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In the past, non-geniculate coralline algae in the northwestern Gulf of Mexico have been identified based primarily on comparative morpho-anatomy. Recent studies employing DNA sequencing techniques combined with morpho-anatomical studies using SEM have revealed a wealth of previously undocumented diversity of rhodolith-forming non-geniculate coralline algae in the Corallinales, Hapalidiales and Sporolithales from mesophotic hard bank communities at 45-90 meters depth. Although many advances in the last decade have been made in clarifying species names and describing new species of corallines from offshore Louisiana and Texas, total diversity estimates are still incomplete and many species remain to be described. Collections from offshore Louisiana at Parker Bank in the newly expanded Flower Garden Banks National Marine Sanctuary yielded thin, finely branched rhodoliths. DNA sequence analyses of plastid-encoded psbA and rbcL loci, and nuclear-encoded LSU rDNA of these rhodolith-forming specimens revealed that some belong to an unnamed species of Sporolithon (Sporolithales) that we herein newly describe. Additionally, comparative DNA sequence analyses of rhodolith collections from Ewing Bank and other hard banks offshore Louisiana were conducted to assess rhodolith diversity in these mesophotic communities. The results revealed new reports of taxa for the region, including new rhodolith-forming species of Roseolithon (Hapalidiales) to be described herein as well. Our new biodiversity findings will be compared with historical studies from the NW Gulf of Mexico.
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Introduction

Previously, non-geniculate coralline algae (also known as crustose coralline algae or CCA) in the northwestern Gulf of Mexico have been identified based on morpho-anatomy (Minnery et al., 1985; Rezak et al., 1985; Minnery, 1990; Fredericq et al., 2009; Fredericq et al., 2014). Recent studies employing DNA sequencing techniques combined with morpho-anatomical studies have revealed a wealth of previously undocumented diversity of non-geniculate coralline algae in the Corallinales (Richards et al., 2014; Richards et al., 2021), Hapalidiales (Krayesky-Self et al., 2016; Richards et al., 2016; Richards et al., 2020) and Sporolithales (Richards and Fredericq, 2018; Fredericq et al., 2019; Richards et al., 2019) in the region.

Recently, Richards et al. (2017) performed comparative analyses of DNA sequences including sequences of type specimens and topotype specimens of Sporolithon spp., as well as morpho-anatomical studies using images generated with SEM. This foundational study clarified species names and helped resolve taxonomic problems in the order Sporolithales (Richards et al., 2017) and provided a foundation for describing new species of Sporolithon Heydrich from mesophotic habitats in the northwestern Gulf of Mexico, Brazil, and Bermuda, including Sporolithon sinusmexicanum J.L.Richards & Fredericq (Richards and Fredericq, 2018), Sporolithon amadoi J.L.Richards & R.G.Bahia (Richards et al., 2019), Sporolithon franciscanum L.A.S.Leão & R.G.Bahia (Leão et al., 2020) and Sporolithon mesophoticum J.Richards, P.W.Gabrielson & C.W.Schneider (Richards et al., 2018b). More recent advancements in Sporolithales taxonomy include the description of a new genus and species, Roseapetra farriae W.A.Nelson, Twist & K.F.Neil, a currently monotypic genus from New Zealand that includes the taxon previously treated as Heydrichia woelkerlingii R.ATownsend, Y.M.Chamberlain & Keats (Nelson et al., 2021).

Regarding the Hapalidiales, Richards et al. (2016) reported six species of Lithothamnion Heydrich from the northwestern Gulf of Mexico and demonstrated that Lithothamnion is a polyphyletic taxon. However, at the time of the 2016 study, there was a lack of DNA sequences available from the generitype species, L. muelleri, thus determining which clade corresponded to the true Lithothamnion was not possible at that time. Recently, the lectotype specimen of L. muelleri was sequenced (Jeong et al., 2021), which helped clarify the identification of the true Lithothamnion. The study by Jeong et al. (2021) in turn formed the foundation for describing a new genus, Roseolithon L.M.Coutinho and Barros-Barreto, which accommodated taxa previously included in the genus Lithothamnion. In their study, Coutinho et al. (2021) also described seven new species of Roseolithon.

Although many advances have been made in describing and clarifying the taxonomy of non-geniculate coralline algae offshore the northwestern Gulf of Mexico, many species remain to be described and further taxonomic issues remain unresolved. Herein, we describe the newly collected Sporolithales taxon from mesophotic depth at Parker Bank offshore Louisiana, as a new species of Sporolithon from offshore the northwestern Gulf of Mexico in the newly expanded Flower Garden Banks National Marine Sanctuary. Additionally, the diversity of the genus Roseolithon from offshore Louisiana will be assessed, and we herein describe three new species of Roseolithon from the northwestern Gulf of Mexico.



Materials and Methods


Specimen Collection

Mesophotic specimens were collected aboard the R/V Pelican, the UNOLS (University National Oceanographic Laboratory System) research vessel stationed at LUMCON (Louisiana Universities Marine Consortium), using an hourglass design box dredge (Joyce and Williams, 1969) with minimum tows (usually 10 minutes or less) from offshore Louisiana in the Gulf of Mexico in the vicinity of Parker Bank (27˚ 58.189’ N; 92˚ 02.80’ W) at 92 m. depth. The rhodolith specimens were preserved in silica gel. Collection date was May 20, 2019, prior to the expansion of the Flower Garden Banks National Marine Sanctuary (the location was not part of the Marine Sanctuary at the time of collection). Additional newly collected Hapalidiales and Sporolithales specimens collected in the vicinity of Ewing Bank in May 2018-2019 were also included for comparative analyses, as well as a specimen collected from December 2010 following the Deepwater Horizon oil spill and a specimen collected from Campeche Bank in 2005. Specimens are housed at the University of Louisiana at Lafayette Herbarium (LAF). Herbarium abbreviations follow Thiers (2022, continuously updated). Supplementary Table S1 provides a list of specimens and voucher information for taxa included in the analyses.



DNA Extraction and Sequencing

DNA was extracted from the newly collected specimens using the Quick-DNA Plant/Seed Miniprep Kit (Zymo Research, Irvine, CA, USA) and also using GenCatch™ Plant Genomic DNA Purification Kit (Epoch Life Science Inc., Missouri City, TX, USA). Markers chosen for PCR and sequencing included the plastid-encoded genes psbA (encodes photosystem II reaction center protein D1 gene) and rbcL (encodes the large subunit of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase), and the nuclear-encoded LSU (partial 28S rDNA). PCR was performed following the protocols and primers described in Richards et al. (2014). PCR products were cleaned by the addition of 2 µl of ExoSAP-IT™ (USB, Cleveland, Ohio) per 5 µl of amplified DNA product. Reactions were incubated at 37°C for 15 min, followed by inactivation of ExoSAP-IT™ at 80°C for 15 min. Purified PCR products were subsequently cycle-sequenced using the BrightDye® Terminator Cycle Sequencing Kit (Molecular Cloning Laboratories [MCLAB], South San Francisco, CA, USA). Resulting cycle sequence reactions were purified with ETOH/EDTA precipitation and were sequenced in-house at the UL Lafayette campus on an ABI Model 3130xl Genetic Analyzer. The resulting chromatograms were assembled and edited using Sequencher 5.1 (Gene Codes Corp., Ann Arbor, MI, USA) and exported as individual “.FASTA” files. Newly generated sequences were accessed in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) (Supplementary Table S1).



Phylogenetic Analysis

Single loci analyses were conducted for psbA, rbcL, and LSU. Available sequences were downloaded from GenBank (Supplementary Table S1) and aligned with newly generated sequences. Alignment was performed using MUSCLE in MEGA X (Stecher et al., 2020). Exploratory analyses were conducted in MEGA X using the Maximum Likelihood method and Tamura-Nei model (Tamura and Nei, 1993; Stecher et al., 2020). Final Maximum Likelihood analyses were conducted with CIPRES Science Gateway (Miller et al., 2010) using the RAxML-HPC2 program on XSEDE with 1,000 alternative runs on distinct starting trees and 1,000 bootstrap replicates.



Sequence Divergence Analysis

Single loci alignments of psbA and rbcL were constructed for Sporolithon spp. and Roseolithon spp. Alignments were cropped at the 5’ and 3’ ends to minimize missing data. For Sporolithon spp., a 472 bp alignment and a 366 bp alignment was constructed for psbA and rbcL, respectively. For Roseolithon spp., a 716 bp alignment was constructed for psbA, and both long and short alignments were constructed for rbcL and analyzed separately. The long rbcL alignment was 623 bp and did not include the sequence of LAF 7384; the short rbcL alignment included the sequence of LAF 7384 and was 366 bp in length. Sequence divergence values were calculated as the number of pairwise base pair differences in MEGA X (Kumar et al., 2018) and presented as a percentage (the number of base pair differences divided by the alignment length).



Microscopy

Thallus fragments were removed from the same specimens that were DNA-sequenced and fractured using a single edge razor blade. Specimens were mounted and viewed according to the protocol of Richards et al. (Richards et al., 2017; Richards et al., 2018b) using a Hitachi S-3000N Scanning Electron Microscope (SEM), and also using a Scios 2 Dual Beam Focused Ion Beam scanning electron microscope (FIB-SEM) at an accelerating voltage of 15 kV.




Results

The psbA and rbcL analyses (Figures 1, 2) showed a wealth of previously reported and newly reported diversity of non-geniculate corallines in the northwestern Gulf of Mexico, including 17 species. In the Sporolithales, two previously reported Sporolithon species were shown in the analyses, as well as a third species of Sporolithon that is described herein as a new species. In the Hapalidiales, the analyses revealed a newly reported range extension for Roseolithon purii, and showed that three taxa from the northwestern Gulf of Mexico previously reported as Lithothamnion spp. are members of Roseolithon as well, and are herein described as new species. The analyses also showed three species of Lithothamnion and Mesophyllum erubescens (Foslie) Me.Lemoine are present in the northwestern Gulf of Mexico. In the Corallinales, three species of Harveylithon A.Rösler, Perfectti, V.Peña & J.C.Braga were shown from the northwestern Gulf of Mexico, one species of Lithophyllum Philippi, and two species of “Titanoderma” Nägeli.




Figure 1 | Maximum Likelihood analyses of psbA. Node values represent bootstrap values out of 1,000 replicates. Newly described species shown in bold. NWGMx, northwestern Gulf of Mexico.






Figure 2 | Maximum Likelihood analyses of rbcL. Node values represent bootstrap values out of 1,000 replicates. Newly described species shown in bold. NWGMx, northwestern Gulf of Mexico.



LSU analyses (Figure 3) showed at least three species of Sporolithon and a topology similar to the psbA and rbcL trees, with Sporolithon gracile J.Richards, Kittle & Fredericq sp. nov. (described below) sister to S. sinusmexicanum. The LSU tree revealed a putative fourth species of Sporolithon as well. This putative fourth species of Sporolithon included only one specimen, LAF 6726, that was sister to Sporolithon amadoi. The LSU tree also showed four clades of Roseolithon, that have a similar topology as shown in the psbA and rbcL trees.




Figure 3 | Maximum Likelihood analyses of LSU. Node values represent bootstrap values out of 1,000 replicates. Newly described species shown in bold. NWGMx, northwestern Gulf of Mexico.



The psbA sequence of S. gracile was 3.39% diverged from S. sinusmexicanum, and 6.99% and 7.63% diverged from S. yoneshigueae Bahia, Amado-Filho, Maneveldt & W.H.Adey and S. mesophoticum, respectively (Supplementary Table S2). The rbcL sequence of LAF 7255 was identical to the holotype sequence of S. sinusmexicanum, LAF 6956A (Supplementary Tables S3). The rbcL sequence of S. gracile was 2.46% diverged from sequences of S. sinusmexicanum and 11.46% and 8.47% diverged from sequences of S. yoneshigueae and S. mesophoticum, respectively (Supplementary Table S3). The psbA and rbcL sequences of S. gracile diverged 9.7% -12.3% from Sporolithon amadoi (Supplementary Tables S2, S3).

The psbA sequence of LAF 7384 was 0.0%-0.4% diverged from psbA sequences of Brazilian specimens of Roseolithon purii L.M.Coutinho & Barros-Barreto (Supplementary Table S4). Interspecific divergence for psbA sequences of Roseolithon spp. ranged from 1.49% - 5.46%. The rbcL sequence of LAF 7384 was identical to the sequence of Roseolithon purii IBC1886 from Brazil (Supplementary Table S5). Interspecific divergence for rbcL sequences of Roseolithon spp. ranged from 2.73% - 6.10% (Supplementary Table S6).


Sporolithon gracile J.L.Richards, Kittle & Fredericq sp. nov.

Holotype: LAF 7382 (field ID no. 5-20-19-5-1): Parker Bank, offshore Louisiana, U.S.A. (27˚ 58.180’ N; 92˚ 02.80’ W), Gulf of Mexico, western Atlantic Ocean, 20.v.2019, depth 92m, leg. S. Fredericq, R. P. Kittle III, W. E. Schmidt.,

Etymology: The specific epithet refers to the slender form of the protuberances that this rhodolith species is comprised of.


Description

DNA sequences: psbA and rbcL sequences (GB accessions ON365773, ON365775) diagnostic for this species. LSU sequence is also provided (GB accession ON427741) (Supplementary Table S1).

Habit and vegetative anatomy (Figures 4, 5): Thallus non-geniculate, forming free-living biogenic rhodoliths that consist entirely of thin, branching protuberances. The habitat of this species is mesophotic rhodolith beds at a depth of 92 m. Protuberances with radial construction. Secondary hypothallus weakly developed with monomerous construction and 1-2 layers of rectangular hypothallial cells that formed new growth layers. Perithallus with cell fusions; secondary pit connections not observed. Perithallial cells 9-28 µm long x 8-15 µm wide. Pseudodichotomous branching was observed in the perithallus that contributed to protuberance widening. Intercalary meristem was observed with meristematic cells 5-9 µm long x 9-15 µm wide. Epithallus consisted of one layer of armored epithallial cells 2.9-4 µm long x 5-7 µm wide, with thick, heavily calcified cell walls and epithallial cell roof that was observed intact in some cells and missing in others.




Figure 4 | Sporolithon gracile Holotype, voucher no. LAF 7382 (A–H). (A) Habit of holotype. Scale bar = 0.4 cm. (B) Longitudinal section of thallus protuberance showing radial construction. Scale bar = 350 µm. (C) Cross section of thallus protuberance showing radial construction. Scale bar = 335 µm. (D) Longitudinal section showing origin of the new growth layer (arrow) over older portion of thallus. Scale bar = 225 µm. (E, F) Magnified views showing detail of new growth layer (arrow, bracket) over older portion of thallus. Scale bars = 90, 35 µm. (G) Detail of new growth layer showing secondary hypothallus with monomerous construction (lower bracket), perithallus (upper bracket), and intercalary meristem (arrowheads) over older thallus layer. Scale bar = 45 µm. (H) Perithallus with cell fusions (f). Scale bar = 11 µm.






Figure 5 | Sporolithon gracile Holotype, voucher no. LAF 7382 (A–F). (A, B) Perithallus showing locations of pesudodichotomous branching (arrows) and cell fusions (f). Scale bars = 18 µm. (C) Perithallus (bracket), meristematic cells (m), and epithallial cells (arrows). Scale bar = 37 µm. (D) Epithallus showing epithallial cells with roof intact (arrow) and with roof missing (e), intercalary meristematic cells (m), and perithallus (lower bracket). Scale bar = 15 µm. (E) Magnified view of epithallial cell lacking epithallial cell roof (e) and intercalary meristematic cell (m). Scale bar = 5.5 µm. (F) Surface view of epithallial cells (bracket) and partial section view showing intercalary meristematic cells (m). Scale bar = 18 µm.



Reproduction: No reproductive structures were observed.

Distribution: Known only from Parker Bank, offshore Louisiana, U.S.A.




Sporolithon sinusmexicanum J.L.Richards & Fredericq 

DNA sequences: an rbcL sequence is herein provided for the newly collected specimen of this species (voucher no. LAF 7255, GB accession ON365777) (Supplementary Table S1).

Habit and vegetative anatomy (Figure 6): The specimen examined in this study was a biogenic rhodolith found growing inside of a marine sponge from mesophotic rhodolith beds at a depth of 75 m. Specimen was non-reproductive with a perithallus showing cell fusions and lacking secondary pit connections, an intercalary meristem, and an epithallus with armored epithallial cells.




Figure 6 | Sporolithon sinusmexicanum, voucher no. LAF 7255 (A-E). (A) Thallus habit in situ growing inside of a marine sponge. (B) Thallus habit. Scale bar = 0.4 cm. (C) Longitudinal section of rhodolith protuberance. Scale bar = 110 µm (D) Magnified view of longitudinal section of protuberance showing cell fusions between perithallial cells (f). Scale bar = 25 µm (E) Magnified view of epithallial cells (e), some with intact epithallial cell roofs, intercalary meristematic cells (m), and cell fusions between perithallial cells (f) Scale bar = 7 µm.



Distribution: Ewing Bank and Sackett Bank, northwestern Gulf of Mexico, and the vicinity of the Dry Tortugas, southeastern Gulf of Mexico.



Sporolithon sp.

DNA sequence: An LSU sequence (GB accession ON427749) is provided for this taxon (Supplementary Table S1).

Habit and vegetative anatomy (Figure 7): This species was found epizoic on a Naria acicularis (Gmelin, 1791) shell. Hypothallus was incompletely shown in section view. Perithallus with cells linked by both secondary pit connections and cell fusions. Epithallus consisted of one layer of armored epithallial cells.




Figure 7 | Sporolithon sp., voucher no. LAF 6726. (A) Thallus habit epizoic upon Naria acicularis shell. Scale bar = 0.4 cm. (B) Vertical fracture showing incomplete view of hypothallus (lower brackets), perithallus, and partial surface view of epithallus (upper bracket). Scale bar = 30 µm. (C) Vertical fracture of thallus showing perithallus. Scale bar = 55 µm. (D) Magnified view of perithallus showing cell fusion (f) and secondary pit connection (circle pointer). Scale bar = 11 µm. (E) Surface view of epithallus (bracket) and partial section view showing epithallial cells (e) and intercalary meristematic cells (m). Scale bar = 5 µm. (F) Vertical fracture showing epithallial cells (e) and intercalary meristematic cells (m). Scale bar = 6 µm.



Reproduction: No reproductive structures were observed.

Note: A single specimen of this species was identified from collections taken shortly after the Deepwater Horizon oil spill and has not been found in any collections since.



Roseolithon purii L.M.Coutinho & Barros-Barreto

DNA sequences: psbA, rbcL, and LSU sequences herein provided for the Gulf of Mexico specimen of this species (GB accessions ON365774, ON365776, ON427742) (Supplementary Table S1).

Habit and vegetative anatomy of Gulf of Mexico specimen (Figure 8): Thallus forming biogenic rhodoliths with thin warty protuberances. Protuberances have radial construction; secondary hypothallus with monomerous construction and 3-8 layers of rectangular hypothallial cells observed grown over older growth layers. Perithallus with cell fusions and lacking secondary pit connections between adjacent filaments. Intercalary meristematic cells approximately as long as wide. Epithallus with a single layer of epithallial cells; epithallus sloughing was also observed.




Figure 8 | Roseolithon purii, voucher no. LAF 7384 (A-H). (A) Thallus habit. Scale bar = 0.4 cm. (B) Protuberance cross section showing radial construction and partial surface view of thallus at base of protuberance. Scale bar = 260 µm. (C) Protuberance section showing location of new growth layer with secondary hypothallus (brackets) over older growth layer. Scale bar = 100 µm. (D) Magnified view of secondary hypothallus (brackets). Scale bar = 53 µm. (E) Perithallus with cell fusions (f). Scale bar = 18 µm. (F) Surface view showing epithallus (upper bracket) and section view showing perithallus (lower bracket), and epithallial cells with roof intact (circle pointer) and roofs missing (arrows). Scale bar = 18 µm. (G) Intercalary meristematic cells (m) and epithallial cells in the process of sloughing (e). Scale bar = 10 µm. (H) Perithallus (lower bracket), intercalary meristem (arrow), and epithallus in the processing of sloughing off. Scale bar = 35 µm.



Distribution: This species is currently distributed in Brazil and the Gulf of Mexico.



Roseolithon louisianense J.L.Richards & Fredericq sp. nov.

Holotype: LAF 6549 (field ID no. 11-16-12): Ewing Bank, offshore Louisiana, U.S.A. (28° 5.936’N; 91° 2.112’W), Gulf of Mexico, western Atlantic Ocean, 16.xi.12, depth 55-58 meters, leg. J. Richards & S. Fredericq.

Isotype: LAF 6547 (field ID no. 11-16-12).

Etymology: The specific epithet refers to the locality where it was collected offshore Louisiana.


Description

DNA sequences: psbA, rbcL, and COI sequences diagnostic for this species (GB accessions for the holotype: psbA = KU557497, rbcL = ON394005, COI = KU514420; GB accession for the isotype: psbA = KU557496). UPA and LSU sequences are also provided (GB accessions for the holotype: UPA = KU514426, LSU = ON427744; GB accessions for the isotype: UPA = KU514425, LSU = ON427743) (Supplementary Table S1; see also Richards et al. (2016).

Habit and vegetative anatomy: Vegetative anatomy as for the genus, including non-geniculate thallus habit with monomerous thallus construction, hypothallus growing parallel to substratum, adjacent perithallial cells linked by cell fusions, secondary pit connections and trichocytes absent, and a single layer of armored (i.e. flared) epithallial cells. See Richards et al. (2016) for detailed habit and vegetative anatomy description (“as Lithothamnion sp. A”), as well as thallus habit image and SEM images.

Reproduction: This species produces multiporate tetrasporangial conceptacles with pores surrounded by 5-7 rosette cells. The rosette cells and pores have a pitted appearance that is characteristic of the genus, which appears to be from a disintegration of surface cells surrounding the pores as previously reported by the genus authorities. See Richards et al. (2016) for images of multiporate conceptacles.

Distribution: Currently known only from Ewing Bank, offshore Louisiana, U.S.A.




Roseolithon occidentaleatlanticum J.L.Richards & Fredericq sp. nov.

Holotype: LAF 6957B (field ID no. 9-7-14-1-3): Sackett Bank, offshore Louisiana, U.S.A. (28° 38.0’ N; 89° 33.028’ W), Gulf of Mexico, western Atlantic Ocean, 7.ix.2014, depth 65-68 meters, leg. J. Richards & S. Fredericq.

Etymology: The specific epithet refers to the western Atlantic Ocean.


Description:

DNA sequences: psbA and rbcL sequences diagnostic for this species (GB accessions KU557501, ON394007). UPA and LSU sequences are also provided (GB accessions KU514429, ON427748) (Supplementary Table S1; see also Richards et al., 2016).

Habit and vegetative anatomy: Vegetative anatomy as for the genus, including non-geniculate thallus habit with monomerous thallus construction, plumose hypothallus growing parallel to substratum, adjacent perithallial cells linked by cell fusions, secondary pit connections and trichocytes absent, and a single layer of armored (ie. flared) epithallial cells. See Richards et al. (2016) for detailed habit and vegetative anatomy description (“as Lithothamnion sp. B”), as well as thallus habit image and SEM images.

Reproduction: No reproductive structures were observed in the holotype of this species.

Distribution: Currently known from the Gulf of Mexico and Brazil.




Roseolithon rhodolapidosum J.L.Richards & Fredericq sp. nov.

Holotype: LAF 6820: Ewing Bank, offshore Louisiana, U.S.A. (28° 05.041’N; 91° 01.648’W), Gulf of Mexico, western Atlantic Ocean, 19.x.2013, depth 70-75 meters, leg. J. Richards & S. Fredericq.

Additional specimen examined: LAF 6956B: Sackett Bank, offshore Louisiana, U.S.A. (28° 38.0’N; 89° 33.028’W), Gulf of Mexico, western Atlantic Ocean, 7.ix.2014, depth 65-68 meters, leg. J. Richards & S. Fredericq.

Etymology: The specific epithet refers to the stony rhodolith-forming habit of this species.


Description

DNA sequences: psbA and rbcL sequences diagnostic for this species (GB accessions for the holotype: psbA = KU557498; GB accession for the additional specimen examined: psbA = KU557499, rbcL = ON394006). UPA and LSU sequences are also provided (GB accessions for the holotype: UPA = KU514427, LSU = ON427746; GB accessions for the addition specimen examined: UPA = KU514428, LSU = ON427747) (Supplementary Table S1; see also Richards et al., 2016).

Habit and vegetative anatomy: Vegetative anatomy as for the genus, including non-geniculate thallus habit forming free-living biogenic rhodoliths, adjacent perithallial cells linked by cell fusions, secondary pit connections and trichocytes absent, and a single layer of armored (i.e. flared) epithallial cells. See Richards et al. (2016) for detailed habit and vegetative anatomy description (“as Lithothamnion sp. C”).

Reproduction: This species produces abundant uniporate gametangial conceptacles that become overgrown by new layers of vegetative thallus. It was not determined if these uniporate conceptacles are male or female conceptacles. See Richards et al. (2016) for images of uniporate conceptacles.

Distribution: Currently known only from offshore Louisiana, U.S.A.





Discussion

Our phylogenetic analyses (Figures 1, 2) show at least 17 species of rhodolith-forming coralline algae are present in the northwestern Gulf of Mexico. Minnery (1990) reported 18 species of non-geniculate coralline algae from the Flower Garden Banks in the northwestern Gulf of Mexico, including 13 species currently classified in the Corallinales, four species currently classified in the Hapalidiales, and one species currently classified in the Sporolithales. However, it is difficult to make meaningful direct comparisons to the reports of Minnery (1990) because 1) the taxonomy of these corallines has undergone significant changes since the time that study was conducted, and 2) at the time of the study, Minnery identified corallines based on morpho-anatomy alone. Therefore, it is difficult to parse the names of those taxa reported by Minnery (1990) with the names verified by DNA sequencing that are reported in this current study.

Phylogenetic analyses (Figures 1–3) and sequence divergence values (Supplementary Tables S2, S3) show that Sporolithon gracile is a distinct species of biogenic rhodolith-forming coralline algae that is sister to S. sinusmexicanum and also closely related to S. mesophoticum and S. yoneshigueae. For context, the psbA and rbcL sequences of Sporolithon gracile were 3.39% and 2.46% diverged, respectively, from S. sinusmexicanum. These divergence values are similar to other closely related species of Sporolithon, for example, psbA and rbcL sequences of S. episporum and S. indopacificum are 3.1%, and 2.7% diverged, respectively (Maneveldt et al., 2017).

Sporolithon sp. LAF 6726 and Roseolithon sp. LAF 6555B are represented in this study by the LSU marker alone, thus a marker that is more diagnostic at the species level, such as psbA, rbcL, or COI, should be generated to confirm their species identity, especially for LAF 6726, which showed a short branch length from its closest sister taxon (Figure 3). LAF 6726 may represent a separate species sister to Sporolithon amadoi, although this needs to be assessed by sequencing additional markers in a future study. Although previous studies have shown that LSU is more conserved and thus has more limited utility in distinguishing species compared to other markers such as psbA, rbcL, and COI (Sherwood et al., 2010; Richards et al., 2014; Richards et al., 2017) it is still useful in assessing the diversity of rhodoliths in the northwestern Gulf of Mexico and worldwide. LSU may also amplify easier than other markers for coralline algae (Sherwood et al., 2010), and for some samples in this study it was the only marker that could be amplified as was the case with Sporolithon sp. LAF 6726 and Roseolithon sp. LAF6555B. LSU rDNA has also recently been used in environmental DNA metabarcoding studies (Bombin et al., 2021). Therefore, sequencing LSU rDNA of preserved algal specimens, as was performed in this study, is also important to link sequences generated from environmental samples to those sequences generated from algal specimens.

Regarding the Hapalidiales, four species of Roseolithon are present in the northwestern Gulf of Mexico, including Roseolithon purii, R. louisianaensis sp. nov., R. rhodolapidosum sp. nov. and R. occidentaleatlanticum sp. nov. Species delimitation analyses (ABGD and GMYC) of these newly described species was conducted previously in Richards et al. (2016) and the results indicated these taxa are unique species. These Roseolithon taxa were also delimited as separate species by Coutinho et al. (2021) using ABGD, GMYC, and bPTP delimitation methods. Additionally, Mesophyllum erubescens is also present offshore Louisiana (Richards et al., 2020; Figures 1, 2, present study), as well as three species tentatively identified as “Lithothamnion sp. E”, “Lithothamnion sp. G” and “Lithothamnion sp. I”. The taxonomy of these three taxa tentatively identified as “Lithothamnion” needs to be reassessed in future studies in light of the Lithothamnion muelleri sequence data that was provided in Jeong et al. (2021).

Although the morpho-anatomical characters for the genus Roseolithon were observed in the Roseolithon species described in this study (namely non-geniculate thallus habit with monomerous thallus construction, plumose hypothallus, adjacent perithallial cells linked by cell fusions, secondary pit connections and trichocytes absent, a single layer of armored/flared epithallial cells, and multiporate tetrasporangial conceptacles with rosette cells that have a pitted appearance), this suite of characters overlaps with other genera of Hapalidiales. Moreover, there is considerable overlap in character states between species within Roseolithon (Richards et al., 2016; Coutinho et al., 2021; present study). Thus, DNA sequencing is needed to identify species within this genus.

Roseolithon species present in both the Gulf of Mexico and Brazil highlight the presence of this genus in both the northern and southern hemisphere. This distribution is interesting considering the presence of Roseolithon in rhodolith beds associated with salt domes (diapirs) rich in petroleum deposits in offshore mesophotic habitats in the Gulf of Mexico and offshore Brazil (Amado-Filho et al., 2012; Coutinho et al., 2021). Other non-geniculate coralline algae, for example Sporolithon amadoi, show a similar distribution in both the Gulf of Mexico and Brazil (Richards et al., 2019). Additional sampling and sequencing should be done worldwide to determine the full range of the species described in this study and in Coutinho et al. (2021) and to identify and describe additional species worldwide. Currently, sample sizes are too low to confirm if some species are endemic to the Gulf of Mexico. For example, R. louisianense and R. rhodolapidosum are each only represented only by two specimens (or possibly three specimens for R. rhodolapidosum, see above note about specimen LAF 6555B). Moreover, additional sampling should be conducted in the southeastern, southwestern, and northeastern Gulf of Mexico to determine the full ranges of these species within the Gulf of Mexico.

Regarding the Corallinales, Lithophyllum sp. and “Titanoderma” spp. that are present offshore the northwestern Gulf of Mexico are different taxa than those Lithophyllum spp. found in the Western Atlantic offshore North Carolina (Richards et al., 2014; Richards et al., 2018a; Figures 1, 2, present study). The Lithophylloideae spp. present offshore the northwestern Gulf of Mexico need to be described in future studies. Likewise, the three species of Harveylithon, H. munitum (Foslie & M.Howe) A.Rösler, Perfectti, V.Peña & J.C.Braga, H. saldomum J.Richards, W.E.Schmidt & Fredericq, and H. felderii J.Richards, W.E.Schmidt & Fredericq, that are found offshore the northwestern Gulf of Mexico are different species than the Harveylithon species, H. catarinense I.O.Costa, P.A.Horta & J.M.C.Nunes, that is found offshore North Carolina (Richards et al., 2021; Figures 1, 2, present study).



Conclusion

The northwestern Gulf of Mexico is a hotspot for non-geniculate, rhodolith-forming coralline algae. In total, at least 17 species of rhodolith-forming coralline species are found offshore the northwestern Gulf of Mexico including six species of Corallinales, eight species of Hapalidiales, and three species of Sporolithales. Four species of corallines are newly described in this study and one species is newly reported for the region. Regarding the status of names, 11 species from the northwestern Gulf of Mexico have been assigned names verified by comparative DNA sequence analyses. Continuing to assess the diversity of rhodolith-forming corallines, including naming other new species of Hapalidiales and Corallinales, is of critical importance to conservation efforts in the region.
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KM369119 Rhodogorgon carriebowensis
93 - Membranoptera weeksiae UC 264804 California, U.S.A.
Membranoptera tenuis UC 266439 Washington, U.S.A. Ceramiales
Membranoptera platyphylla UC 1856248 Washington, US.A.
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65|MW452882 Harveylithon dispersum NCU 673205 Campeche, Mexico
77]MW435253 Harveylithon dispersum PC 0606454 Guadeloupe, French West Indies
7€ IMw452881 Harveylithon dispersum LAF 5792 Sharm el Sheikh, Egypt
MW452883 Harveylithon sp. NCU 627350 Pickle Reef, Florida U.S.A.
1004 (MW439247 Harveylithon felderi LAF 4224 Ewing Bank, NWGMx
€8lwIMW435248 Harveylithon felderi LAF 5422 Ewing Bank, NWGMx
63 'MW43524S Harveylithon felderi LAF 54339 Ewing Bank, NWGMx
MW435251 Harveylithon saldomum LAF 6632 Ewing Bank, NWGMx
91 MW452880 Harveylithon catarinense NCU 601565 North Carolina, U.S.A.
95,MW452877 Harveylithon munitum NCU 653825 Quintana Roo, Mexico
100 [[MW452874 Harveylithon munitum NCU 627394 Pickle Reef, Florida, U.S.A.
MW435246 Harveylithon munitum LAF 6360 Ewing Bank, NWGMx
MW435244 Harveylithon munitum LAF 6641 Ewing Bank, NWGMXx
MW452887 Dawsoniolithon sp. NCU 657198 Quintana Roo, Mexico
100} 100 (KJ418415 Lithophyllum sp. LAF 5438 Sackett Bank, NWGMx
70 KJ418414 Lithophyllum sp. LAF 4254 Sackett Bank, NWGMx
MG517483 Lithophyllum atlanticum NCU 651508 Onslow Bay, offshore North Carolina, U.S.A.
98, MGS15130 Lithophyllum searlesii NCweed398/NCU 593534 Onslow Bay, offshore North Carolina, U.S.A.
ElY) Q856238 Lithophyllum incrustans GALW 15746 Bay of Brest, France
100—KJ418413 “Titanoderma” sp. LAF 6735 Sackett Bank, NWGMx
KJ418412 “Titanoderma” sp. LAF 6557A EwingBank, NWGMx
KX020466 Lithophyllum neocongestum US 223011 Caribbean Panama
100KU557496 Roseolithon louisianense sp. nov. LAF 6547 Ewing Bank, NWGMx
KU557497 Roseolithon louisianense sp. nov. LAF 6549 Ewing Bank, NWGMx
8MTSSM%SZ Hapalidiaceae sp. OTU 3 16.032 Brazil
KUS57500 Roseolithon sp. LAF 6631 Pacific Panama
MTS54663 Roseolithon tremembei LMC74 Brazil
100KU557499 Roseolithon rhodolapidosum sp. nov. LAF 6956B Sackett Bank, NWGMx
S2[1KU557498 Roseolithon rhodolapidosum sp. nov. LAF 6820 Ewing Bank, NWGMx
MTS54658 Roseolithon tamoioi LMC1 Brazil
MTS54650 Roseolithon tupii LMCE2 Brazil
MTS54664 Roseolithon potiguarae LMC34 Brazil
MTS554685 Hapalidiaceae sp. OTU 8 18C1526 Brazil
100MTS54623 Hapalidiaceae sp. OUT 8 MCH22 Brazil
KU557501 Roseolithon occidentaleatlanticum sp. nov. LAF 6957B Sackett Bank, NWGMx
MTS54677 Roseolithon karaiborum LMCS2 8razil
8€IMT554678 Hapalidiaceae sp. OTU 7 LMC1S 8razil
96,MTS554687 Roseolithon purii 1I3C1886 Brazil
61lON365774 Roseolithon purii LAF 7384 Ewing Bank, NWGMx
S8[lmTs54686 Roseolithon purii LMCSS Brazil

51

IRoseoIithon occidentaleatlanticum sp. nov.

MTS54688 Roseolithon goytacae FPG6 Brazil T
100{MH376521 Crustaphytum pacificum NTOU 001355 Taiwan %

€ MKS24382 Crustaphytum atlanticum R8 777609 Brazil o
56 MH123887 Tectolithon fluminense R8 760364 Brazil §_
EE KP142762 Neopolyporolithon arcticum UBC A88609 British Columbia, Canada "R
®

v

KP142730 Clathromorphum compactum US 170525 Labrador, Canada
100,MNS66833 Mesophyllum erubescens LAF 7380 Ewing Bank, NWGMx
S8 MNSE6834 Mesophyllum erubescens LAF D139 Bright Bank, NWGMx
KC815262 Mesophyllum sphaericum CPVP 776 Galacia, Spain
KUS25477 Lithothamnion sp. | SPF 57882 Brazil
941KUS29478 Lithothamnion sp. | SPF 57883 Brazil
98{lKuU525475 Lithothamnion sp. | SPFS7884 Brazil

g7| |KP844863 Lithothamnion sp. | LAF 1437A Florida Middle Grounds
KP844864 Lithothamnion sp. | LAF 6521 Ewing Bank, NWGMx

74 KP844865 Lithothamnion sp. J PHYKOS 724S Pacific Panama
JQ896231 Phymatolithon calcareum BM 000712373 Falmouth, England, United Kingdom

100\KUS574S3 Lithothamnion sp. E LAF 5421 Ewing Bank, NWGMXx
69 KUSS57454 Lithothamnion sp. E LAF 6454 Sackett Bank, NWGMx

KUSS574S5 Lithothamnion sp. F LAF 6882 Campeche Banks
100[KP224290 Lithothamnion glaciale GWS 007312 Newfoundland/Labrador, Canada

KP142723 Lithothamnion lemoineae US 165116 Labrador, Canada
KUS574S2 Lithothamnion sp. G LAF 6548 Ewing Bank, NWGMx
1

MN266235 Sporolithon amadoi LAF 7256 Ewing Bank, NWGMx
IMN434063 Sporolithon amadoi RB 775736 Brazil

MG051272 Sporolithon molle NCU 606657 Egypt
MF034541 Sporolithon ptychoides NCU 606660 Egypt
MF034543 Sporolithon eltorense NCU 606655 Egypt
MF034544 Sporolithon eltorense LAF 5767 Egypt
MT214482 Sporolithon franciscanum RB 797665 Brazil

MF034547 Sporolithon episporum NCU 598843 Caribbean Panama
MGO051270 Sporolithon indopacificum L3564509 Tanzania

KP142751 Sporolithon tenue US 170943 Brazil

MF034550 Sporolithon sinusmexicanum LAF 65708 Dry Tortugas Vicinity
MF03454S Sporolithon sinusmexicanum LAF 6S56A Sackett Bank, NWGMx

ONB365773 Sporolithon gracile sp. nov. LAF 7382 Parker Bank, NWGMx

MF034545 Sporolithon yoneshigueae R8 600355 Brazil
MK1538180 Sporolithon mesophoticum NCU 658543 Bermuda

JQS17415 Heydrichia woelkerlingii NCU 597127 South Africa
MF034551 Heydrichia cerasina NCU617165 South Africa
FI361382 Roseapetra farriae New Zealand
9gyMembranoptera tenuis UC 266435 Washington, USA.
100[ IMembranoptera weeksiae UC 264804 California, USA. Ceramiales
Membranoptera platyphylla UC 1856248 Washington, U.S.A.
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