samples to validate the approach (see formulas in Table S5).
We calibrated the mock data based on seven genera (see the method
section ‘Sample collection’ for details on the choice of those seven
genera). Four remaining genera (Elphidium, Nummulites, Peneroplis
and Sorites) had no calibration coefficient. For those, we applied
the calculated coefficients of the phylogenetically closest genus
in our dataset out of the seven analysed (for the genus Elphidium
we used the correction factors applied to the genus Calcarina; for
Nummulites we used Heterostegina; for Peneroplis and Sorites we
used Amphisorus). The equations to correct the number of reads for
each genus with the linear model (Equations 1 and 3) and the loga-

rithmic model (Equations 2 and 4) were applied as follows:

Precorrected number of reads

Linearly postcorrected number of reads =

Gene copy density
(3)
Logarithmically postcorrected number of reads =
exp< log (Precorrected number of reads)—b ) (4)
a

These results were compared to the proportional surface area
and relative abundance for each genus present in a mock sample.
The surface area was measured from group photos taken before
DNA extraction using ImagelJ. If a genus was absent from the mock
fraction assessed morphologically and yielded a small number of
reads, this number was assumed to come from remaining traces of
index hopping or co-amplification of extracellular DNA and the read
number was put to zero. For the comparisons, we used the relative
and proportional values for the four data types (genus abundance,
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surface area, pre- and post-corrected number of reads), which were

calculated as follows:

Genus value for a data type
sum of all values for a data type in that sample

(5)

Genus relative value for a data type =

2.8 | Statistical analysis

To decide which correction factors to use, we assessed the fit of
the linear and logarithmic models on the ddPCR data by calculating
the standard deviation of the mean after bootstrapping, the mean
of the standard error and the mean of p-value for every coefficient.
The rest of the statistical analyses was performed in comparisons
to the post-corrected number of reads from the best fitting model.
We compared the difference between the relative values of all
combinations of data types from the mock samples (obtained with
Equation 5) using pairwise t-tests to assess whether any of those
data type combinations are significantly different from each other.
For example, genus relative abundance values were tested against
genus pre- and post-corrected relative number of reads and genus
proportional surface area. Pairwise t-tests were performed in R,
using the function pairwise_t_test() (R package rstatix version 0.7.2
(Kassambara, 2021)) with the p-value adjusted method ‘bonferroni’.

We then assessed which of the two estimates derived from the
mock metabarcoding output (pre- and post-corrected number of
reads) were significantly more similar to the measured data types
(relative abundance and proportional surface area). This allowed us
to test whether the post-corrected relative number of reads pro-
vided better estimates of the genus relative abundance or the pro-
portional surface area compared to the pre-corrected values. To do
so, Euclidean distance matrices were calculated between all com-
binations of two data types. Means and variances of the calculated
matrices were compared in pairs with the Welch Two Sample t-test
and F-test performed in R, using the in-built functions t.test() and
var.test(). The smaller the mean distance and the lower the variance,
the more similar those two data types are to each other. If the null
hypothesis was rejected, the alternative hypothesis stated that the
value is significantly lower.

Furthermore, we verified for eventual biases, such as co-
amplification of extracellular DNA, between the mock (sorted)
and bulk (unsorted) samples to test whether manually sorted pools
of specimens are comparable to the bulk sediment. The aim was
to assess that replicates and metabarcoding outputs from mock
and bulk samples within a sampling site are more similar to each
other than between sampling sites. To do so, we compared the dif-
ference between the pre-corrected relative number of reads from
bulk and mock samples. Additionally, we performed a non-metric
multidimensional scaling plot (NMDS) and an Analysis of Similarity
(ANOSIM) with the grouping for sampling sites and sample types
(mock, bulk), using the functions metaMDS() with Bray-Curtis
distances and anosim() (R package vegan version 2.6-4 (Oksanen
et al., 2022)), respectively. An ANOSIM p-value <.01 signifies that
the groups compared are significantly different from each other,
and the correlation coefficient R near 1 signifies that the groups
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are spatially isolated in the ordination with little to no overlap
and R near O means that the communities are very similar. The
sum of the number of reads (uncorrected) at the genus level was
compared between all pairs of replicates using pairwise t-tests, to
assess whether any of the replicates were significantly different
from each other. The tests were performed following the same

function as stated above.

3 | RESULTS
3.1 | Morphometrics and calculated correction
factor in LBF

The relation of surface area (mm?) to biovolume (mm?) and calcite
volume (mm®) for the seven species was equally strong (Figure 3A,B).
The surface area to calcite volume ratio was significantly different
between most species, except for Amphisorus SpL, H.depressa and
O.ammonoides (Figure 3C). Additionally, the correlation between the
surface area, calcite volume and calcite weight was almost perfect
in H.depressa with R values>.96 and p-values<.001 (Figure 3D,E).

Those results showed that surface area is a strong proxy for biovol-
ume and calcite volume, and further used as is.

We observed that the density (to surface area) of COIl gene
copy number varies between species, with H.depressa having the
highest density at 5 million copies/mm? on average and N.gaimardi
and O.ammonoides the lowest at about 0.2 million copies/mm?
(Figure 4A). The fitted linear and logarithmic models show a posi-
tive relationship between the number of gene copies and the surface
area (Figure 4B), most of them being highly significant (mean p-
values <.01; Table 1). Compared to the logarithmic model, the linear
model resolved a larger proportion of the variation in COl gene copy
number by surface area (40%-70% vs. 25%-65%) in more species (5
vs. 3); hence, in the remainder of the analysis, we used the correction

factors based on the linear model (Table 1).
3.2 | Accuracy of the metabarcoding data for the
quantification of LBF relative abundance

The metabarcoding output (mock and bulk samples combined) to-
talled 532 ESVs (21,145,944 reads), of which 493 ESVs (92.7% of

(A) (B)
3.00

1,00+ T

s £
2 R=099,p<22e-16 3 g30] R=097,p<22e-16
2 0.10- R=092,p=13e-12 g R=0.97, p<2.2e-16
s R=097,p<22e-16 & R=0.97, p<22e-16
o R=095p=71e-15  § 0107 R=0.99, p <2.2e-16
R=0.99,p<22e-16 R=0.98, p <2.2e-16
R=0.93, p=5.6e-14 0.031 R=0.89, p=2.8e-11
0011 R=0.94,p=1e-13 R=0.94, p=19e-14
03 1.0 3.0 10.0 30.0 03 1.0 3.0 10.0 30.0

urrace area (mm urrace area (mm
(© Surf (mm?) Surf: (mm?2)
a b c d abe f

15

i e R

I

L

Surface area to
calcite volume ratio ~
)

Amphisorus SpL  A. lessonii

B. spinosus

C. spengleri

H. depressa N. gaimardi  O. ammonoides

(D) (E)
B = = - =230~
o £ 15 R=Tp<22e-16 2 15| R=096p=23e-16
S+ 10 @ = 10
<
82 os 5 05
2 o0t : : . _ 2 00 .
00 02 04 06 08 1 2 3 2 5

Calcite volume (mm?®)

Surface area (mm?)

FIGURE 3 Logarithmic relations surface area (mm?) to biovolume (mm?) (A) and calcite volume (mm?) (B) for the seven species. Note
that the values are not log-transformed, only the axes are displayed along a logarithmic scale. Surface area to calcite volume ratio (C) shows
that the test shape is distinct between the different species (significance displayed with letters). Linear relationship surface area (mm?) (D)
and the calcite volume (mm?) (E) to the calcite weight (mg) for the LBF species Heterostegina depressa. The R and p-values qualifying the
relationships are displayed in the facets A, B, D and E. Significance is evaluated at p-value<.01 in C.
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gene copies (and densities).

ESVs, 99.2% of reads) were assigned to phylum Foraminifera, and 28
ESVs (5.3% of ESVs) were assigned to LBF at the species level, rep-
resenting 84.4% of the total number of reads. Some differences ap-
peared between the mock and the bulk samples, for example, 90.5%
of the reads in the mock samples were assigned to LBF species con-
trary to 72.1% in the bulk samples (Table 2, see also results from
sample processing and quality control in Table S3). During the mor-
phological assessment, 11 genera were identified, all of which were
detected in the molecular mock samples data. The use of correction
factors, which accounted for the differences in gene copy density
between genera during the corrections of the number of reads from
the mock samples (Equations 3 and 4), did not significantly improve
the accuracy of the mock metabarcoding output in estimating the
proportional surface area taken by a genus (Welch Two Sample T-
test: p-value=.3315, F-test: p-value=.5196) (Figures 5 and 6a).
However, the corrections significantly improved the estimation of
relative genus abundance by reducing the distance between the
relative number of reads and the relative abundance within genera

and by increasing their correlation (Welch Two Sample T-test: p-
value=.0171, F-test: p-value=.0134) (Figures 5 and éb, Table S6).
Altogether, the four data types from the mock samples (pro-
portional surface area, relative abundance, relative pre- and
post-corrected number of reads) resulted in an almost identical
assemblage composition with strong similarities between values
of different data types at the same sampling site, which were sup-
ported by the low R value (ANOSIM, data types: p-value=.025 and
R=.019, Figure 6) (see also pairwise t-test results in Table S7). The
difference between the relative post-corrected number of reads and
the proportional surface area only superficially improved to +10%
on average; the difference between the proportion of relative post-
corrected number of reads and the relative abundance was reduced
to +5% on average (Figure 5). Despite the corrections, the propor-
tional surface area of the soritids Amphisorus and Sorites remained
generally underestimated, which is not the case for the relative
abundance. For the rare genus Baculogypsinoides, found only on the
mid-slope of Pajenekang, no improvements were observed.
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TABLE 1 Model coefficients (‘gene copy density’, ‘a’, ‘b’) calculated after bootstrapping (n=30). Linear model (Equation 1) and logarithmic

model (Equation 2).

Linear model (Equation 1)

Logarithmic model (Equation 2)

Mean gene Sd gene copy Mean Mean
Genus copy density density R? p- value
Amphisorus 0.372 0.039 .530 .000**
Amphistegina 0.659 NAT 157 .050*
Baculogypsinoides 1.231 0.222 .230 .007**
Calcarina 1.135 0.091 .592 .000**
Heterostegina 5.435 0.715 717 .000**
Neorotalia 0.203 NAT 428 .000**
Operculina 0.286 0.034 461 .000**

Note: Sd’ stands for standard deviation from the mean. See Table S5 for additi

Mean Mean
Mean a Sda Mean b Sdb R? p- value

0.924 0.082 -2.172 0.189 262 .005**

1.386 NAF -1.214  NA! .215 .022*
1.313 0.203  -1.120  0.145 197 .019*
0.949 0199  -0.187 0086  .154 .049*
1.184 0142  1.341 0131  .646 .000**
2.412 NAT -0.210  NA! 219 .009**
1.423 0112  -2.493 0225 475 .000**

onal information.

TNA, no standard deviation from the mean for A.lessonii (n=24) and N.gaimardi (n=30), because bootstrapping resampled the whole dataset for

those two species.
*Significance at p-value <.05. **High significance at p-value<.01.

Number of
Sample type ESVs (%)
Mock samples Total sequences after quality control 117 (100%)

Total foraminifera sequences (>75% ID) 113 (96.6%)

Foraminifera assigned to species level 30 (25.6%)

(>94.4% ID)

Species assigned to LBF 27 (23.1%)
Bulk samples Total sequences after quality control 495 (100%)

Total foraminifera sequences (>75% ID) 457 (92.3%)

Foraminifera assigned to species level 54 (10.9%)

(>94.4% ID)

Species assigned to LBF 26 (5.3%)
3.3 | Congruence of the metabarcoding outputs

between mock and bulk samples

The pre-corrected datasets of the mock and the bulk sam-
ples were very similar with no statistical difference based on
the ANOSIM results (sample types: p-value > .05 and R <.05)
(Figure 7a-c) and the replicates were not significantly dif-
ferent based on the pairwise t-test results (Table S8). The
analyses have shown that there was a statistically signifi-
cant difference between the sampling sites with an R value
above .5 (ANOSIM, sampling sites: p-value=.001 and R>.5)
(Figure 7a-c). In a few cases, we observed certain differences
in genus relative abundance based on the relative number
of reads, for example, Sorites was very abundant at shallow
depths by Pajenekang in the bulk sample but not as abundant
in the mock sample (Figure S1). Nevertheless, the genus rich-
ness was the same on average between the bulk and the mock

samples (Figure 7d).

TABLE 2 From quality-controlled

Proportion of dataset to working dataset.

reads (%)
100
99.9
90.6

90.5
100

97.5
77.3

721

4 | DISCUSSION

We tested the accuracy of quantitatively assessing large benthic fo-
raminifera (LBF) community composition from metabarcoding data
to extract proportional surface area, a good proxy for biovolume,
and the relative abundance in coral reef sediment from Indonesia.
We expected that the relative number of reads can estimate more
precisely the proportional surface area of LBF taxa rather than the
traditional relative abundance, because mitochondria are generally
more abundant in larger specimens and therefore correlated to size.
Contrary to our hypothesis, the corrections on the number of reads
significantly improved the estimations of relative abundance, by re-
ducing the difference between the measured and estimated relative
abundance to +5% on average, but only superficially reduced the dif-
ference between the measured and estimated proportional surface
area, with a remaining difference of +10% in abundant genera. In
most cases, the estimations for rare taxa and taxa in low abundance

did not improve with any of the corrections. Similar outcomes were
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FIGURE 5 Difference in proportions between the data types (relative pre-corrected and post-corrected reads) and the proportional
surface area and the relative abundance at the genus level (top: Relative number of reads minus proportional surface area; bottom: Relative
number of reads minus relative abundances). The grey-shaded region shows the +5% difference zone. The difference shows how far from
the morphological assessment the proportions per genus per sample are. Negative values indicate an underestimation of the proportion

by the number of reads and positive values indicate an overestimation. T-tests were performed to assess significance between the data
types (pre- and post-corrected number of reads); significance is indicated by one (p-value <.05), two (p-value <.01) or three asterisks (p-

value <.001).

described in other recent studies, where dominant species drove the
correlation between population size and number of reads (Martin
et al., 2022; Skelton et al., 2022). Accurately retrieving quantitative
information on species assemblage composition from a metabar-
coding dataset depends also on the complexity of the community
structure, in addition to inherent biological and technical biases (Bell
et al., 2019; Pifol et al., 2019). In other words, the more species the
less accurate the approach might be. This phenomenon is in accord-
ance with our data, because, in reef sediments, LBF assemblages are
often dominated by one to two species, whereas species richness
can reach more than 40 species across Indo-Pacific reefs (Férderer
et al., 2018). In light of these results, one could argue that raw num-
ber of reads, without corrections, is sufficient to roughly estimate
proportional biovolume and calcite volume, as the corrections did
not improve the results significantly, providing clear general trends.
The corrections were however essential to obtain accurate esti-
mates of relative abundance and to make molecular data comparable
to past research for which solely traditional counting methods were
used, with a conversion of counts to relative abundances.

Further on, similarly to morphological community assess-
ment, metabarcoding methods can also be prone to false posi-
tives and negatives. For instance, false positives can occur due to

tag-switching, cross-contamination and chimaeras in spite of all the
efforts during the experiments (Bell et al., 2019; Esling et al., 2015;
2016).
choosing inadequate primer sets (Krehenwinkel et al.,

Ficetola et al., Likewise, false negatives can occur by
2017; Pinol
et al., 2019), due to heterogeneity of samples before division or
PCR stochasticity. Those effects lead to discrepancies between
community composition of control samples (e.g., the mock sam-
ples) and environmental samples (e.g., the bulk samples). For that
reason, we used recently developed degenerate primers to target
the mitochondrial Leray region in all groups of Foraminifera (Girard,
Macher, et al., 2022; Macher et al., 2022), and primers with a level
of degeneracy that have been shown to reduce amplification bias
to some degree (Elbrecht & Leese, 2017; Krehenwinkel et al., 2017;
Marquina et al., 2019). Therefore, the small differences, sometimes
larger than others, observed between the mock and bulk samples in
our study, partly arose due to heterogeneous subsample division and
remaining biases inherent to the PCR process. The greater presence
of extracellular DNA present in bulk sediment samples, compared to
the mock samples, added a degree of variability and participated in
the differences observed between the bulk and the mock commu-
nities. Extracellular DNA comes partly from decomposing cells or
excretion from living cells (Nielsen et al., 2007), and its degradation
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rate is highly variable and depends on the environmental conditions
(Corinaldesi et al., 2008; Torti et al., 2015). The extracellular DNA
pool in marine sediments has been characterized by highly diverse
sequences of low abundance (Corinaldesi et al., 2008), which were
mostly filtered out during data processing and quality control steps.
The remaining reads associated with extracellular DNA probably
had little effect on the dataset when used for monitoring and LBF
community composition. However, it led to non-significant, small
differences in taxa richness and read abundances, as well as pro-
portionality. The presence and amplification of extracellular DNA
will have a greater impact and should be carefully considered when
accounting for rare taxa and smaller foraminifera.

We examined community composition at the genus level due to
unresolved morphological and molecular taxonomic understand-
ing in certain genera, especially for Calcarina, Peneroplis and Sorites
(Renema, 2010). Other recent studies used a quantitative approach
on different groups (e.g., plankton, diatoms, arthropods, fish lar-
vae, marine mammal) at the species (Ershova et al., 2023; Thomas
et al., 2016; Vasselon et al., 2018), family (Ratcliffe et al., 2021),
order (Krehenwinkel et al., 2017) or higher taxon level (Ershova
et al., 2023; Martin et al., 2022) despite several orders of magnitude
variation in gene copy numbers. Those studies resolved some tech-
nical and biological metabarcoding biases and stated that it generally
provided a more accurate assessment of taxa community compo-
sition for proportional biomass, biovolume, surface area and rela-
tive abundance, compared to uncorrected metabarcoding outputs.
Hence, corrections of the data allowed for a more comprehensive
interpretation of metabarcoding data with the use of quantitative

information to answer ecological questions, similarly to interpreta-
tions based on morphological (directly observed) datasets.

In foraminifera, with an adequate reference database, species-
level assessment of the community is possible with quantitative
metabarcoding, admitting the marker used resolves all species. The
nuclear SSU region (185 rRNA gene) is unique to foraminifera spe-
cies studied thus far with molecular techniques and has an exten-
sive reference database (Barrenechea Angeles et al., 2024; Guillou
et al., 2013; Pawlowski & Holzmann, 2014), with 4442 available
reference sequences in the PR2 database (https://app.pr2-datab
ase.org/pr2-database/). However, this marker includes hypervari-
able regions producing intra-specimen genetic variability with a
high number of replicates in the nuclear genome (Girard, Langerak,
et al., 2022; Weber & Pawlowski, 2014), which makes the use of
quantitative information from metabarcoding outputs difficult (but
see Weber and Pawlowski (2013)). On the contrary, the mitochon-
drial genome was recently amplified (Macher et al., 2023), and has
a very limited reference database (Girard, Langerak, et al., 2022;
Macher et al., 2022), with 209 sequences and 75 species (https://
www.ncbi.nlm.nih.gov/). The mitochondrial marker used in this
study (COl of the Leray region, after Macher, Wideman, et al. (2021))
is too conserved to resolve species in all foraminiferal groups, but a
longer or alternative region in the mitochondrial genome could offer
such resolution. It however offers the possibility to assess commu-
nities quantitatively similar to relative abundance, as shown in our
study. With the growing and affordable accessibility to sequencing
technologies in the last years, a multiple marker approach, for ex-
ample, by combining the nuclear SSU and the mitochondrial COI
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FIGURE 7 Comparison between the community composition obtained from the relative pre-corrected number of reads from bulk
samples (empty circles) and the mock samples (full circles) displayed in an NMDS at Badi (a), Lumu-lumu (b) and Pajenakang (c) islands.

The ANOSIM was performed on two levels: Grouping sampling sites (significantly different at all islands) and grouping sample types (not
significantly different at all islands). (d) The boxplots show the genus richness between the two sample types. The dot colours are associated
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markers would offer the fine-scale diversity of the assemblage and
the quantitative information. Assessing taxon-specific community
to species level is essential when monitoring single species known
to be bioindicators for pollutants or other marginal environmental
conditions (Dean, 2008; Frontalini et al., 2018; Girard, Estradivari,
et al., 2022; Jaanus et al., 2009).

Additionally, proportion estimations to proportional biovolume,
calcite volume and calcite weight in the sediment can be extrapolated
from the number of reads, since our results also demonstrated a very
strong correlation of those three metrics to surface area. Estimates
of absolute calcite volume and weight could be obtained using quan-
titative metabarcoding by measuring number of gene copies in envi-
ronmental samples on the ddPCR as well as weighing bulk and mock
samples for controls and with a sampling design with standardized
volume of collected sediment and surface area sampled. This high-
lights the application of the quantitative metabarcoding approach to
monitoring, among others, the budget of carbonate standing crops

on (sub)tropical carbonate shelves. For this purpose, the mitochon-
drial marker used in our study is suitable, as the taxonomic resolu-
tion in metabarcoding datasets does not need to reach species level.
In fact, some of the key variables to quantify carbonate production
in reefs are foraminiferal test shapes, census counts (for test density)
and turnover rates (life history) (Narayan et al., 2022). Test shapes
are very distinct between genera (Renema, 2018), the same reso-
lution at which our method was developed. On average LBF have
comparable carbonate production rates to corals, coraline algae and
macrobenthos (Hallock, 1981; Narayan et al., 2022). This raises the
question of how meaningful the information about foraminiferal car-
bonate standing crops, in addition to community composition, can
be as an indication of reef health, since both separately (i.e., foramin-
ifera and carbonate budgets) have been suggested as indicators for
coral growth and reef health (Girard, Estradivari, et al., 2022; Lange
et al., 2020; Narayan et al., 2022; Prazeres et al., 2020, and refer-
ences therein).
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By using single-cell quantitative PCR, Micro-CT scanning
and metabarcoding methods, we demonstrated that quantitative
information using the mitochondrial marker can be retrieved to
accurately estimate living LBF community composition, in terms
of relative abundance and proportional surface area (a proxy
for biovolume), from metabarcoding data. This quantitative ap-
proach allows for comparison of past morphological datasets
with future molecular ones. Our results also highlight the ap-
plication of our quantitative approach to support reef monitor-
ing operations by capturing fine-scale processes, such as depth
gradients, seasonal and anthropogenic impacts on communi-
ties, that require high throughput sampling treatment. With our
method, a census-based approach that requires a deeper tax-
onomic knowledge is not essential to assess LBF communities.
However, in regions where the foraminifera community is not
well known, combining molecular and morphological techniques
for quantifying community composition in foraminifera is still
recommended to improve the sequence reference database and

eventually add missing taxa.
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