Development of genetic tools for important African bioengineers: the case of the redbait species Pyura herdmani and P. stolonifera coastlines
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The development of new genomic resources is key for biological conservation in an era when the preservation of biodiversity is crucial. Here, we developed microsatellites and mitochondrial markers for the redbait species, Pyura herdmani and P. stolonifera, both important bioengineers along African coastlines. Specifically, we identified microsatellites by means of pyrosequencing, and variable regions in the mitochondrial genome using RAD-seq libraries that were generated with Illumina sequencing. A total of 4 339 putative microsatellites were found, of which 32 were tested on 52 individuals collected along the south-east coast of South Africa. Of those, five microsatellites cross-amplified consistently in both species, and these were tested on a total of 260 samples. Additionally, we mapped the partial mitochondrial genome of both species and identified the most variable regions by comparing individuals from all regions where they have been recorded (including western South Africa and northwest Africa). The genetic markers developed here can be used to conduct population genetic studies, to monitor range shifts under contemporary climate change, and to help preserving ecosystem functioning along African coastlines.
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Introduction

It is widely accepted that the development of new molecular tools to investigate population genetics and phylogenetics can support biodiversity conservation actions (Goodwin et al. 2017). This is particularly true in cases where non-molecular methods alone are insufficient to readily distinguish between closely related species and/or morphologically conserved species, or to detect range shifts and hybridisation rates (Teske and Beheregaray 2009).

A widely used genetic marker for biodiversity conservation is the so-called microsatellites or short tandem repeats (STRs), which are codominantly inherited markers that are highly polymorphic (Weber and Wong 1993). They provide a tool to investigate small-scale resolution of demographic events and fine-scale population structure at a recent time-scale (Giles et al. 2018). Another invaluable genetic markers is the mitochondrial DNA (mtDNA), which is generally used to study the distribution of genetic variation across populations, and as a tool for reconstructing phylogenetic relationships between species (Griggio et al. 2014). However, its maternal inheritance creates a bias towards female-mediated processes (Avise 1994; Pope et al. 1996; Zhang and Hewitt 2003). Therefore, the employment of both microsatellites and mtDNA markers allows for a robust understanding of population structure (Hui et al. 2017; Pirog et al. 2019). 

[bookmark: _GoBack]The class Ascidiacea (Tunicata, Chordata) is ubiquitous in most marine ecosystems (Shenkar and Swalla 2011), and many of its species play a critical role in ecosystem functioning (Gili and Coma 1998; Loo and Rosenberg 1996; McQuaid and Branch 1985). The Ascidiacea species Pyura herdmani and Pyura stolonifera are collectively known as redbait in South Africa. Pyura herdmani is also present in northwest Africa (Lafargue and Wahl 1986; Monniot and Bitar 1983; Rius and Teske 2011, 2013; Teske et al. 2011). These filter-feeding sessile species live in intertidal and subtidal habitats where they often form vast aggregations of densely spaced individuals (Castilla et al. 2004; Monteiro et al. 2002). They are among the most important bioengineers on rocky shores along southern and north-western African coastlines (Teske et al. 2011). Being a dominant component of benthic communities, they act as bioengineers (Lawton and Jones 1995), occupying much of the available space (Castilla et al. 2004), increasing architectural complexity (Guiñez and Castilla 2001) and enhancing species richness (Cole and McQuaid 2010). The monitoring of population dynamics of these dominant species is important to assess the status of rocky shore ecosystem, which can be affected by a variety of stressors and diseases (Hanekom et al. 1999) and thus impact ecosystem services (Manríquez et al. 2016). In addition, disturbances such as  human harvesting may affect the complexity of community assemblies in intertidal and subtidal areas (Rius et al. 2017). 

Here, we describe the development of microsatellites and mitochondrial genetic markers for P. herdmani and P. stolonifera. The microsatellite data were tested on a large number of samples from South Africa’s south-eastern coastline, whereas the mitochondrial markers were developed using a small number of individuals across their range, including P. herdmani from northwest Africa. These genetic resources can be used to characterise genetic diversity, demographic history, and spatial structure of both.

Material and methods
Sample acquisition and DNA extraction
Samples for microsatellite development were collected in September and November 2016 along the south-eastern coastline of South Africa, with a focus on the Wild Coast. This region is located in a transitional zone between the subtropical and warm-temperate coastal bioregions (Emanuel et al. 1992; Turpie et al. 2000) and may represent a distinct bioregion rather than merely an area of faunal overlap (Golla et al. 2020; Jooste et al. 2018). In addition, the Wild coast was not well represented in previous studies of Pyura spp. (e.g. Teske et al. 2011). The study area has seen effects of contemporary climate change (Popova et al. 2016), where marine species are adapting in order to survive (Hawes et al. 2018; Miller et al. 2018).

Samples were collected at 13 different sites and identified to species level (Table 1) following  (Rius and Teske 2011). Mantle tissue samples of Pyura spp. were stored in absolute ethanol. DNA was extracted using the CTAB protocol (Doyle and Doyle 1987), and purified using the QIAquick PCR Purification Kit, following the manufacturer’s instructions (Qiagen, Hilden, Germany). The purity and concentration of the DNA was evaluated by measurement of the 260/280 ratio using a NanoDrop1000 Spectrophotometer 3.7.

Microsatellite detection
Four samples of genomic DNA, two for each species of Pyura, were sequenced at GenoScreen, Lille, France (www.genoscreen.fr). The development of a microsatellite library required 1 μg of DNA from each sample, and 454 GS-FLX Titanium pyrosequencing of enriched DNA libraries was performed as described in Malausa et al. (2011). In short, total DNA was mechanically fragmented and enriched with AG, AC, AAC, AAG, AGG, ACG, ACAT and ATCT repeat motifs. Thereafter, enriched fragments were amplified, and PCR products were purified and quantified using the QIAquick PCR Purification Kit. 

Reads containing microsatellites were analysed using the QDD bioinformatics software (Meglécz et al. 2009). QDD performs all bioinformatics processes from raw sequences to acquiring PCR primers: removal of adapters/vectors, identification of microsatellites, redundancy detection/possible association of mobile components, collection of target microsatellite sequences and first design using BLAST (Altschul et al. 1990), ClustalW (Thompson et al. 2003) and Primer3 (Hancock et al. 2004). 

We detected a group of 32 microsatellites, which had a minimum number of seven repeats. We then tested the microsatellite primers using a three-primer amplification protocol (Schuelke 2000), where the forward primer is modified by adding an M13 sequence (TGTAAAACGACGGCCAGT) and its role is taken over by a fluorescently labelled M13 primer once it is used up. In addition, a GTTT PIG-tail (Brownstein et al. 1996) was added to the reverse primer. Each 10 µl of PCR reaction contained 0.1 µM of deoxyribonucleotide triphosphates (dNTPs), 1 µM of 10 x PCR buffer solution (NH4), 1.9 mM of MgCl2, 0.24 mg ml1 of bovine serum albumin (BSA), 0.13 µM of forward primer, 0.2 µM of reverse primer, 0.06 µM of fluorescently labelled (NED/VIC/FAM/PET) M13 primer, 0.04 U of Super Therm Taq polymerase (Separation Scientific, South Africa) and 5 ng µl1 of template DNA. The PCR profile consisted of initial denaturation (94 °C for 3 min), 35 cycles of denaturing (94 °C for 45 sec), annealing (1 min at a primer-specific annealing temperature, Ta; Table 2) and extension (72 °C for 45 sec), followed by a final extension step (72 °C for 10 min). PCR products were genotyped by the Central Analytical Facility (CAF) at Stellenbosch University, South Africa.

Two hundred and sixty individual samples of Pyura spp. were genotyped for the characterisation of the five microsatellite makers that amplified reliably in all samples. These were characterised by perfect repeat patterns (De Barba et al. 2017; Zane et al. 2002), and three of them were trinucleotides, which can be scored more reliably than dinucleotides. Alleles were scored using Geneious R11 (Kearse et al. 2012), and individual genotypes were manually checked and edited. A subset of samples (10%) were genotyped independently by another researcher using a different software (GeneMapper 5, Applied Biosystems) to check for genotyping errors. MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) was used to check for the presence of stutter, null alleles and large allele dropout. The number of alleles (NA), observed heterozygosity (HO), expected heterozygosity (HE) and tests for deviation from Hardy-Weinberg equilibrium (HWE) were conducted in Genalex 6.5 (Peakall and Smouse 2012). Genetix 4.05.2 (Belkhir et al. 2004) was used to calculate the inbreeding coefficient FIS with 95% confidence intervals generated over 1 000 bootstrap replicates. GENEPOP 4.7 (Rousset 2008) was used to test for linkage disequilibrium (LD) between pairs of loci with 1000 dememorisations, 500 batches and 10 000 interactions per batch (investigating per individual site and per study population). In order to adjust the p-values of tests for HWE and LD for multiple comparisons, Bonferroni correction (Rice 2006) was applied.

Partial mitogenome assembly
Ten extracted DNA samples, eight from South Africa and two from Morocco, were used to create libraries using ezRAD (Toonen et al. 2013), and were sequenced at the Genome Centre at the Max Planck Institute for Plant Breeding Research (Cologne, Germany), on an Illumina Hiseq3000 platform (Illumina, USA) using 150 base pair (bp) paired-end chemistry. The ezRAD method does not amplify the whole mitogenome but only the regions flanked by two restriction enzymes (Toonen et al. 2013). Raw reads were analysed with FastQC (Cock et al. 2009), and where removed when the following conditions were met: 10% unidentified nucleotides, 50% of bases having phred quality 20, and reads with 10 nt aligned to the adapter (allowing 10% mismatches). Presumed duplicates generated by PCR amplification in the library construction process were also discarded. TRIMMOMATIC (Bolger et al. 2014) was used to remove adapters, and reads shorter than 150bp were discarded. The CLC GENOMIC WORKBENCH 12.0 (CLC Inc., Aarhus, Denmark) with default settings was used for quality control and read assembly. All the resulting reads were mapped against the complete mitochondrial genome of P. gangelion (GenBank accession number NC_021465; Rubinstein et al. 2013). In order to identify the most variable regions, partial mitogenomes were aligned using MUSCLE (Edgar 2004) in MEGA 7 (Kumar et al. 2016). A Bayesian phylogenetic tree was constructed in BEAST 2.5.0 (Bouckaert et al. 2014) using the HKY substitution model (Hasegawa et al. 1984) and 10 million Markov chain Monte Carlo (MCMC) iterations with 20% burn-in. Following an earlier study of ascidian mitogenomes (Griggio et al. 2014), only the concatenated sequences of 13 partial protein-coding genes (PCGs) were used in this analyses, because the large number of missing and ambiguous sites in the rRNAs and tRNAs resulted in these markers being difficult to align. The tree was visualised in Figtree 1.4.3 (Rambaut and Drummond 2019).

Results 

Microsatellites
[bookmark: _Ref518370249]A total of 4,339 putative microsatellites were detected. Of the 32 primers that were tested, five that amplified reliably in both species and showed polymorphism and heterozygosity features were chosen for detailed analyses. The characteristics of these microsatellites are presented in Table 2. No markers displayed stuttering, null alleles or large allele dropout. A total of 61 alleles were detected across all markers, with an average number of alleles per locus of 12.2. Loci Pstol2 and Pherd2 had the lowest number of alleles (6 and 11, respectively), and locus Pherd3 the highest (17). HO ranged from 0.120 in Pherd2 to 0.561 in Pherd3, and HE ranged from 0.190 in Pherd2 to 0.757 in Pherd3. Locus Pstol1 showed evidence for outbreeding in both populations of P. herdmani and a significant inbreeding coefficient (FIS) was found at locus Pstol2, while P. stolonifera showed significant outbreeding at locus Pherd3 and evidence of inbreeding at locus Pherd2. Genotype frequencies at each locus conformed to expectations under HWE, except for Pherd3 (p = 0.003) in P. stolonifera and Pherd2 in P. herdmani from the subtropical bioregion (p = 0.0002) (Table 3). No significant linkage disequilibrium was detected between the locus pairs, except for loci Pstol1 and Pherd2, but this was only found in samples of P. herdmani from the subtropical bioregion.

Mitogenome 
The sequencing resulted in a total of 49,327,633 paired-end short reads with an average sequence length of 150 bp and a GC content of 45%. The length of the partial mapped mitogenome for the concatenated sequences of 13 protein-coding genes (PCGs) of P. stolonifera and four populations of P. herdmani are shown in Table 4 (GenBank accession numbers MT840149-MT840183). Comparing the partial reconstruction to P. gangelion, P. stolonifera recovered 47.2% of the total sequence, the P. herdmani population defined as common temperate 32.6%, rare temperate P. herdmani 28.1%, subtropical P. herdmani 36.9%, and Moroccan P. herdmani 49.9%.

The number of single nucleotide polymorphisms (SNPs) per gene region, and the relative variation when taking the length of each gene fragment into account, are listed in Table 5. Among all protein-coding genes, 2,042 SNPs were detected, of which 757 were parsimony informative. Cox1 was the most variable gene in terms of total number of SNPs (404), and was followed by Nad5 with 288 SNPs, whereas Atp8 had the lowest variability, with only 35 SNPs. However, when length of the gene fragment was taken into account, Atp8 was the most variable gene (35%), followed by Cox2 (27%) and Cox1 (26%).

The phylogenetic tree shown in Figure 1 was inferred using the concatenated partial sequences of the 13 PCGs. It provided a well-resolved phylogeny, with all nodes being strongly supported (posterior probability [PP] > 0.99). Pyura gangelion was used as the outgroup species and P. stolonifera and P. herdmani formed two distinct monophyletic groups, and P. herdmani is further subdivided into distinct populations. 

Discussion

In this study, we tested new genetic markers with South African and northwest African individuals of P. stolonifera and P. herdmani. The microsatellites could be used to detect fine-scale population structure and very recent evolutionary changes (Vieira et al. 2016; Giles et al. 2018) in order to gain a better understanding of the status of the marine ecosystem in the context of climate change, as was has been done for other species (Tavares et al. 2018). In the study area in particular, much of which is located in a biogeographical transition zone between the subtropical and warm-temperate coastal bioregions, and contemporary climate change has increased the sea temperature and intensified the warm, southward-flowing Agulhas Current (Popova et al. 2016). The studied species have a relatively narrow temperature tolerance range (Hudson et al. 2021), suggesting high vulnerability to warming. The partial reconstruction of the mtDNA from NGS data allowed a comparison of genetic variation contained within different mtDNA markers. While ezRAD and similar methods are not suitable for the reconstruction of complete mitogenomes (Shafer et al. 2017), they are a useful tool in phylogeny reconstruction (Cariou et al. 2013). Utilising new software and pipeline procedures (Toonen et al. 2013; Terraneo et al. 2018; Stobie et al. 2019), we were able to reconstruct partial sequences of 13 PCGs of the five study populations of Pyura spp. Despite missing data, the partial PCG sequences were suitable to compare variability between different genes (Rubinstein et al. 2013; Ip et al. 2019). Correcting for sequence length, we found the highest numbers of SNPs in the Atp8, Cox2 and Cox1 regions, rendering those genes the most informative markers for more detailed phylogeographical analyses. The development of the phylogenetic tree with the 13 PDGs (Rubinstein et al. 2013) of the Pyura spp. further helped to determine evolutionary relationships between the study populations. Our findings show how different populations of P. herdmani are rather divergent, indicating the need for further studies to determine whether they could be reproductively isolated, distinct species. The genetic tools developed here can be used in future studies on Pyura spp. to locate and design additional primers to specifically target the most variable mitochondrial regions, as was indicated in a similar study by Klein et al. (2019). These new genomic resources, combined with previous nuclear and mitochondrial markers, will facilitate the fine-scale assessment of population structure and analyses of the evolution of Pyura spp. on a regional and global scale.

In conclusion, considering that Pyura spp. are essential bioengineers for on the South African coastline (Rius et al. 2017), these tools will also allow a better understanding of how the ranges of the morphologically very similar but genetically distinct populations of P. herdmani may shift under conditions of climate change. We believe that monitoring of these key species can could highlight their role in the coastal and marine ecosystem, which could contribute to achieving an the overarching goal of the preservation of the ecosystem functioning of on the South African coastline.
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Figure legend

Figure 1: Bayesian phylogenetic tree, based on 13 partial concatenated protein-coding genes (PCGs), of Pyura stolonifera and P. herdmani from four different bioregions. The tree was constructed using the HKY substitution model. The Markov chain Monte Carlo method was set with 10 million iterations following a 20% burn-in. Pyura gangelion was used as the outgroup. Posterior probability values are shown at each branch node. The scale axis shows the substitution rate
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Table 1: Sampling sites and their geographical locations at which samples of Pyura spp. were collected in September–November 2016. Although the boundaries of the Wild Coast are poorly defined, samples from Mbizana to approximately East London are considered to be located within this biogeographical transition zone


	Biogeographical entity
	Sampling site
	Geographic location (Latitude/Longitude)

	Subtropical Natal Bioregion
	Mzumbe Mouth
	30°45'11" S 30°27'7" E

	Wild Coast transition zone
	Mbizana Mouth
	31°6'11" S 30°10'48" E

	Wild Coast transition zone
	Cathedral Rock
	31°26'41" S 29°46'18" E

	Wild Coast transition zone
	Port St Johns
	31°37'48" S 29°33'5" E

	Wild Coast transition zone
	Coffee Bay
	31°59'6" S 29°9'11"E

	Wild Coast transition zone
	Mazzepa Bay
	32°28'54'' S 28°38'41'' E

	Wild Coast transition zone
	Qolora Mouth
	32°39'23.25" S 28°25'0.17" E

	Wild Coast transition zone
	Morgan Bay
	32°42'39'' S 28°20'27" E

	Wild Coast transition zone
	Haga Haga
	32°45'54.20" S 28°14'58.60" E

	Wild Coast transition zone
	East London
	33° 0'57.35" S 27°55'16.40" E

	Warm-temperate Agulhas Bioregion
	Hamburg
	33°17'50.63" S 27°28'49.66" E

	Warm-temperate Agulhas Bioregion
	Great Fish River Mouth
	33°28'56.61" S 27°9'7.25" E

	Warm-temperate Agulhas Bioregion
	Port Elizabeth
	33°59'31.31" S 25°40'42.98" E








Table 2: Characteristics of the five microsatellite markers developed for Pyura stolonifera and P. herdmani. NA = total number of alleles, HO = observed heterozygosity, HE = expected heterozygosity, Ta = primer-specific annealing temperature
	Locus
	Primer sequence
	Repeat pattern
	Allele size range
	Ta (°C) 
	NA
	HO
	
	HE

	
	
	
	
	
	
	
	
	

	Pstol1
	F-ACAACCATCACCCTGATTGC
	(AC)11
	73–137
	62
	15
	0.363
	
	0.372

	
	R-TCGAGTGAGAAGACGTGGTG
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Pstol2
	F-GTTGATTTACAGCGAGGGTTG 
	(TTC)7
	64–112
	52
	6
	0.165
	
	0.384

	
	R-TTCGAATCAGGAATCCACCT
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Pherd1
	F-ATCTCCCGCAGATTCTTCCT
	(TCT)7
	136–187
	62
	12
	0.483
	
	0.647

	
	R-TATTTTGGGGTTCAAGCAGC
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Pherd2
	F-CGGATAATCTCACTCGTGGAA
	(AG)17
	92–120
	52
	11
	0.120
	
	0.190

	
	R-GAGAATAGAATAGAGCACAATAACAA
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Pherd3
	F-GAGTTGACTGAATTCCCATCG
	(TAG)12
	93–171
	60
	17
	0.561
	
	0.757

	
	R-TCACAGTTGCTTCATATTCGC
	
	
	
	
	
	
	





Table 3: Hardy-Weinberg equilibrium (HWE) and inbreeding coefficient (FIS) of the five microsatellite markers developed for Pyura stolonifera and the two populations of P. herdmani; pHWE = p-value for Hardy-Weinberg equilibrium, *significant after Bonferroni correction at p < 0.005.
	Locus
	FIS (95% CI)
P. stolonifera
	P. herdmani (temperate)
	P. herdmani subtropical
	pHWE
P. stolonifera
	P. herdmani (temperate) 
	P. herdmani (subtropical)

	Pstol1
	0.285 (0.018, 0.523) 
	–0.124 (–0.215, –0.056)
	–0.055 (–0.320, 0.155)
	0.426
	0.437
	0.238

	Pstol2
	–0.043 (–0.312, 0.000)
	0.839 (–0.043, 1.000)
	0.848 (0.000, 1.000)
	0.261
	0.061
	0.047

	Pherd1
	0.130 (–0.176, 0.408)
	0.471 (0.315, 0.636)
	0.292 (–0.008, 0.545)
	0.407
	0.268
	0.444

	Pherd2
	0.654 (–0.027, 1.000)
	0.000 (–0.037, 0.000)
	0.541 (0.228, 0.774)
	0.429
	0.145
	<0.001*

	Pherd3
	–0.529 (–1.000, –0.047)
	0.512 (0.298, 0.685)
	0.060 (–0.125, 0.220)
	0.003*
	0.191
	0.085







Table 4: Partial mitogenome length for the concatenated 13 protein-coding genes (PCGs) of Pyura stolonifera and P. herdmani from four different bioregions
	Species
	Population defined by Teske et al. 2011
	Bioregion
	Geographical origin
	Site name
	Mitogenome length (bp)

	P. stolonifera
	–
	Cool temperate
	Western South Africa
	False Bay
	5 141

	P. herdmani
	Temperate common
	Warm temperate
	Southern South Africa
	Knysna
	3 549

	P. herdmani
	Temperate rare
	Cool temperate
	Western South Africa
	Simon's Town
	3 065

	P. herdmani
	Subtropical
	Subtropical
	Southeastern South Africa
	Morgan Bay
	4 016

	P. herdmani
	Moroccan
	Moroccan
	Northwestern Africa
	La Madrague
	5 432



Table 5: The number of single nucleotide polymorphisms (SNPs) for each of the 13 protein-coding genes (PCGs) and the relative variation of the five partial mitogenomes mapped for Pyura spp. Atp = ATP synthase, Cob = Cytochrome oxidase b, Cox = Cytochrome c oxidase, Nad = NADH dehydrogenase
	Gene region
	Average length (bp)
	Total SNPs
	Relative variation (%) 

	Atp6
	630
	86
	13.65

	Atp8
	100
	35
	35.00

	Cob
	1104
	275
	24.90

	Cox1
	1551
	404
	26.04

	Cox2
	678
	180
	26.54

	Cox3
	789
	161
	20.40

	Nad1
	915
	182
	19.89

	Nad2
	999
	132
	13.21

	Nad3
	390
	41
	10.51

	Nad4
	1324
	138
	10.42

	Nad4l
	234
	36
	15.38

	Nad5
	1734
	288
	16.60

	Nad6
	435
	84
	19.31



