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Mitochondrial Cytochrome Oxidase Subunit 1: A Promising Molecular Marker for Species Identification in Foraminifera
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Traditional morphological methods for species identification are highly time consuming, especially for small organisms, such as Foraminifera, a group of shell-building microbial eukaryotes. To analyze large amounts of samples more efficiently, species identification methods have extended to molecular tools in the last few decades. Although a wide range of phyla have good markers available, for Foraminifera only one hypervariable marker from the ribosomal region (18S) is widely used. Recently a new mitochondrial marker cytochrome oxidase subunit 1 (COI) has been sequenced. Here we investigate whether this marker has a higher potential for species identification compared to the ribosomal marker. We explore the genetic variability of both the 18S and COI markers in 22 benthic foraminiferal morphospecies (orders Miliolida and Rotaliida). Using single-cell DNA, the genetic variability within specimens (intra) and between specimens (inter) of each species was assessed using next-generation sequencing. Amplification success rate was twice as high for COI (151/200 specimens) than for 18S (73/200 specimens). The COI marker showed greatly decreased intra- and inter-specimen variability compared to 18S in six out of seven selected species. The 18S phylogenetic reconstruction fails to adequately cluster multiple species together in contrast to COI. Additionally, the COI marker helped recognize misclassified specimens difficult to morphologically identify to the species level. Integrative taxonomy, combining morphological and molecular characteristics, provides a robust picture of the foraminiferal species diversity. Finally, we suggest the use of a set of sequences (two or more) to describe species showing intra-genomic variability additionally to using multiple markers. Our findings highlight the potential of the newly discovered mitochondrial marker for molecular species identification and metabarcoding purposes.
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INTRODUCTION

The development of new molecular methods to identify and delimit species as well as to assess community composition, species richness in biodiversity and ecology studies has greatly accelerated in recent years (Hebert et al., 2003; Amaral-Zettler et al., 2009; Pawlowski et al., 2016; Wangensteen and Turon, 2017; van der Loos and Nijland, 2021). Metabarcoding methods based on high-throughput sequencing enable the identification of a wide range for organisms, especially using mitochondrial markers (Wangensteen and Turon, 2017). Most phyla in different Kingdoms have well defined markers such as the mitochondrial cytochrome oxidase subunit 1 (COI), but this gene has only recently been identified in Foraminifera (Macher et al., 2021b).

Foraminifera are unicellular protists living in aquatic environments, mostly known from marine ecosystems. Additionally to being important carbonate producers, these small organisms are good proxies, for (paleo)climatic changes (Billups and Schrag, 2003; Pawłowska et al., 2020), biochronology (Capotondi et al., 1999; Ueno et al., 2019) and coral reef ecosystem health (Hallock et al., 2003; Oliver et al., 2014; Girard et al., 2022). However, little is known at the whole genome level of Foraminifera. Molecular markers from the ribosomal small-subunit (18S SSU rRNA) and internal transcribed spacer (ITS) regions of the genome have been used to identify known foraminiferal morphospecies and cryptic species (Pawlowski et al., 1994; Morard et al., 2015; Borrelli et al., 2018; Macher et al., 2021a). Nonetheless, some Foraminifera are known to show high levels of genomic polymorphism (Morard et al., 2015), potentially due to the presence of several nuclei per cell (Weber and Pawlowski, 2014). Other taxa show too little variability between species, for example only one single nucleotide polymorphism (SNP) was reported between two Amphisorus species in the ITS gene (Macher et al., 2021a). This makes species identification based on 18S rRNA and ITS markers challenging (Morard et al., 2016; Macher et al., 2021a).

Established molecular barcoding methods commonly use a single marker to characterize species (Hebert et al., 2003). Shorter markers (fragment length < 600 bp) have been proven sufficient to differentiate between species in a wide range of organisms (Meusnier et al., 2008; Leray et al., 2013; Yeo et al., 2020). Many studies also show the importance of combining different markers to get a robust species identification and to better understand evolutionary traits and relationships within and between species (Purty and Chatterjee, 2016; Zhao et al., 2016). Macher et al. (2021b) recently discovered the first mitochondrial COI gene in Foraminifera. COI is a molecular marker commonly used in molecular research on animals (Hebert et al., 2003) and has been shown to be informative on other protists (Nassonova et al., 2010; Pawlowski et al., 2012; Burki et al., 2021). There are many advantages of using a coding region such as COI in addition to a non-coding region such as 18S. This includes less variability in total length, and the use of entropy-ratio metrics based on the variability per codon position (Antich et al., 2021), or the detection of stop codons, to help in distinguishing functional sequences from non-functional pseudogenes and sequencing errors (Andújar et al., 2021).

Here we evaluate the effectiveness of the COI marker for species identification and delimitation of Foraminifera by metabarcoding and compare it with the commonly used nuclear 18S marker. We explore the genetic variability of the 18S and COI markers in 22 large benthic foraminiferal morphospecies from the orders Rotaliida and Miliolida. Using foraminiferal single-cell DNA metabarcoding, we assessed the genetic variability within specimens (intra) and between specimens (inter) of a same species using amplicon sequence variants (ASVs).



MATERIALS AND METHODS


Sampling and Sample Preparation

Samples were collected on the reef flat, the reef slope, and at the reef base from nine islands in the Spermonde Archipelago (Southwest Sulawesi, Indonesia) (Supplementary Table 1). The sampling took place between April 23rd and May 8th 2018. A subset of the samples was preserved in 96% ethanol and transported back to the Naturalis Biodiversity Center (NBC), Netherlands. The ethanol-preserved specimens were stored at −20°C at NBC until DNA extraction. One additional sample was taken from the Indo-Pacific coral reef aquarium in Burger’s Zoo in Arnhem (Netherlands) on March 18th 2021 (Supplementary Table 1). Foraminifera from this sample were kept alive in a 9-L aquarium in the NBC laboratory until DNA extraction. Before DNA extraction, all specimens were separated in individual eppendorf 1.5 mL tubes. The specimens were classified to morphospecies level based on the description from Renema (2018) and Macher et al. (2021a), photographed and cleaned in 70% ethanol with a brush and a needle to remove as much non-foraminiferal material as possible using a stereomicroscope. In total, we selected 200 foraminiferal specimens from two orders (Miliolida and Rotaliida), six families (Alveolinidae, Amphisteginidae, Calcarinidae, Peneroplidae and Soritidae) and 22 morphospecies (Alveolinella quoyi, Amphisorus SpL, A. SpS, Amphistegina lessonii, A. papillosa, A. radiata, Borelis schlumbergeri, Calcarina sp1, C. hispida, Heterostegina depressa, Marginopora vertebralis, Neorotalia calcar, N. gaimardi, Nummulites venosus, Operculina ammonoides, O. complanata, O. LKI27 type, Operculinella cumingii, Parasorites sp., Peneroplis planatus and Sorites sp.).



DNA Extraction and Amplification

Destructive and non-destructive DNA extraction methods were performed on the selected foraminiferal specimens (see Supplementary Table 1). After crushing 117 specimens using either tweezers or a mortar and pestle (destructive), we performed single-cell DNA extractions using the QIAamp DNA Micro Kit Tissue (QIAGEN, Hilden, Germany). To preserve morphological features of an additional 83 specimens (non-destructive), we performed the guanidinium isothiocyanate (GITC*) extraction method as in Weiner et al. (2016). DNA was eluted with 50 μL of Milli-Q water. Aliquots of DNA templates were further diluted 10 times before amplification.

Amplifications of targeted COI (Leray region) and 18S (37-41f fragment of the V4 region) markers were performed with foraminiferal specific primers (Table 1). The primers were complemented with a Nextera XT tail (Illumina, Inc.) in order to label each sample with a unique barcode. Amplifications were performed by polymerase-chain reaction (PCR) using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, United States). For amplification of the 18S marker, two different reactions (i.e., TaqMan Environmental Master Mix 2.0 and KAPA HiFi HotStart ReadyMix) and their associated PCR program were tested to maximize amplification success. The reactions go as follows: 5 μL of diluted 10x DNA template was mixed to 3 μL Milli-Q water, 10 μL TaqMan Environmental Master Mix 2.0 (Thermo Fisher Scientific, Waltham, MA, United States) or KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland), 1 μL forward primer 10 μM and 1 μL reversed primer 10 μM for a total volume of 20 μL. The PCR1 program for the Environmental Master Mix was 10 min at 95°C, followed by 35 cycles of 15 s at 95°C, 30 s at 50°C, 40 s at 72°C, followed by 5 min at 72°C. The program for KAPA Mix was 10 min at 95°C, followed by 35 cycles of 45 s at 95°C, 60 s at 57°C, 90 s at 72°C, followed by 5 min at 72°C. See Supplementary Table 1 on which amplification method was used for each specimen.


TABLE 1. Primer sets used for amplification of the targeted DNA regions COI and 18S.
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For amplification of the COI marker, the protocol was improved from Macher et al. (2021b). 2.5 μL of diluted 10x DNA template was mixed to 11.7 μL Milli-Q water, 2 μL PCR buffer CL 10X (Qiagen), 0.4 μL MgCl2 25 mM, 0.8 μL BSA 10 mg/mL, 0.4 μL dNTP 25 mM, 0.2 μL Taq-polymerase (Qiagen) 5 U/μL, 1 μL forward primer 10 μM and 1 μL reverse primer 10 μM for a total volume of 20 μL. The PCR1 program was 3 min at 96°C, followed by 40 cycles of 15 s at 96°C, 30 s at 50°C, 40 s at 72°C, followed by 5 min at 72°C. A blank was performed with Milli-Q water instead of DNA template for each PCR run to check for potential (cross-)contamination. The quality of the amplification and DNA fragment size were confirmed on an agarose gel electrophoresis [1% agarose in 0.5x TBE buffer with 0.1% SyBr safe DNA gel stain and 1KB plus ladder (Invitrogen, Carlsbad, CA, United States)].



Library Preparation and Sequencing

DNA fragments of successfully amplified specimens were cleaned with NucleoMag NGS-Beads (bead volume at 0.9 times the total volume of the sample, Macherey Nagel, Düren, Germany) using the VP 407AM-N 96 Pin Magnetic Bead Extractor stamp (V&P Scientific, San Diego, CA, United States). Hereafter, the samples were labeled with the MiSeq Nextera XT DNA library preparation kit (Illumina, San Diego, CA, United States). For 18S, 3 μL of cleaned DNA product was mixed to 5 μL Milli-Q water, 10 μL Environmental or KAPA Master Mix, 1 μL NXT_S label and 1 μL NXT_N label for a total volume of 20 μL. The PCR2 program for the Environmental Master Mix was 10 min at 95°C, followed by 8 cycles of 30 s at 95°C, 1 min at 55°C, 30 s at 72°C, followed by 7 min at 72°C. The program for KAPA Mix was 3 min at 95°C, followed by 8 cycles of 20 s at 98°C, 30 s at 55°C, 30 s at 72°C, followed by 5 min at 72°C. For COI, the same reaction was used as for the first amplification, using specific NXT_S and NXT_N labeled primers. The PCR2 program was 3 min at 96°C, followed by 8 cycles of 15 s at 96°C, 30 s at 55°C, 40 s at 72°C, followed by 5 min at 72°C. A blank was performed with Milli-Q water instead of DNA template for each PCR run to check for (cross-)contamination. All blanks were negative. The samples were analyzed with the Agilent 5300 Fragment analyzer with the DNF-910-33 dsDNA Reagent Kit (35–1,500 bp) protocol (Agilent Technologies, Santa Clara, CA, United States) to confirm successful labeling of the DNA fragments. Separately for both markers, the samples were pooled together with QIAgility (Qiagen, Hilden, Germany). The end-pools were cleaned afterward with NucleoMag NGS-Beads, eluted in Milli-Q and DNA concentration measured using Tapestation 4150 (Kit HSD 5000, Agilent Technologies, Santa Clara, CA, United States). The sequencing was performed in two runs (one for each marker) on an Illumina MiSeq V3 PE300 platform (pair-end sequencing 2 × 300 bp) at BaseClear B.V. (Leiden, Netherlands).



Data Quality Filtering

Raw reads from the sequencing runs were merged using FLASH algorithm (settings minimum overlap = 50, maximum overlap = 300, mismatch ratio = 0.2) (Magoè and Salzberg, 2011). The primers were trimmed with cutadapt (minimum bases that need to match = 10, maximum allowed error rate = 0.2, minimum read length = 10) (Martin, 2011). Sequences that have base pairs with a quality score below 30 were filtered out in Usearch (function -fastq_truncqual 30) (Edgar and Flyvbjerg, 2015). We retained sequences within a specific fragment size range depending on the marker used (COI sequences = 300–330 bp, 18S sequences = 250–330 bp) using PRINSEQ (Schmieder and Edwards, 2011). The wide range allowed for 18S is the result of different mean fragment lengths between foraminiferal species. The denoising method UNOISE (settings alpha = 4.0, minimum abundance before clustering = 8) was used to cluster sequences into amplicon sequence variants (ASVs) (Edgar, 2016). From these clusters, an ASV table was produced. ASVs can be interpreted as gene copies present in a specimen. Samples for which less than 10% of the original (raw) reads were retained after bioinformatic processing and which did not exceed 1,000 reads in total were not further analyzed.

The ASV table was carefully screened and controlled in R (R Core Team, 2020). ASVs with a read count below 1.5% of the total sample read count were set to zero to reduce bias due to possible low-key cross-contamination and barcode switching during sequencing. This threshold was selected based on rarefaction curves (see method in section “Data Analysis”) (Supplementary Figure 1). ASVs that were at least present in two specimens of a genus (to account for blurry boundaries between morphospecies) were retained for the analysis in order to assess intra- and inter-specimen genetic variability. Additionally, ASVs that were present in only one specimen were retained (for intra-specimen variation analysis). ASVs from species with two or less specimens were also retained.



Data Analysis

To evaluate which threshold the ASVs should be filtered to, rarefaction curves were calculated with the vegan R package [function rarecurve()] (Oksanen et al., 2007). Sequence analysis was performed in Geneious Prime 2019.2.31. Sequences for each marker were aligned with the MAFFT v7.450 algorithm using default settings in Geneious (Katoh and Standley, 2013). Sequences that did not align properly [i.e., created important gap regions (>10 bp)] and did not give any BLAST2 results somewhat similar to the phylum Insecta, which is a common blast result for Foraminifera COI due to a lack of foraminiferal COI sequences in the reference database (Macher et al., 2021b), were removed from the analysis. Here, such sequences are referred to as “flagged” sequences. Gaps were masked from the alignment at a 50% threshold in Geneious. COI and 18S tree constructions were calculated in IQ-Tree (Trifinopoulos et al., 2016) using default settings with 1,000 iterations for bootstrap support. The trees were midpoint rooted and formatted in R. Additionally, species delimitation by automatic partitioning (ASAP3) (Puillandre et al., 2021) was performed to analyze whether the different ASVs clusters align with described morphospecies [settings: Kimura K80 (ts/tv = 2.0)]. ASAP was performed separately for the order Rotaliida and Miliolida, because the algorithm does not accurately delimit species in datasets with sequence clusters that are highly divergent, following Yule speciation model (Puillandre et al., 2021). From the ASAP clustering results, we applied Morard’s integrative molecular taxonomic system to screen for cryptic species in our dataset (Morard et al., 2016). In short, Morard’s system uses molecular operational taxonomic units (MOTUs) at three different levels by filtering for genetic gaps within species. From the morphospecies level, MOTUs level-1 were identified from a deep molecular gap (known as the “barcoding gap”), MOTUs level-2 identified from a shallow molecular gap and MOTUs level-3 represented by ASVs (the tips of the tree). To apply Morard’s system, we assume that specimens from the same morphospecies that share at least one ASV are considered to be the same MOTU level-2, even if they show different intra-specimen variability.

Additional comparative analyses were performed on taxa for which at least five specimens per analyzed marker were available. Barcoding gap analysis was performed using patristic distances (sum of branch length between two nodes in a tree) matrix calculated from a FastTree with default settings in Geneious (Fourment and Gibbs, 2006). Technical replicates from the same specimens and the same sequences were not compared, to avoid the bias toward low patristic distances. Because patristic distances form a bimodal distribution, two statistical tests that do not assume normal distribution of the data were performed. Levene’s test (Fox and Weisberg, 2018) and Fligner-Killeen test (Conover et al., 1981) for homogeneity of variances were used to assess whether the genetic variability between both markers is significantly different. These tests were computed in R using the “car” package [functions leveneTest() and fligner.test()] (Fox and Weisberg, 2018). The ASV table, aligned sequences and related R codes are available on GitHub (https://github.com/EBGirard/ForamCOIvs18S).




RESULTS

To assess intra- and inter-specimen genetic variability of the 18S and COI genes in Foraminifera, 200 specimens from the Spermonde Archipelago (Indonesia) and Burger’s Zoo (Netherlands) representing two orders, six families, 13 genera and 22 species were analyzed by single-cell metabarcoding (Figure 1). For a more in-depth comparison between the two markers, all species (n = 7) with at least five specimens successfully sequenced per marker were selected: four from the order Miliolida (Amphisorus SpL, Amphisorus SpS, Marginopora vertebralis, Parasorites sp.) and three from the order Rotaliida (Amphistegina radiata, Nummulites venosus, Operculina ammonoides). Results from the data treatment and quality filtering, more specifically the number of reads and sample analyzed, are found in Table 2.
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FIGURE 1. External view of the 22 species barcoded. Order Rotaliida: (A) Amphistegina papillosa. (B) A. radiata. (C) A. lessonii. (D) Nummulites venosus. (E) Calcarina hispida. (F) Calcarina sp1. (G) Neorotalia gaimardi. (H) N. calcar. (I) Heterostegina depressa. (J) Operculina ammonoides. (K) O. LKI27 type. (L) Operculina sp1. (M) O. complanata. (N) Operculinella cumingii. Order Miliolida: (O) Sorites sp. (P) Parasorites sp. (Q) Amphisorus SpS. (R) A. SpL. (S) Marginopora vertebralis. (T) Borelis schlumbergeri. (U) Alveolinella quoyi and (V) Peneroplis planatus. The scale bar is 1 mm unless indicated otherwise.



TABLE 2. Statistics on number of reads, samples and ASVs before and after quality filtering (see also Supplementary Table 4 for more information on the impact of the quality filtering on the number of reads per sample).

[image: Table 2]


Amplification and Sequencing Success

The amplification protocol for 18S was less successful than the newly developed protocol for COI. Out of 200 extracted foraminiferal specimens, 151 specimens (from 22 species) could be amplified with the COI protocol (75.5%), whereas only a total of 73 specimens (16 species) could be amplified combining the results from both 18S protocols (36.5%) (Table 2). For the specimens extracted with Micro kit (n = 117), 94 specimens were successfully sequenced with COI marker (80%), whereas 64 were successful with 18S marker (45%). For the specimens extracted with GITC* (n = 83), 56 specimens were successfully sequenced with COI marker (67%), whereas only 12 were successful with 18S marker (14%). Additionally, a higher number of samples was retained after data treatment and quality filtering for COI (176/177 samples) compared to 18S (94/120 samples) (Table 2).



Genetic Variability

After quality filtering of the ASVs, eight taxa had a single (unique) sequence assigned to COI (i.e., Amphisorus SpL, A. SpS, Amphistegina lessonii, A. papillosa, Calcarina sp1, Marginopora vertebralis, Operculinella cumingii, Parasorites sp.) and nine taxa had a set of two characteristic COI sequences present in almost all specimens (Table 3), with usually one ASV much more abundant than the other (i.e., Amphistegina radiata, Borelis schlumbergeri, Calcarina hispida, Neorotalia spp., Nummulites venosus, Operculina ammonoides, O. complanata and O. LKI27 type). Amphisorus SpL and A. SpS., although morphologically distinct, share the same ASV for the COI marker, but have a different ASV for the 18S marker. Peneroplis planatus has only one ASV in each specimen but a total of two ASVs within the species for the COI marker. Heterostegina depressa specimens have two ASVs each, however, both specimens do not share the same two ASVs.


TABLE 3. Species genetic variability, intra-specimen and inter-specimen.
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The variability of the 18S marker is greater in most species. It ranges from no ASVs shared between specimens in A. quoyi to 10 common, abundant ASVs in A. radiata (Table 3). Most specimens in a species do not share the same complete set of ASVs, but only few are in common. Besides the rotaliid taxon N. venosus, all other taxa for which we obtained both COI and 18S sequences have higher ratios of inter-specimen (between specimens) identical nucleotides and sequence pairwise identity in COI than in 18S (Table 3 and Figure 2). Genetic distance between ASVs were also compared between both markers at each level (intra- and inter-specimen) (Figure 2 and Figure 3). Both statistical tests (Levene and Fligner-Killeen) confirmed that inter-specimen genetic distances in COI are significantly smaller than in 18S for the seven compared species (Supplementary Table 2). The COI intra-specimen variability of A. radiata was much lower than for 18S, with seven specimens out of eight with only one (unique) ASV, and a single specimen with two ASVs (Table 3 and Figure 3).


[image: image]

FIGURE 2. Comparison of the intra- and inter-specimen genetic variability between COI and 18S markers based on patristic distances. The black circles represent the mean distance and the vertical black line the standard deviation from the mean. Statistical Levene’s test (triangles) and Fligner-Killeen test (squares) were performed for each species and each variability level (intra- or inter-specimen). Complete statistical results in Supplementary Table 2. Significant differences in variance between both markers are indicated with black-filled shapes, whereas not significant results are indicated with white-filled shapes. The absence of boxplot in a facet means that there is no genomic variation (where the total number of ASVs = 1).
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FIGURE 3. Overview of the number of ASVs in each specimen for 18S and COI markers.


Sequences creating an abnormal variability in the datasets were mostly filtered out by applying the 1.5% read count threshold. However, one additional ASV was flagged in the COI dataset and removed manually post processing (Supplementary Table 3). It had the desired fragment length, amplified with the right primers but created a 41-bp gap in the alignment with the other two ASVs (between the bases 180 and 220) in two specimens of the species C. hispida.



Phylogenetic Reconstruction and Species Delimitation

In both trees, rotaliid specimens cluster well together. With its decreased ASV number at the specimen and the species levels, the COI tree also has a decreased number of outlier sequences (Figure 4A). Indeed, the greater variability in 18S creates numerous inconsistencies in the phylogenetic reconstruction from N. venosus (specimens 3709, 3711 and 3712), from Parasorites sp. (specimen 3723) and from O. ammonoides (specimen 3725) (Figure 4B). The different morphospecies from the family Calcarinidae do not cluster as well in the 18S tree as in the COI. Miliolid specimens cluster very well in the COI tree, whereas the two alveolinid specimens have such a high variability in the 18S dataset that they do not cluster properly together nor with soritid specimens (Figure 4). Disregarding the high inter-specimen variability of certain species, both trees have similarities. For example, N. venosus is sister-group to O. complanata; Parasorites sp. is sister-group to Amphisorus spp. and to the clade formed by M. vertebralis and Sorites sp. Moreover, in both trees, N. venosus and A. quoyi are the two most variable species.
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FIGURE 4. Phylogenetic tree for COI marker (A) and 18S marker (B). Colored areas represent the different families (Amphisteginidae, pink; Calcarinidae, dark red; Nummulitidae, blue; Soritidae, yellow; Alveolinidae, orange; Peneroplidae, green). Each species is represented by a symbol and colored according to the Family. The tips of the trees are ASV sequences in each sample. Black dotted lines between the phylogeny and the tip mean that the ASV does not cluster properly according to the morphological classification. Bootstrap values below 75 are highlighted at respective nodes in bright red.


The ASAP algorithm performed better for delimiting morphospecies with the COI marker (p-value < 0.1) than with the 18S marker (p-value > 0.1) due to the lower variability of the mitochondrial DNA (Table 4). Nonetheless, the number of morphospecies was overestimated by the algorithm in both cases. The genetic distance threshold in Miliolida is smaller than in Rotaliida in both markers (Table 4). When applying Morard’s integrative molecular taxonomic system on the datasets, we observed that COI and 18S are generally congruent in the estimated numbers of MOTUs level-2 and level-1 (Table 5). Seven species show divergences that could be interpreted as multiple MOTUs level-2. More interestingly, A. quoyi and N. venosus have two and three clusters, respectively, that appear to align with the concept of MOTUs level-2 and level-1 defined by Morard et al. (2016) in both markers. There are some exceptions, for example, Calcarina sp1 and O. ammonoides have two clusters aligning with MOTUs level-2 in the 18S dataset, but not in the COI one. Overall, most species do not show barcoding gaps that would result in multiple MOTUs level-1 based on Morard’s system (Table 5).


TABLE 4. ASAP results performed separately on the orders Rotaliida and Miliolida representing best the dataset.
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TABLE 5. Morard’s integrative molecular taxonomic system results at each MOTUs level, for each species and each marker.
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DISCUSSION

Only one widely used molecular marker, the 18S rRNA, has a large reference database and is available for species identification in foraminifera (Ertan et al., 2004; Morard et al., 2015; Holzmann and Pawlowski, 2017; Borrelli et al., 2018). Additional nuclear markers have been studied, such as the ITS (Macher et al., 2021a), which is also often used for molecular analyses of protists in general (Thornhill et al., 2007; Pawlowski et al., 2016), the ribosomal large subunit (Pawlowski et al., 1994), actin (Flakowski, 2005), tubulin (Takishita et al., 2005) and multiple genes based on expressed sequence tags data (Sierra et al., 2013). Recently, Macher et al. (2021b) established a barcoding protocol for foraminiferal mitochondrial cytochrome c oxidase I (COI), based on Rotaliida and Miliolida sequences. Here, we use high-throughput sequencing to assess intra- and inter-specimen genetic variability of two foraminiferal molecular markers, in order to test the potential of the newly discovered COI compared to the widely used 18S.


Amplification Methodology

The low amplification success rate from the 18S maker, compared to the COI, might be linked to suboptimal amplification protocol, either from the ratio between DNA template and reagents, the type of reagents (i.e., mastermix choice) or inadequate amplification program. Nested or semi-nested PCRs have often been used to amplify ribosomal regions (e.g., Holzmann et al., 2003; Holzmann and Pawlowski, 2017; Morard et al., 2018) and might provide better amplification results. Since the COI marker amplified well and the targeted fragment for both markers was about the same size (up to 330 bp), the preservation of the samples in ethanol and the extraction protocol were likely not the issue.



High Molecular Diversity in Large Benthic Foraminifera

We performed metabarcoding with high sequencing depth on single specimens and found a high genetic variability in the foraminiferal taxa studied. Genetic variability differed between analyzed markers and species. Some species were well identified and showed low intra- and inter-specimen variability (e.g., M. vertebralis and Parasorites sp.), resulting in a single amplicon sequence variant (ASV) per species. Other species show a variability exceeding the commonly applied 97% operational taxonomic unit (OTU) threshold, with up to 59.8% of non-identical sites in N. venosus. Similar patterns were observed in the SSU rRNA of other benthic foraminifera (Pillet et al., 2012; Weber and Pawlowski, 2014) and amoebozoa protists like Ripella spp., overestimating the number of species because of intragenomic variability (Kudryavtsev and Gladkikh, 2017).

The genetic variability in both markers is highlighted by the species delimitation analysis that overestimated the number of species in our dataset for both markers (Thornhill et al., 2007). Highly variable sequences remaining in the dataset after quality filtering might be the result of non-functional pseudogenes encoded in the genome (Thornhill et al., 2007; Guillou et al., 2013; Graham et al., 2021). If not flagged, pseudogenes may participate in increasing the amount of intra-genomic variation (Schultz and Hebert, 2021), especially in markers with non-coding regions such as 18S. The observed intra-genomic variation in single specimens may also be caused by the presence of multiple nuclei within the cell (Zhao et al., 2019), a high number of gene copies in the genome (Kudryavtsev and Gladkikh, 2017; Milivojević et al., 2021), or hybridization events (Pillet et al., 2012). Indeed, foraminifera can reproduce by multiple fission, which results in specimens at a multinucleate agamont stage (Bé and Anderson, 1976; Lee et al., 1979; Parfrey and Katz, 2010; Milivojević et al., 2021). The presence of high intra-genomic variability in some of the studied species may also be the results of cryptic speciation. Cryptic species in benthic and planktonic foraminifera have been identified multiple times (e.g., Pawlowski and Holzmann, 2002, 2009; Majewski et al., 2015; Morard et al., 2016). Morard et al. (2016) developed an integrative molecular taxonomic system for community metabarcoding in order to identify biological species and cryptic diversity in planktonic foraminifera. We tried to apply Morard’s system to our datasets even though our experimental design did not correspond to an eDNA sequencing output. The two species showing the most inter-specimen variability in both markers, A. quoyi and N. venosus, also clustered in what could be interpreted as multiple MOTUs level-1 according to Morard’s system (Morard et al., 2016). We refrain from interpreting these levels of genetic variability until more data on variability within species and between populations is available.

Another hypothesis is the possible horizontal gene transfer that should not be disregarded, since about 1% in the protist genome can be inherited from horizontal gene transfer processes (Van Etten and Bhattacharya, 2020). Specific groups of foraminifera commonly live in symbiosis with prokaryotes and eukaryotes, e.g., the so-called large benthic foraminifera that obligatory house micro-algal symbionts (Prazeres and Renema, 2019 and references therein) and other groups that thrive in anaerobic conditions (Orsi et al., 2020) that might be the result of such a biological process (Keeling and Palmer, 2008). Species that have closely related ASVs to other unrelated taxa, e.g., N. venosus and A. quoyi, might also be the result of possible horizontal gene transfer during close cohabitation in densely packed communities. However, this phenomenon has not yet been observed in foraminifera (Pillet and Pawlowski, 2013). Cross-contamination is also a possibility, but precautions were strictly applied during laboratory work and appropriate data filtering was performed.

Our results show that 14 out of 22 taxa consistently had two or more mitochondrial ASVs associated with a single specimen. The number of ASVs for the ribosomal gene in a single specimen can be very high, for example, up to 10 ribosomal ASVs are equally abundant and shared between two or more A. radiata specimens. This highlights the need to rethink the method of a “single sequence” for species identification and delimitation. The extreme intragenomic variability observed in the foraminiferal 18S marker is not a unique phenomenon. It has been observed in marine ciliates (Zhao et al., 2019), ichthyosporeans (Lohr et al., 2010) and radiolarians (Decelle et al., 2014). Zhao et al. (2019) suggests the use of a 97% similarity cutoff to delimit marine ciliate OTUs aiming to remove the intragenomic polymorphism. We rather suggest the use of a set of sequences based on ASVs or approaches like ZOTUs (Edgar, 2016) to identify species at the molecular level in addition to using a combination of different markers, with two or more ASVs per marker. This proposition is even more worthwhile for markers that have a hypervariable component, such as 18S in Foraminifera. How using sets of sequences can be applied to metabarcoding and bulk sample analysis is a question that will need further targeted mock community analyses.



Effectiveness of Cytochrome Oxidase Subunit 1 vs. 18S Marker in Species Identification

The COI and 18S datasets enabled us to identify specimens that are slightly morphologically different, but were misclassified during the morphospecies classification step (i.e., Calcarina sp1, N. calcar and B. schlumbergeri) (see Figure 1). Specimens from these three species had different mitochondrial and ribosomal sets of ASVs compared to their closely related taxon, which alerted us of their possible misclassification. It was clear from the COI dataset due to the decreased number of ASVs and genomic variability. The calcarinid 18S dataset blurred the molecular differences between species, but working with a set of ASVs instead of a single sequence has proven itself worthy to distinguish the misclassified species. Based on the latter findings, the inter-specimen variability observed in H. depressa and P. planatus hints at possible undiscovered biological species within these groups. The variability in H. depressa might be linked to its geographical molecular diversity, because the specimens come from an aquarium zoo where the populations are heterogeneous (Janse et al., 2008). Additionally, the taxonomy and morphological traits of the genus Peneroplis is yet unresolved (Langer et al., 2009; Consorti et al., 2020). Additional mitochondrial genomic data can therefore provide key insights on where to look for characteristic morphological traits in difficult taxonomic groups (Macher et al., 2021a). On the contrary, some taxa show more morphological than mitochondrial molecular variations. This is indeed the case for Amphisorus spp. that share the same unique COI sequence, but are distinguishable with the 18S fragment we sequenced. This example highlights the need to use multiple markers for robust molecular species identification. Another example is the Operculina ammonoides group, where specimens were classified in three morphological categories (i.e., O. ammonoides, O. LKI27type, O. sp1). Environmental drivers, such as hydrodynamics energy and depth, likely influenced the calcification pattern of their test, but the interaction between genetics and environmental pressures is still misunderstood (Pecheux, 1995; Oron et al., 2018).

Overall, for its decreased intragenomic variability and higher amplification success rate, the foraminiferal COI region is a great additional marker to combine with the 18S marker for molecular species identification. The same conclusion was obtained for ciliate protists (Zhao et al., 2016). The absence of several versions of this mitochondrial marker, indeed, renders its effectiveness over the ribosomal ones. The genetic code for the foraminiferal mitochondrion of the orders Miliolida and Rotaliida aligns well with translation Table 4 (Macher, personal communication), common in rhizarians (Wideman et al., 2020), but is yet unstudied in other foraminiferal groups. Since the COI marker was developed and tested mainly on Rotaliida and Miliolida specimens, complementary analyses on other foraminiferal groups, such as monothalamids, should be performed to confirm the potential of the COI marker on the whole phylum Foraminifera.



Beyond Species Identification

Metabarcoding methods have been used to identify foraminiferal community composition in water (Morard et al., 2018) and sediment samples (Frontalini et al., 2020; Li et al., 2020; Cavaliere et al., 2021). A recent study, however, unraveled extreme variations in the number of SSU rRNA gene copies in the genome of planktonic foraminifera (Milivojević et al., 2021). Additionally, metabarcoding results of the SSU rRNA do not always align well with morphospecies delimitation (Morard et al., 2016). With its multiple advantages (e.g., less intragenomic variability, consistent fragment length, higher potential for quality filtering) (Andújar et al., 2021; Antich et al., 2021), the mitochondrial marker is very promising for foraminiferal community metabarcoding. Together with previous studies, we call for cautions when using ribosomal markers in metabarcoding of protists as it likely leads to an exaggerated estimation of the number of species in environmental samples (Gribble and Anderson, 2007; Kudryavtsev and Gladkikh, 2017).

In light of our results, the foraminiferal COI set of sequences provides a great addition to the 18S reference sequence database for a more robust species identification at the molecular level. This newly discovered mitochondrial marker has great potential in molecular foraminiferal research that, we believe, will successfully support future metabarcoding projects toward environmental biomonitoring. Since this is a new marker, interpretation of metabarcoding data is still limited by the small number of available references.
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Morphospecies Marker Total number Highest Lowest intra- Total number Number of Inter- Inter-

of specimens number of specimen of ASVs ASVs shared specimen specimen
ASVsina percent of among all percent of percent of
specimen identical specimens identical pairwise
nucleotide nucleotide identity
Alveolinella quoyi COl 18 2 66.9 4 0 54.5 73.7
188 2 by 48.2 14 0 49.4 72.7
Amphisorus SpL COl 1 | NA 1 1 100.0 100.0
18S 15 3 61.3 11 1 49.9 72.2
Amphisorus SpS COl 10 1 NA 1 1 100.0 100.0
18S 6 1 NA 2 0 96.9 969
Amphistegina lessonii COl 2 il NA 1 1 100.0 100.0
Amphistegina papillosa COl 1 1 NA 1 NA NA NA
Amphistegina radiata COl 8 2 99.4 2 1 99.4 99.4
18S 5 19 721 51 2 71 812
Borelis schlumbergeri COl 1 2 99.4 2 NA NA NA
Calcarina sp1 COl 2 1 NA 1 1 100.0 100.0
18S 2 5 70 7 0 69.7 86.6
Calcarina hispida COl 1 2 99.1 2 1 99.1 99.1
18S 2 12 95.5 12 6 g5 985
Heterostegina depressa COl 10 2 99.1 4 0 98.5 99
Marginopora vertebralis COl 6 I NA 1 1 100.0 100.0
18S 5 6 50.6 10 2 48.7 71.6
Neorotalia calar COl 2 2 991 2 2 99.1 99.1
18S 1 12 81.8 12 NA NA NA
Neorotalia gaimardi COl 8 2 991 2 1 99.1 99:1
18S 2 13 761 21 5 75.8 94.7
Nummulites venosus COl 11 6 52.6 18 0 40.2 82.5
18S 8 11 49.6 36 0 45.4 rising
Operculina ammonoides COl 17 2 99.1 2 1 99.1 99.1
188 9 12 50.7 31 0 50.4 886
Operculina complanata COl 2 2 99.1 2 1 99.1 99.1
18S 1 9 67.8 9 NA NA NA
Operculina LKI27 type Ccal 1 2 99.1 2 NA NA NA
18S 1 14 96.9 14 NA NA NA
Operculina sp1 COl 1 2 99.1 2 NA NA NA
Operculinella cumingii COl 1 1 NA 1 NA NA NA
18S 1 6 99.1 6 NA NA NA
Parasorites sp. COl 10 1 NA 1 1 100.0 100.0
18S 6 5 54 9 1 521 3.7
Peneroplis planatus COl 6 1 NA 2 0 99.7 99.7
Sorites sp. COl 12 2 98.1 2 0 98.1 98.1
188 1 b NA 1 NA NA NA

Specimens with five or more specimens for both markers (marked in bold) were further analyzed for comparison between markers. See Figure 1 for morphological traits.





OPS/images/fmars-09-809659-t002.jpg
Total number of raw reads before quality

filtering

Total number of reads after quality filtering 4,032,685 reads
Total number of reads after applying 1.5%

cutoff

Total number of samples amplified and
sequenced

Total number of samples retained for
analysis

Total number of ASVs before selection
Total number of ASVs retained for
analysis

Total number of ASVs manually flagged
Total number of specimens

Total number of morphospecies

Total number of morphospecies with at
least five specimens

18S marker COIl marker

10,598,688 reads 11,072,460 reads

5,103,124 reads

3,494,557 reads 5,066,907 reads

120 samples 177 samples
94 samples 176 samples
1,383 ASVs 133 ASVs
237 ASVs 51 ASVs
0 ASV 1 ASV

67 specimens 150 specimens
16 morphospecies 22 morphospecies

7 morphospecies 13 morphospecies

The number of samples is higher than the number of specimens, because some
specimens were amplified more than once (replicates).
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Morphospecies Marker MOTUs level-3 MOTUs MOTUs

(ASVs) level-2 level-1
Alveolinella quoyi COl 2 2
18S 14 2 2
Amphisorus SpL COl 1 1 1
18S 11 1 1
Amphisorus SpS COl 1 1 1
18S 2 1 1
Amphistegina lessonii COl 1 1 1
Amphistegina papillosa COlI 1 1 1
Amphistegina radiata COl 2 1 1
18S 51 1 1
Borelis schlumbergeri COlI 2 1 1
Calcarina sp1 COl 1 1 1
18S 7 2 1
Calcarina hispida COlI 2 1 1
18S 12 1 1
Heterostegina depressa COlI 4 2 1
Marginopora vertebralis  COI 1 1 1
18S 10 1 1
Neorotalia calar COl 2 1 1
18S 12 1 1
Neorotalia gaimardi COlI 2 1 1
18S 21 1 1
Nummulites venosus COl 18 3 3
18S 36 3 3
Operculina ammonoides COIl 2 1 1
18S 31 2 2
Operculina complanata COlI 2 1 1
18S 9 1 1
Operculina LKI27 type COl 2 1 1
18S 14 1 1
Operculina sp1 COl 2 1 1
Operculinella cumingii COl 1 1 1
18S 6 1 1
Parasorites sp. COl 1 1 1
18S 9 1 1
Peneroplis planatus COl 2 2 1
Sorites sp. COlI 2 2 2
18S 1 1 1

Specimens with five or more specimens for both markers (marked in bold) were
further analyzed for comparison between markers.
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Marker Order # morpho- # species ASAP p-value Threshold
species based on score distance
ASAP
algorithm

COl Miliolida 8 10 6.00 0.0782  0.009411
Rotaliida e 20 7.00 0.0756  0.014101

188 Miliolida 6 30 15.00 0.3850  0.038994
Rotaliida gr* 27 15.00 0.5980  0.050352

*Operculina sp1, O. LKI27 type and O. ammonoides are considered as the
Operculina ammonoides-group species since they have the same ASVs in COI.

**Operculina LKI27 type and O. ammonoides are considered as the Operculina
ammonoides-group species since they have very little variation between

the species in 18S.
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Marker Primer name
18S-F s143
185-R s17
COI-F Foram_COI_fwd1
COI-R Foram_COl_rev

F, forward primer; R, reverse primer.

Primer sequence (5'-3')

ACGCAMGTGTGAAACTTG
CGGTCACGTTCGTTGC
GWGGWGTTAATGCTGGTYGAAC
RWRCTTCWGGATGWCTAAGARATC

Expected read length

250-330 bp

300-330 bp
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