

[image: image1]
Species Delimitation of Hexacorallia and Octocorallia Around Iceland Using Nuclear and Mitochondrial DNA and Proteome Fingerprinting












	 
	ORIGINAL RESEARCH
published: 10 March 2022
doi: 10.3389/fmars.2022.838201





[image: image]

Species Delimitation of Hexacorallia and Octocorallia Around Iceland Using Nuclear and Mitochondrial DNA and Proteome Fingerprinting

Severin A. Korfhage1*, Sven Rossel2, Saskia Brix3, Catherine S. McFadden4, Steinunn Hilma Ólafsdóttir5 and Pedro Martínez Arbizu1,2

1Marine Biodiversity Research, Institute for Biology and Environmental Sciences, Carl von Ossietzky University of Oldenburg, Oldenburg, Germany

2German Center for Marine Biodiversity Research (DZMB), Senckenberg Research Institute, Wilhelmshaven, Germany

3German Center for Marine Biodiversity Research (DZMB), Senckenberg Research Institute, Hamburg, Germany

4Department of Biology, Harvey Mudd College, Claremont, CA, United States

5Demersal Division, Marine and Freshwater Research Institute, Reykjavik, Iceland

Edited by:
Alexandra Anh-Thu Weber, Swiss Federal Institute of Aquatic Science and Technology, Switzerland

Reviewed by:
Ingo Burghardt, Australian Museum, Australia
Didier Aurelle, Aix-Marseille Université, France

*Correspondence: Severin A. Korfhage, severin.korfhage@uni-oldenburg.de

Specialty section: This article was submitted to Deep-Sea Environments and Ecology, a section of the journal Frontiers in Marine Science

Received: 17 December 2021
Accepted: 15 February 2022
Published: 10 March 2022

Citation: Korfhage SA, Rossel S, Brix S, McFadden CS, Ólafsdóttir SH and Martínez Arbizu P (2022) Species Delimitation of Hexacorallia and Octocorallia Around Iceland Using Nuclear and Mitochondrial DNA and Proteome Fingerprinting. Front. Mar. Sci. 9:838201. doi: 10.3389/fmars.2022.838201

Cold-water corals build up reef structures or coral gardens and play an important role for many organisms in the deep sea. Climate change, deep-sea mining, and bottom trawling are severely compromising these ecosystems, making it all the more important to document the diversity, distribution, and impacts on corals. This goes hand in hand with species identification, which is morphologically and genetically challenging for Hexa- and Octocorallia. Morphological variation and slowly evolving molecular markers both contribute to the difficulty of species identification. In this study, a fast and cheap species delimitation tool for Octocorallia and Scleractinia, an order of the Hexacorallia, of the Northeast Atlantic was tested based on 49 specimens. Two nuclear markers (ITS2 and 28S rDNA) and two mitochondrial markers (COI and mtMutS) were sequenced. The sequences formed the basis of a reference library for comparison to the results of species delimitation based on proteomic fingerprinting using MALDI-TOF MS. The genetic methods were able to distinguish 17 of 18 presumed species. Due to a lack of replicates, using proteome fingerprinting only 7 species were distinguishable. Species that could not be distinguished from one another still achieved good signals of spectra but were not represented by enough specimens for comparison. Therefore, it is predicted that with an extensive reference library of proteome spectra for Scleractinia and Octocorallia, MALDI-TOF MS may provide a rapid and cost-effective alternative for species discrimination in corals.
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INTRODUCTION

Octocorallia and Scleractinia of the subclass Hexacorallia are two of the major groups of cnidarians with continuous or discontinuous calcium carbonate or horn-like skeletons that are commonly known as corals. In addition to Octocorallia and Scleractinia, the hexacorallian orders Antipatharia and Zoantharia, and the Hydrozoa families Stylasteridae, Milleporidae, and Hydractiniidae also include skeletonized, colonial corals (Cairns, 2007). Members of Scleractinia precipitate a solid calcareous skeleton with external soft tissue. Cup-like calyces are secreted by the epidermal cells at the base of the polyps and are subdivided by calcareous septa into which the polyp can retract for protection (Daly et al., 2007). The order Scleractinia encompasses approximately 1,300 extant species (Cairns, 1999). Scleractinian classification has traditionally been based on morphological characters of the skeleton, including those that can be assessed in fossil genera (Wells, 1956; Daly et al., 2007). Molecular phylogenetic analyses have, however, revealed many of these characters to be homoplasies e.g., the presence of fenestrate septa and synapticulae in complex and robust corals (Fukami et al., 2008). Subsequent integrative taxonomic studies combining morphological and molecular data have identified new microskeletal characters that are congruent with molecular evidence, leading to widespread reinterpretation of species boundaries and recognition of cryptic taxa in many scleractinian genera e.g., (Keshavmurthy et al., 2013; Arrigoni et al., 2016a,b, 2020). The taxonomy of Octocorallia, a group encompassing approximately 3,500 extant species of soft corals, sea pens, and gorgonians, is even less well understood (McFadden et al., 2010). Octocorallia are defined by their eight pinnate tentacles and eight internal mesenteries. In contrast to Scleractinia, the polyps and soft tissues are relatively invariant in Octocorallia, and taxonomic classification has historically been based on the shape of colonies and the morphology of sclerites (microscopic calcareous skeletal elements) (Fabricius and Alderslade, 2001). As in Scleractinia, molecular studies have revealed widespread homoplasy of these characters, as well as many cryptic taxa (McFadden et al., 2006, 2010). Morphological characters congruent with the molecular data have been more difficult to identify in octocorals, however, with the result that some species can be distinguished by molecular characters alone (e.g., Pante et al., 2015; McFadden et al., 2017).

Despite the importance of molecular data for species identification in both Scleractinia and Octocorallia, species discrimination using traditional DNA barcoding genes such as COI (Hebert et al., 2003) has lagged behind other metazoan groups because of the relatively slow rate of evolution of mitochondrial genes in Anthozoa (Huang et al., 2008; Shearer and Coffroth, 2008; Bucklin et al., 2011). No “universal” barcoding gene has been identified for Scleractinia, and mitochondrial markers routinely fail to discriminate species reliably (Shearer and Coffroth, 2008). In Octocorallia, the mitochondrial protein-coding gene mtMutS, which occurs uniquely in the octocorallian mitochondrial genome, has been widely used for species discrimination, often in conjunction with COI or the nuclear 28S rDNA gene (McFadden et al., 2011, 2014). However, these markers, used separately or in combination, do not discriminate all octocoral species reliably (Baco and Cairns, 2012; McFadden et al., 2014; Pante et al., 2015; Quattrini et al., 2019). Reduced representation sequencing methods such as RADseq and target-enrichment of exons and ultraconserved elements show promise for species delimitation in both scleractinians and octocorals (Quattrini et al., 2019; Arrigoni et al., 2020; Quek and Huang, 2021), but remain expensive relative to Sanger sequencing of single-locus methods and especially of more suitable multilocus approaches.

Here, a new method of coral species discrimination is presented using a proteomic approach, the matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). This method analyzes the variability in composition of peptides and small proteins. In microorganisms it was shown to measure a variety of ribosomal proteins next to other, mainly intracellular peptides and smaller housekeeping proteins (Singhal et al., 2015). However, for application in metazoan species discrimination, so far, only few studies tried to assign analyzed masses to actual, known protein. For example, in a study on Drosophila species, due to size comparison with a database, a protein involved in the male reproductive system was identified as a candidate for one of the analyzed molecule masses (Feltens et al., 2010). However, most studies neglect looking into actual peptide- and protein identities and focus on the mere, discriminative power of the proteome fingerprint. Thus, only little is known about the direct effect of sequence variability on resulting mass spectra. Due to their size, molecules are prone to destruction by laser radiation. That is why during the preparation for MALDI-TOF MS measurements, the samples are mixed with an energy-absorbing organic compound called matrix. The solution dries on a target plate while the matrix and the enclosed sample co-crystallize. A laser beam evaporates the matrix absorbing large parts of the radiation, and individual analytes are protonated. The protonated ions are separated according to their mass-to-charge ratio (m/z) by accelerating these toward a detector through a time-of-flight tube. The m/z of an ion is measured by determining the time it takes the ion to travel the length of a flight tube. This results in a characteristic spectrum for the analytes in the sample (Singhal et al., 2015). MALDI-TOF MS is a widely used method in species discrimination for fungi (Patel, 2019), viruses (Calderaro et al., 2014), and bacteria (Yang et al., 2018). Successful species discrimination has also been shown for insects (Ulrich et al., 2017), fish (Mazzeo et al., 2008), crustaceans (Rossel and Martínez Arbizu, 2019; Paulus et al., 2021; Kürzel et al., 2022), and some cnidarians, such as Staurozoa (Holst et al., 2019).

In this study, we examine the coral assemblages around Iceland and compare the discrimination power of genetic and proteomic methods for species identification.



MATERIALS AND METHODS


Sampling

The specimens were collected by the ROV Kiel 6000 between 19th June and 27th July 2020 in Icelandic waters during the IceAGE 3 cruise SO276/MerMet17-6 (with RV SONNE) and by the ROV PHOCA during the IceAGE RR cruise MSM75 between 29th June and 8th August 2018 (RV MS MERIAN). Stations were located around Iceland, in the Norwegian Basin, the Norwegian Sea, and the Reykjanes Ridge in 207.1 to 2,040.8 m depth (Figure 1 and Supplementary Material 1). The collected corals were photographed with an HD camera system of the ROV Kiel 6000 in the habitat and with a DSLR camera system (Canon EOS 5D Mark IV with Canon MP-E 65 mm f/2.8 1–5× Macro Photo lens and Canon Compact-Macro Lens EF 50 mm 1:25) on board. Samples were preserved in 96% undenatured ethanol which was changed after 24 h on board. Larger samples were preserved in 3% formal solution where subsamples were taken and preserved in 96% undenatured ethanol. Samples were stored at −20°C at the German Centre for Marine Biodiversity Research (DZMB) in Hamburg, Germany.
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FIGURE 1. Map showing the stations of the sampled specimens from research cruise IceAGE 3 (IA3) and IceAGE RR (IARR).




DNA Extraction and Sequencing

The polyps were taken by a sterile tweezer for DNA extraction. The DNA extraction was carried out with the E.Z.N.A. Tissue DNA Kit (Omega Bio-tek, Inc.). According to the protocol, approximately 30 mg of coral tissue from the polyps were added to 200 μl TL Buffer and 25 μl proteinase K. The lysates were incubated for at least 3 h or overnight at 55°C. Further steps of the DNA extractions were performed according to the protocol of the kit. The polymerase chain reactions (PCRs) were performed using the protocols in Table 1 with the primers in Table 2. All reactions were carried out with 12.5 μl AccuStart GelTrack PCR SuperMix (ThermoFisher Scientific), 9.5 μl nuclease-free H2O, 0.5 μl forward primer, and 0.5 μl reverse primer. In this study, one mitochondrial (COI) and two nuclear gene segments (28S, ITS2) were amplified for Hexacorallia and two mitochondrial (mtMutS, COI) and two nuclear gene segments (28S, ITS2) were amplified for Octocorallia, respectively. The mitochondrial gene segments COI amplified a length of approximately ∼648 bp and mtMutS amplified a length of approximately ∼870 bp. Furthermore, the nuclear gene, the internal transcribed spacer 2 (ITS2), was amplified with a length of ∼1,500 bp. For the last amplified gene segment, the 28S rDNA, two different reverse primers (Table 2) were used. These gene fragments amplified a length of ∼800 and ∼650 bp, respectively. To check if the amplification was successful, gel electrophoresis was carried out using 3 μl of each product on 1% agarose/TAE gel containing 1% GelRed™. To eliminate primers and dNTPs before sequencing, 10 μl of each PCR product was purified with 4 μl ExoSAP-IT Express (ThermoFisher Scientific) at 37°C for 4 min followed by incubation at 80°C for 1 min. Purified PCR products were sent to Macrogen, Amsterdam for sequencing.


TABLE 1. PCR protocols used in this study.
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TABLE 2. Primers used for the amplification of the mitochondrial and nuclear genes in this study.
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Phylogenetic Analyses

Sequence chromatograms were assembled and trimmed in Geneious 7.1.91. Sequences were aligned with the L-INS-i method in MAFFT (Katoh et al., 2009) by using the plugin in Geneious software. The sequences of the protein-coding genes (mtMutS and COI) were translated to amino acids to ensure that there were no stop codons. However, in the following steps, the nucleotide sequences were analyzed. The mtMutS and COI alignments were concatenated, and a partition-homogeneity test was carried out with PAUP 4 (Swofford, 2003) to ensure that there was no lack of congruence. Because of a lack of congruence between the mitochondrial and the nuclear genes, two separate gene trees were generated, one for the 28S rDNA and ITS2 nuclear DNA (nDNA) and another one for the mtMutS and COI mitochondrial DNA (mtDNA). Concatenation of the two mitochondrial sequences of mtMutS and COI of Octocorallia had no effect on the COI sequences of Hexacorallia, since only this one mitochondrial gene sequence is sequenced here. For both the nDNA and mtDNA data sets, a Maximum Likelihood (ML) tree and Bayesian analysis were constructed. The most appropriate evolutionary model for nucleotide substitution was determined by JModeltest 2.1.10 (Guindon and Gascuel, 2003; Darriba et al., 2012). The determined model was the GTR + G model with a gamma shape of 0.347 for the concatenated mtDNA alignment and the HKY + G model with a gamma shape of 0.401 for the concatenated nDNA alignment. The Bayesian analysis was accomplished by BEAUti 1.8.3 (Drummond and Rambaut, 2007) to generate an xml input file with a Yule speciation tree (Yule, 1925) with a length of chain of 10 million. The created xml file was imported in BEAST 1.8.3 (Drummond and Rambaut, 2007) and was run with a random number seed of 10 million. All Effective Sample Size (ESS) values were calculated with MCMC Trace Analysis Tool (Tracer v1.5.0) software (Drummond and Rambaut, 2007). Thereafter, TreeAnnotator 1.8.3 (Drummond and Rambaut, 2007) was used to discard 25% of the trees and choose the best tree. The ML trees were generated with IQ-tree (Nguyen et al., 2015) using bootstrap values of 1,000 replicates. The Bayesian and ML trees were checked and edited in FigTree 1.4.4 (Rambaut and Drummond, 2012).



Species Discrimination

All DNA sequences were searched against GenBank nucleotide database by using the Basic Local Alignment Search Tool (BLASTN) (Altschul et al., 1990). In situ images, colony shape, BLASTN matches, and metadata of the samples were used for species identification. In most cases, the species identified by BLAST varied with different markers. In these cases, the species was chosen which was most likely to be found in the area or the species identification was downgraded to family level. Two different methods were used to discriminate species: the General Mixed Yule Coalescent (GMYC) model and the Automatic Barcode Gap Detection (ABGD).

To calculate the GMYC model, a newick file was generated in FigTree and imported in R (version 3.5.0 2018) by using the package “splits” (Fujisawa and Barraclough, 2013). GMYC is a species delimitation method based on branching events. The speciation and coalescence within species are assessed as two categories. It is assumed that species are monophyletic. The simple threshold approach assumes that there is a threshold time i. Prior to i, all nodes provide diversification events (interspecific). After i, all nodes are evaluated as coalescence events (intraspecific). Thus, the species number is estimated by i (Fujisawa and Barraclough, 2013).

The online version of the ABGD method2 was used to calculate the barcoding gaps and the prior thresholds for different loci. The parameters were set as follows: Pmin = 0.001, Pmax = 0.1, Steps = 10, X = 1.5, Nb bins = 20 and the Kimura 2-parameter model was selected.



MALDI-TOF MS Analysis

In total, one square millimeter of tissue of 49 ethanol-preserved individuals were separated into 1.5 ml microcentrifuge tubes. After ethanol evaporation, 1.5 μl of a matrix solution containing α-Cyano-4-hydroxycinnamic acid (HCCA) as a saturated solution in 50% acetonitrile, 47.5% molecular grade water, and 2.5% trifluoroacetic acid was added. The solution was incubated for at least 5 min and was applied to one spot for crystallization on the target plate. The Microflex LT/SH System (Bruker Daltonics) measured the samples by using the flexControl 3.4. (Bruker Daltonics) software. Masses were measured from 2 to 20 k Dalton. A centroid peak detection algorithm was carried out for peak evaluation by analyzing the mass peak range from 2 to 20 k Dalton. Furthermore, peak evaluation was carried out by a signal-to-noise threshold of two and a minimum intensity threshold of 600 with a peak resolution higher than 400. To validate fuzzy control, the proteins/oligonucleotide method was employed by maximal resolution of ten times above the threshold. The obtained dataset was analyzed as described by Rossel and Martínez Arbizu (2018a) in R, version 1.4.1106 (R Core Team, 2020) using the packages MALDIquant (Gibb and Korbinian, 2012) and MALDIquantForeign (Gibb, 2015). Protein mass spectra were trimmed to an identical range from 2,000 to 20,000 m/z and smoothed by using the Savitzky-Golay method (Savitzky and Golay, 1964) with half window size (HWS) of 10. The SNIP baseline estimation method (Ryan et al., 1988) was applied to remove the baseline, and the TIC method in MALDIquant was used to normalize the spectra. A signal-to-noise ratio (SNR) of 5 was applied to reduce the noise of the spectra, and a half window size of 10 was used for peak detection. The peaks of the spectra were binned several times by using the function binpeaks in MALDIquant with a tolerance of 0.002 in a strict approach. To apply further analysis, a Hellinger transformation (Legendre and Gallagher, 2001) was applied to the resulting intensity matrix. A dendrogram was generated by hierarchical cluster analysis with Ward’s D clustering algorithm (Ward and Joe, 1963), Euclidean distances, and 1,000 bootstrap repeats.

Furthermore, a RandomForest (RF) model (Breiman, 2001) using R-package randomForest (Liaw and Wiener, 2002) was generated to investigate applicability of mass spectra in classification approaches. The RF analysis is based on an intensity matrix by using bins as predictors and species names as multi-level target factors. The RF analysis was carried out on Hellinger transformed data (Legendre and Gallagher, 2001) using 35 predictors (mtry) and 2,000 trees. A t-SNE plot (Van der Maaten and Hinton, 2008), based on the raw data matrix probability of each specimen was applied. Here, the R-package t-SNE (Krijthe and Van der Maaten, 2015) was used. The t-SNE plot was constructed by using a perplexity of 10 and a number of iterations of 4,000.




RESULTS


Coral Assemblages

A total of 49 specimens were sampled belonging to 17 species as identified by in situ images, colony shape, BLASTN matches and metadata of the samples. The sampled species belong to 11 families and at least 12 genera (Supplementary Material 2).



Alignments

The alignment of the mitochondrial data included 25 sequences of mtMutS and 35 sequences of COI. The length of the acquired fragments varied between 883 and 935 bp for mtMutS and 436 and 724 bp for the COI sequences. Furthermore, a total of 39 sequences for ITS2 and 40 sequences for 28S rDNA were obtained. The length of the nuclear fragments varied from 628 to 730 bp for ITS2, and 421 to 750 bp for 28S rDNA. The concatenated alignment for the two mitochondrial loci was 1,659 bp and the concatenated alignment of the nuclear loci was 1,480 bp.



Species Discrimination

The species delimitation methods GMYC and ABGD were able to differentiate 17 species, considering missing sequence data for some specimens and locus-specific variation. The results of GMYC and ABGD are presented as black and gray bars, respectively, in Figures 2, 3. The calculated maximum likelihood of the GMYC model in the mitochondrial tree was 243.2908 and significantly higher (p-value = ≤ 0.05) than the likelihood of the null model (L0 = 227.8115). The GMYC model calculated 15 clusters with a confidence interval of 15–16. This model did not distinguish between Acanthogorgia sp. Gray, 1857 and Paramuricea placomus (Linnaeus, 1758). It should be noted that the identification was based on BLASTN results and general morphological characteristics. The mtMutS sequence of Acanthogorgia specimens was compared in GenBank with other mtMutS sequences of Acanthogorgia specimens. Except for unknown nucleotides, we could not detect any differences between these sequences. The specimens of these two species were grouped in one cluster. The specimens of Desmophyllum dianthus (Esper, 1794) and Desmophyllum pertusum (Linnaeus, 1758) were also grouped in one cluster (Figure 2, black bars). The ABGD generated robust results for the mtMutS sequences (Figure 2, dark gray bars) at a prior maximal distance (P) of 0.0028 to 0.0599, which was consistent with the grouping of the GMYC model. A lower prior maximal distance (< 0.0028) generated a separate group for Acanthogorgia sp. (cor527). The ABGD of the COI sequence data showed a robust result of nine groups at a prior maximal distance of 0.0078 to 0.0359. The grouping differed concerning the cluster of the genus Gersemia Marenzeller, 1878, where all specimens of the genus were grouped in one cluster, except the missing data of cor39 (Figure 2, light gray bars). Lower prior maximal distances (< 0.0078) resulted in the separation of the D. pertusum cluster but did not result in discrimination of the species D. dianthus and D. pertusum.
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FIGURE 2. The phylogenetic tree of the Octocorallia and the Scleractinia based on the Maximum Likelihood (ML) analysis of concatenated sequence data from 41 specimens for the mitochondrial gene mtMutS and COI. Bootstrap percentages of the ML analysis are given above the branches. Bayesian posterior probabilities are located below the branches. The black and gray bars on the right show the results of the GMYC and ABGD species discrimination methods, respectively. The GMYC model was achieved with the concatenated sequence data. ABGD method was performed with single alignment data for each locus.
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FIGURE 3. The phylogenetic tree of the Octocorallia and the Scleractinia based on the Maximum Likelihood (ML) analysis of concatenated sequence data from 47 specimens for the nuclear gene ITS2 and 28S rDNA. Bootstrap percentages of the ML analysis are given above the branches. The black and gray bars on the right show the results of the GMYC and ABGD species discrimination methods, respectively. The GMYC model was achieved with the concatenated sequence data. ABGD method was performed with single alignment data for each locus.


In the nuclear gene tree, the calculated maximum likelihood of the GMYC model was 283.2054 and significantly higher (p-value = ≤ 0.05) than the likelihood of the null model (L0 = 273.4672). Here, 16 clusters were calculated with a confidence interval of 15–17. Groupings of nuclear sequences differed from mitochondrial sequences in the separation of specimens cor29 and cor527 from the rest of the cluster of Paramuricea Kölliker, 1865 (Figure 3, black bars). ABGD resulted in the differentiation of 10 groups for the ITS2 sequences (P = ≥ 0.0077). The species Acanthogorgia sp. was separated from the Paramuricea cluster. However, the unidentified specimens of the family Nephtheidae, as well as the specimens of the genus Gersemia were clustered (Figure 3, dark gray bars). At a lower prior maximal distance (< 0.0077), the specimens of Madrepora oculata Linnaeus, 1758 were split into two groups (data not shown). For the 28S rDNA sequences, ABGD showed a robust result of 12 groups by a prior maximal distance between 0.0028 and 0.0599. Here, all specimens of P. placomus were represented in one group but Nephtheidae 1 and Nephtheidae 2 were also clustered in one group (Figure 3, light gray bars). Lower prior maximal distances (< 0.0028) resulted in a separation of the Paramuricea group.



Phylogenetic Trees

Bayesian and ML analysis resulted in slightly different tree topologies for the mitochondrial gene tree (Figure 2). Specimens were assigned mostly to the same clades, but in some cases, there was a difference in relative support of nodes. Moreover, nuclear and mitochondrial gene trees were largely congruent in resulting clades but differed in the order of branching of the deeper nodes (Figures 2, 3).

Both gene trees (nuclear and mitochondrial) showed high support for the clades of Octocorallia and Hexacorallia (Figures 2, 3). Within the Hexacorallia clade, the mitochondrial tree had strong support for the discrimination of Zoantharia (cor24) and Scleractinia (Figure 2). On the other hand, the nuclear gene tree had high support for clades of Antipatharia (cor403) and Scleractinia (Figure 3). The genera Madrepora Linnaeus, 1758 and Desmophyllum Ehrenberg, 1834 were well separated and supported by high bootstrap percentages and posterior probabilities. However, neither the mitochondrial gene trees nor the nuclear gene trees were able to separate the species D. pertusum and D. dianthus.

In the mitochondrial gene tree, the ML analysis divided Octocorallia into two main clades where one clade encompassed the unidentified specimens (1–3) of the family Nephtheidae, for which only COI sequences were obtained; these were grouped in external branches in the Bayesian analysis (Supplementary Material 3). The other clade was divided into four subclades: The first one encompassed the holaxonians P. placomus and Acanthogorgia sp. and was sister to the second clade of Clavularia cf. borealis Koren & Danielssen, 1883. The specimen Acanthogorgia sp. and three individuals of P. placomus were only represented with mtMutS sequence data and were not distinguishable (Figure 2). Comparisons of the uncorrected p-distances of the mtMutS sequence data for both species showed a distance of only 0.04%. The third clade included the calcaxonian Primnoa cf. resedaeformis (Gunnerus, 1763) and the scleraxonian Paragorgia arborea (Linnaeus, 1758). Paragorgia arborea was also represented only by COI sequences. Comparisons of the COI sequence data resulted in a maximum uncorrected p-distance of at least 7.6% including several non-synonymous nucleotide substitutions. The unidentified species of the family Anthothelidae (cor260) was sister to the first three subclades. No COI sequence data were obtained for this species. The fourth subclade was formed by the genus Gersemia, which was separated into four species. Specimens of Gersemia sp. 1 showed a p-distance of 0.5% for mtMutS sequence data. The highest p-distance for mtMutS was 7.7% between Gersemia sp. 1 (cor04) and Gersemia sp. 2 (cor10). The p-distance between Gersemia sp. 3 and other representatives of the genus was slightly lower than that between cor04 and cor10.

The nuclear gene tree divided Octocorallia among three different clades (Figure 3). Like the mitochondrial gene tree, the first clade encompassed Acanthogorgia sp. and P. placomus. The genera Paramuricea, and Acanthogorgia were distinguished by a highly different nucleotide sequence that placed Acanthogorgia sister to Paramuricea. This clade was sister to the second clade which comprised the unidentified species of the family Nephtheidae, the species of Gersemia, Clavularia Blainville, 1830, and Anthothelidae. The third clade was represented by the calcaxonian P. cf. resedaeformis and the scleraxonian P. arborea. These two species were distinguished by a 16 bp insertion in the ITS2 sequence of P. arborea. The bootstrap percentages and posterior probabilities for the third clade were similar to the second clade. The first and second clades formed a sister branch to the third clade.



MALDI-TOF MS Analysis

The hierarchical cluster analysis of the 146 measurements, summarized in 47 averaged spectra, indicated seven species-specific clusters (Figure 4). However, single specimens of Paramuricea (cluster C1), Madrepora (C3) and Gersemia (C5) were also found in cluster CX along with 10 specimens belonging to species for which only a single specimen was measured. Due to the lack of replicate measurements for these species, the species-specificity of these mass spectra could not be validated.


[image: image]

FIGURE 4. Hierarchical clustering of 47 individual Octocorallia and Hexacorallia samples resulting in seven well-supported clusters with discriminated species. The clusters of discriminated species are framed in color. Cluster CX shows singletons and unassignable specimens.


The random Forest model based on species with at least two specimens in the analysis supports the specificity of the mass spectra. Repeated RF analyses resulted mostly in models with stable classes showing a class error of 0. However, occasionally for the species Gersemia sp. 1 and M. oculata, single specimens were misassigned (Table 3) resulting in class errors of 0.2 and 0.3, respectively.


TABLE 3. Confusion matrix of the Random Forest analysis.

[image: Table 3]
The t-distributed stochastic neighbor plot (Figure 5) depends on this RF model. One M. oculata specimen is depicted as an outlier. This specimen was also located in the miscellaneous cluster CX (Figures 4, 5, arrow on light blue square). Another outlier occurred in the group of Gersemia sp. 1; this specimen was also located in the CX cluster (Figures 4, 5, arrow on yellow triangle).
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FIGURE 5. t-SNE plot of Hellinger transformed raw data including species for which at least two specimens were analyzed. In the graph, most species are concerted. Specimens located further away from conspecifics are also supported in hierarchical cluster analysis. Arrows indicate outliers of Madrepora oculata and Gersemia sp. 1.


In contrast to genetic methods, using proteome fingerprinting it was possible to distinguish between D. dianthus and D. pertusum (Figure 4). However, because D. dianthus was represented by only a single specimen, this difference would need to be further validated with additional data. Nevertheless, inspection of mass spectra by eye shows clear differences between the mass spectra for these two species (Figures 6A,B), which, in contrast to other ambiguously-clustering species, cannot be attributed to differences in mass spectra quality (Figures 6C,D).
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FIGURE 6. MALDI-TOF mass spectra for selected specimens. Panels (A,B) were obtained from the different Desmophyllum species emphasizing clear differences between species. Panels (C,D) are derived from Gersemia sp. 1 and panels (E,F) from M. oculata. For these species, outliers were detected (C,E), which compared to the remaining conspecifics (D,F), show higher quality signals. This probably caused problems in clustering and occasionally in RF models.





DISCUSSION


Genetic Species Delimitation

With this study, we aimed to answer the question of whether the proteomic MALDI-TOF MS analysis can serve as an alternative method for species discrimination of hexa- and octocorallian specimens. Therefore, sequences of mitochondrial (mtMutS and COI) and nuclear (ITS2 and 28S rDNA) genes were collected, uncorrected p-distances (data not shown) were compared, phylogenetic trees were generated by ML and Bayesian analyses, and species delimitations methods were performed. The molecular sequence analysis was used as a reference for the proteomic approach. Genetic and proteomic approaches led to successful species discrimination considering the available data.

The GMYC and ABGD species delimitation methods were unable to discriminate all morphospecies. The mtMutS sequence, which is reported to be more variable than the COI sequence (France and Hoover, 2002; McFadden et al., 2011), was insufficient for distinguishing Acanthogorgia sp. (cor527) from P. placomus for the species delimitation models. It is known that there are at least two different lineages within the genus Acanthogorgia, which differ by different mitochondrial sequences (McFadden et al., 2006). This complicates interspecific differentiation by mitochondrial DNA analyses and may reflect a lack of interspecific differentiation for the genera Paramuricea and Acanthogorgia. However, since we analyzed only one specimen of Acanthogorgia, we cannot confirm this assumption. The species studied here were assigned based on BLASTN results and general morphological characters. Therefore, it should be considered that both the specimen and the species identification method have an impact on the affiliation of this specimen. However, it should be noted that the interspecific divergence between Acanthogorgia sp. and P. placomus was below the interspecific divergence threshold (< 0.5%, uncorrected p-distance) commonly suggested for the marker (McFadden et al., 2011). Indeed, the low variability within the mitochondrial genome has been a difficult problem to solve in the search for a barcoding marker for Octocorallia since the problem of insufficient variation in the mtMutS gene is known from many different genera such as Primnoa Lamouroux, 1812 and Narella Gray, 1870 (Cairns and Baco, 2007; Cairns and Bayer, 2009). The ABGD results for the COI sequences showed lower resolution of species delimitation compared to the mtMutS sequences for the genus Gersemia, since the uncorrected p-distances between species (< 1.4%) were significantly lower than for the mtMutS sequences (< 7.7%). The slow rate of evolution of COI may also be the reason for the lack of species discrimination between D. pertusum and D. dianthus, which could not be discriminated by either ABGD or GMYC. The ABGD analyses were based on the individual alignments of the marker, whereas the GMYC analysis was based on the concatenated alignments. Therefore, the results of the GMYC analysis for species delimitation were considered to be more robust.

For the nuclear markers, the species delimitation methods gave slightly different results. This is due to the in general higher evolutionary rate of nuclear DNA, which makes these makers particularly useful for population genetics. This also makes the proposed delimitation more sensitive to intraspecific variation, which may lead to misinterpretation. However, in the case of the genus Gersemia and the members of the family Nephtheidae 1 and 2, species were not discriminated by the ABGD analysis of the ITS2 marker, although they were for the mitochondrial markers and 28S rDNA. Calderón et al. (2006) suggested that a lack of concerted evolution in ITS2 may be a potential problem that would disqualify this marker for phylogenetic and barcoding studies. It can be concluded that the markers mtMutS and 28S rDNA are the most suitable barcodes for genetic species discrimination, which is consistent with the conclusions of McFadden et al. (2017).

The amplification of mtMutS sequences was problematic for P. arborea and the three unidentified specimens of the family Nephtheidae, which we were unable to amplify using primers ND42599F (France and Hoover, 2002) and MUT3458R (Sánchez et al., 2003). Divergent gene order is known for the genus Paragorgia Milne Edwards, 1857 (Figueroa and Baco, 2014), and explains the failure to amplify mtMutS with these particular primers. It is supposed that all unidentified Nephtheidae belong to the genera Drifa Danielssen, 1887 and Duva Koren & Danielssen, 1883, but the available photographs are not sufficient for a concrete determination. These nephtheid species may also have mitochondrial genome rearrangements, and it has been suggested that they may lack the mtMutS gene (Muthye et al., 2022). The missing mtMutS sequences for these unidentified species of Nephtheidae may have contributed to the different tree topologies recovered from the ML and Bayesian analyses of the mitochondrial gene tree.



Proteome Fingerprinting

After the study of Holst et al. (2019), this is the second study employing MALDI-TOF MS for delimitation of cnidarians. Along with the results in that previous study, our study supports the successful use of MALDI-TOF MS for cnidarian species with strong, species-specific signals.

The clades from the molecular sequence analysis were also recovered in the hierarchical cluster analysis based on MALDI-TOF mass spectra. Here, P. placomus, P. arborea, M. oculata, C. cf. borealis, two specimens of Gersemia sp. 1, as well as P. cf. resedaeformis and D. pertusum were found in distinct clusters. Thus, a library with a sufficient number of spectra for all species, respectively, would probably also allow the supervised identification of unknown specimens using either reference library based approaches such as RF or factory delivered software such as the Bruker Biotyper as was shown in previous studies on metazoans with high success rates (Bode et al., 2017; Kaiser et al., 2018; Rossel and Martínez Arbizu, 2019; Rossel et al., 2019, 2021; Wilke et al., 2020; Paulus et al., 2021; Renz et al., 2021). Unfortunately, some species in our analysis were represented with an insufficient number of specimens, resulting in a mixed cluster of species that lacked conspecifics for comparison (Figure 4, cluster CX). However, the mixed cluster CX also contained species that were represented with multiple specimens in the other clusters. In previous studies it was observed that different developmental stages and especially signal alteration due to fixation, storage and thus quality issues may be reflected in cluster analyses by specimens being placed in clusters aside of the main-species clusters (e.g., Karger et al., 2012; Laakmann et al., 2013; Steinmann et al., 2013; Rossel and Martínez Arbizu, 2018b,2019). Changes due to quality loss may, however, remain unrecognized as long as overall spectrum quality still meets basic quality measures such as low noises and good signal intensities. However, in previous studies, even though quality issues may have affected clustering, changes were found stable across several conspecific specimens (Rossel and Martínez Arbizu, 2019). One of these unmatched specimens was cor23 (Figure 6E), belonging to M. oculata. Whereas the spectrum seems to be of high quality, it appears very different compared to the spectra of the remaining specimens (Figure 6F). So far, these differences remain unexplainable to us. Aside from mass spectra-quality differences, some authors have shown that different tissue types result in different protein mass spectra, and thus cluster by tissue type rather than species (Vega-Rúa et al., 2018). Even though we attempted to use the same tissue type for each spectrum, this may explain the observed differences.

The adverse effect of storage under suboptimal conditions has been investigated several times, and authors report significant changes in detected mass peaks, intensities and identification scores (Mathis et al., 2015; Nebbak et al., 2017; Rossel and Martínez Arbizu, 2018b; Vega-Rúa et al., 2018; Wendel et al., 2021). Even though specimens were stored correctly to the best of our knowledge, signal degeneration was observed in Gersemia sp. 1 resulting in one specimen with a signal that was different from the others. However, the outlier specimen (Figure 6C) shows a good quality signal whereas the others resulted in less pronounced mass peaks and lower numbers of peaks (Figure 6D). Thus, the outlying specimen is likely the one showing higher quality. At the same time, this implies a common degeneration of spectra for different specimens of the same species.

Interestingly, the analysis was able to find differences in the signals between the specimens of D. pertusum and the singleton of D. dianthus, cor37. Even though D. dianthus is only represented with one specimen, the results suggest MALDI-TOF MS may discriminate between these two species. Addamo et al. (2016) showed that the mitochondrial genomes of D. dianthus and D. pertusum are 99.88% similar, which makes it difficult to discriminate them. They were not able to distinguish between these two species with genetic methods. Here, MALDI-TOF MS may be a more reliable tool than the molecular methods so far, but further specimens must be tested to evaluate these suggestions. However, the analysis with the MALDI-TOF MS does not allow evolutionary inferences of the different species. To date, referring to proteome fingerprinting of metazoans, only a single study reported to have found some kind of phylogenetic signal. However, in the study on Drosophila species, it was also reported that this was only true for a fraction of the analyzed species (Feltens et al., 2010). Therefore, the cluster analysis and the t-SNE plot do not distinguish between Hexa- and Octocorallia. For a valid species delimitation by the MALDI-TOF MS more individuals of the species must be tested and compared. In addition, the protocols should be refined to see if the different tissue types of corals influence the spectra, and thus on the results of this analysis.

Nevertheless, MALDI-TOF MS offers an attractive method for species delimitation, particularly due to its cost-effectiveness. Rossel et al. (2019) compared this method with COI barcoding in terms of costs and found that MALDI-TOF MS is more than ten times cheaper than COI barcoding. While MALDI-TOF MS costs about 0.42€ to analyze a sample, analysis by COI barcoding costs about 5.65€. While absolute numbers have to be taken with caution, the general cost-effectiveness was shown by several studies (e.g., Tan et al., 2012 and Tran et al., 2015). For pure biodiversity surveys this method could be more suitable, especially in times of limited funding and resources.




CONCLUSION

In this study, 17 of the 18 morphospecies that were identified could be differentiated by genetic methods. For this, two mitochondrial gene segments (mtMutS and COI), as well as two nuclear gene segments (ITS2 and 28S rDNA) were used. The resulting gene trees are for the most part congruent. The proteomic analysis could distinguish seven species with certainty and did not contradict the genetic results. Sample sizes were problematic for some species so references were lacking, and the species-specificity of signals for unique or low abundance species could not be confirmed. In conclusion, this proteomic analysis is a promising tool for species discrimination of hexa- and octocorals, but a sufficiently large number of specimens is needed to provide good reference spectra. In addition, genetic and morphological approaches are still needed to verify species differentiation with confidence. In the future, however, once reference databases of spectra are available species differentiation may be accomplished by MALDI-TOF MS alone, and mismatched specimens would still be able to be identified by genetic methods. MALDI-TOF MS would then allow much faster and cheaper species differentiation than molecular and morphological methods.
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C. cf. borealis 2 0 0 0 0 0 0 0
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M. oculata 0 0 0 4 1 0 0 0.2
P, arborea 0 0 0 0 8 0 0 0
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It shows how many specimens of a species were correctly assigned to the corresponding species (diagonal), and how many specimens were assigned to another species.





