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Loricifera is a group of marine, meiobenthic invertebrates of microscopic size that are found worldwide. The Loriciferan fauna of the Southern Gulf of Mexico (SGM) remains unknown. In the present study we report on the first exploration of the Loriciferans from the SGM, which is a strategic area for oil exploitation. The Loriciferan specimens were collected during deep-sea cruises XIXIMI-4 (August-September 2015) and XIXIMI-6 (August 2017), in which six out of 22 stations yielded specimens of Loricifera. A total of six specimens were found (although one of them was lost), namely two adults and four larval stages. Preliminary analyses based on the peculiarity of their morphological features indicate that the specimens include representatives of new species of Pliciloricus and Rugiloricus, an undescribed genus of Pliciloricidae and, possibly, an undescribed genus of Nanaloricidae. None of the specimens found could be assigned to previously described species. Since all specimens are either intermediate life cycle stages or poorly preserved, only a short description based on their morphological traits is provided here. Our findings are discussed from a comparative perspective with known Loriciferan species.
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Introduction

Loricifera is a phylum of exclusively marine, meiobenthic invertebrates of microscopic size (Kristensen, 1983; Bang-Berthelsen et al., 2013; Neves et al., 2016). These free-living animals are found worldwide in shell gravel, coarse sand and muddy sediments at a wide range of depths (for a review see Neves et al., 2016). Despite an increasing research effort, the patterns of spatial distribution of Loriciferan species remain scarcely known (Fujimoto and Kristensen, 2020; Neves et al., 2021). Described in 1983, Loricifera encompasses at present 44 species that are accommodated into one order, Nanaloricida Kristensen, 1983, and three families, Nanaloricidae Kristensen, 1983, Pliciloricidae Higgins and Kristensen, 1986, and Urnaloricidae Heiner and Kristensen, 2009 (Kristensen, 1983; Higgins and Kristensen, 1986; Heiner and Kristensen, 2009; Neves et al., 2016). In addition, Tenuiloricus shirayamai Neves and Kristensen, 2014 and Patuloricus tangaroa Sørensen et al., 2022 are listed as incertae sedis within Loricifera (Neves and Kristensen, 2014; Sørensen et al., 2022).

The Loriciferan life cycle involves a succession through several larval and post-larval (= juvenile) stages leading to the adult forms (Kristensen and Brooke, 2002; Neves et al., 2016). Adults and post-larvae possess a bilateral body divided into a head (mouth cone and introvert), neck, thorax and abdomen (Kristensen, 1983; Kristensen 1991a; Kristensen 1991b; Neves et al., 2016). Their introvert is characterized by several rings of leg- or spine-like appendages (termed clavoscalids and spinoscalids), while the neck possesses flattened appendages called trichoscalids. The abdomen is encased in a lorica composed of several cuticular plates (Nanaloricidae) or plicae (Pliciloricidae). The most prominent larval stage – named the Higgins larva (which includes the Shira larva type) – is anatomically similar to the adult but possesses a pair of “toes” and two groups of lorical setae arranged into 2-3 pairs situated at the posteriormost region of the body (Neves et al., 2016; Sørensen et al., 2022).

The Loriciferan fauna of the Gulf of Mexico (GM) remains poorly explored Hubbard et al. 1988 analyzed samples taken from various depths (298 - 2959 m) during five cruises (1983 and 1985) in the northern GM, which yielded a total of 506 Loriciferan specimens. This material has not been thoroughly investigated nor resulted in formal descriptions of new species. In 2005, twenty of these Loriciferan specimens were loaned to the Zoological Museum of Copenhagen for observations under a light microscope (RK, pers. obs.). However, none of them was thoroughly investigated and these preliminary observations did not result in formal descriptions of new species.

In the present study, we show results from the first Loriciferans found in the Southern Gulf of Mexico (SGM) an economically important zone for hydrocarbon exploration and exploitation (Peters et al., 2021). Ensuing the Deep-Water horizon oil spill, the risks associated with exploration and production of oil in this area have recently attracted greater attention from scientists (Kujawinski et al., 2020), among other aspects due to the risk of biodiversity loss due to the strong anthropogenic activity. As a result, the Gulf of Mexico Research Consortium (CIGOM: https://cigom.org/), was created to carry out an interdisciplinary and multi-institutional project “Implementation of networks of physical, geochemical, and ecological oceanographic observations to generate scenarios for possible contingencies related to the exploration and production of hydrocarbons in the deep waters of the Gulf of Mexico”. This project (2015-2020) included the XIXIMI oceanographic campaigns in the Mexican exclusive economic zone (EEZ) of the SGM, which aimed at sampling the deep-sea benthos (> 500 m) and included seven cruises and a total of 68 stations.



Materials and methods

The Loriciferan specimens shown here were collected during deep-sea cruises (1200–3524 m; Supplementary Figure 1) within the Mexican EEZ of the SGM, led by the Centro de Investigación Científica y de Educación Superior de Ensenada (CICESE). Sediment cores were obtained on board the R/V Justo Sierra (Universidad Nacional Autónoma de México) during XIXIMI-4 (August-September 2015) and XIXIMI-6 (August 2017). Sampling was carried out along horizontal transects (named with letters A, B, C, D, E, F and G) to cover different latitudinal degrees (25°, 24°, 23°, 22°, 21°, 20° and 19° latitude north respectively). Samples (12 cm-deep cores) were taken using boxcorer (sediment core subsampled with an acrylic core of internal diameter 8.1 cm) or multicorer (internal diameter 10 cm) which were preserved in 10% buffered formalin. Meiofauna was extracted from the sediment matrix by decantation and flotation with colloidal silica (Ludox ™, specific gravity 1.15 g cm−3 (de Jonge and Bouwman, 1977) followed by sieving through a 1000 μm mesh, and retained on a 45 μm mesh (Somerfield and Warwick, 1996). The process was repeated three times to maximize the number of extracted organisms. Sieved organisms were fixed and stored in 10% buffered formalin. Loriciferan specimens were sorted with the help of a stereomicroscope, transferred to glass slides in distilled water and photographed under cover slips using a Zeiss AxioCam 506 camera mounted on a ZeissAxio Scope A1 compound microscope. Subsequently, the specimens were mounted in Fluoromount G (SouthernBiotech) on glass slides and investigated with an Olympus BX51 microscope fitted with phase contrast (PC) and DIC optics. Photographs were taken with an Olympus DP20 Cell zoom digital camera.

The Loriciferans investigated in this study – a total of 5 specimens, though a sixth specimen was lost during the investigation – are deposited at the Zoological Museum, Natural History Museum of Denmark under accession numbers NHMD-621042 to NHMD-621046. General information on the various stations containing Loriciferans as well as information on the specimens are summarized in Supplementary Table 1.



Results

Loriciferans were found in five out of the 14 deep-sea stations inspected during XIXIMI-4 (August-September 2015) and in one out of eight stations during XIXIMI-6 (August 2017). A total of six specimens were recorded (see Supplementary Table 1) – two adults and four larval stages, none of which could be assigned to previously described species. Analyses based on the peculiarity of their morphological features indicate that these specimens include representatives of new species belonging to genera Pliciloricus and Rugiloricus, as well as an undescribed genus of Pliciloricidae and, possibly, an undescribed genus of Nanaloricidae. Since the specimens found during this survey are either poorly preserved or intermediate life cycle stages, a short description of their morphological traits is provided here, waiting for the formal description of these putative new species when additional material is collected.

One of the adult specimens could clearly be assigned to the family Nanaloricidae given the combination of morphological traits of this family (Supplementary Figure 2); for instance, a tripartite mouth cone with a long mouth tube and a lorica consisting of various (ca. 20) strongly sclerotized longitudinal plates. Internally, the specimen is characterized by a small pharyngeal bulb located within the basal region of the mouth cone. This specimen was unfortunately lost during manipulations.

The other adult specimen inspected during this study is assigned to Rugiloricus (Figures 1A-D; catalogue number NHMD-621046). As typically observed in all species belonging to this genus, the specimen found in the SGM possesses a short mouth cone with a ruff (Figure 1B), a neck region with single trichoscalids of identical structure and length (double trichoscalids are absent; Figures 1C, D) and a lorica with many plicae (>20; Figure 1A). Moreover, the neck has two rows of closely set basal plates (Figures 1C, D): (i) the anterior most row in which some of the plates possess a medial, posteriorly oriented spike and (ii) the posterior most row from which the trichoscalids protrude. In the introvert, the eighth row spinoscalids appear long and whip-like, while the ninth row spinsocalids are short and beak-like (Figure 1D).




Figure 1 | Light micrographs of the adult female of an undescribed species, Rugiloricus sp. 1 (NHMD-621046). (A) Overview of the specimen. Lateral view, anterior faces up. Note that the mouth cone is retracted inside the introvert. (B, C) Anterior region of the body. (D) Close-up of several basal plates of the neck region. Arrowhead points to the medial, posteriorly oriented spike of a basal plate of the anteriormost row. bp1a/b, anterior row basal plates of type a and b; bp2a/b, posterior row basal plates of type a and b; cs, clavoscalids; lo, lorica; mc, mouth cone; sr8,9, spinoscalids of 8th or 9th row; ss spinoscalids; ru, ruff; tr, trichoscalids.



Besides the two adult specimens, all the other Loriciferans found during this survey are larvae at different developmental stages. Among them, one Higgins larval stage could clearly be assigned to Pliciloricus (Figures 2A, B; catalogue number NHMD-621045). Although this larva is seemingly metamorphosing into a later larval instar or a postlarva (i.e., in an intermediate state), an unequivocal combination of characters clearly allows its generic determination. For example, possession of relatively long, thin toes and presence of three pairs of setae located in the posterior region of the body – namely the posterodorsal, posterolateral and posteroterminal pair –, is a combination of characters found only in Pliciloricus (Figure 2B). An additional Higgins larva, partially destroyed, was initially assigned to Pliciloricus based on the overall morphology of the clavoscalids and the toes (Figures 2C–E). However, a closer examination of the toes revealed the presence of a small bulge near their distal end (Figure 2E). Moreover, only two pairs of posterior setae were found – the posterodorsal and the posterolateral (i.e., the posteroterminal pair seems to be absent). Such a combination of characters was never observed before in specimens of Pliciloricus and the specimen appears, therefore, to belong to a yet undescribed genus of Loricifera.




Figure 2 |  (A, B) Light micrographs of the molting Higgins larva of an undescribed species, Pliciloricus sp. 1 (NHMD-621045) (A) Overview. Ventrolateral view, anterior faces up. (B) Close-up of the posterior region of the body. (C–E) Light micrographs of the Higgins larva of an undescribed genus, (NHMD-621044) (C) Overview. Ventrolateral view, anterior faces up. (D) Close-up of the head. (E) Close-up of the posterior region of the body. Arrowhead points to a small bulge near the distal end of the toe. cs, clavoscalids; in, introvert; lo, lorica; mc, mouth cone; se1, posterodorsal seta; se2, posterolateral seta; se3, posteroterminal seta; ss, spinoscalid; th, thorax; to, toe.



Two of the analyzed specimens belong to an undescribed genus (or genera)? of Pliciloricidae. One is a Higgins larva characterized by three-segmented clavoscalids with a spine-like distal segment, a thoracic region not well separated from the abdominal region with many plicae present in both regions, and relatively short toes with a small bulge near their distal end (Figures 3A–D; catalogue number NHMD-621043). Two pairs of setae are present posteriorly in the larval body: one posterolateral (Figure 3D) and one posterodorsal (a posteroterminal pair was not observed). The additional specimen is seemingly a last instar Higgins larva carrying a postlarva and a young adult inside (Figures 4A–E; catalogue number NHMD-621042). This specimen possesses a combination of morphological traits similar to that described for the preceding larval specimen; however, a small bulge near the distal end of their toes was not observed (Figure 4E). In addition, the last instar larva has two pairs of setae located posteriorly of the body – one posterodorsal and one posterolateral (the posteroterminal pair was not found). A careful examination of the young adult enclosed inside revealed the presence of a ruff, i.e., a cuticular formation of the introvert that surrounds the mouth cone (Figure 4D).




Figure 3 | Light micrographs of the Higgins larva of an undescribed genus (NHMD-621043). (A) Overview. Ventral view, anterior faces up. (B) Posterior region of the body. (C) Close-up of the anterior region of the body. (D) Posterior region of the body. Note the small bulge near the distal end of the toe (arrowhead). Abbreviations: cs, clavoscalids; in, introvert; lo, lorica; mc, mouth cone; pb, pharyngeal bulb; se2, posterolateral seta; ss, spinoscalid; th, thorax; to, toe.






Figure 4 | Light micrographs of the last instar Higgins larva (carrying a postlarva and a young adult inside) of an undescribed genus (NHMD-621042). (A) Overview. Ventral view, anterior faces up. (B, C) Anterior region of the body. The arrowhead points to the spine-like distal segment of the three-segmented clavoscalids. (D) Close-up of the abdominal region of the body. The rectangle outlines the ruff of the adult enclosed within the larval and postlarval body. (E) Close-up of the posterior region of the body. Abbreviations: ad, adult; cs, clavoscalids; in, introvert; lo, lorica; mc, mouth cone; or, oral ridge; pl, postlarva; se2, posterolateral seta; ss, spinoscalid; to, toe.





Discussion

Loricifera was not among the most abundant invertebrate groups in the samples collected during the course of XIXIMI Cruises in the SGM (see Supplementary Table 1). However, the six specimens taken from the 22 deep-sea stations sampled during this survey could represent a high richness of Loriciferan genera and species. Two of the genera represented have already been described, Pliciloricus and Rugiloricus, whereas at least two others are new to science, and each of these specimens may actually belong to species that are new to science. Moreover, two out of the three families described for Loricifera are represented, i.e., Pliciloricidae and Nanaloricidae (only Urnaloricidae is missing). Such pattern of low density and high diversity of Loricifera has been observed in several other deep-sea localities around the globe. For instance, a study on the abundance of meiofaunal communities off the coasts of California and Oregon revealed great diversity of genera and species of Loricifera (Rohal et al., 2014). After a careful inspection of a total of only 15 specimens found during this survey, two new species were described in a follow-up study – Rugiloricus californiensis and Urnaloricus ibenae – representing two out of the three families described for Loricifera, respectively – Pliciloricidae and Urnaloricidae (Neves et al., 2019). In addition, at least two putative new species were suggested – one belonging to Pliciloricus and one to Rugiloricus, and the presence of an undescribed genus was recognized.

The adult specimen assigned to family Nanaloricidae has similarities with a new genus recently described from the Clarion-Clipperton Fracture Zone in the Pacific Ocean, Fafnirloricus (Fujimoto and Murakami, 2020). Indeed, the specimen found in the SGM is characterized by a lorica with ca. 20 sclerotized plates, which is a condition found only in Fafnirloricus (all the other nanaloricids described so far have only 6-10 lorical plates). An additional character of interest in the species studied here is the presence of the pharyngeal bulb inside the mouth cone. Interestingly, such a feature was observed only once in a nanaloricid specimen collected from the Northern Gulf of Mexico (RK, pers. obs.). However, this specimen was never examined in detail and further comparisons are not possible at present. Since the nanaloricid specimen investigated here was lost during the observations under the microscope, the genus and species to which it belongs remains undetermined until more specimens are found and studied.

The adult specimen assigned to the genus Rugiloricus has some resemblances with Rugiloricus californiensis, the species recently described from the North East Pacific Region (Neves et al., 2019). For instance, both animals possess (i) neck plates of the anterior row with a medial, posteriorly oriented spike; (ii) a conical lorica; (iii) a relatively medium size end cone located at the posteriormost region of the lorica. However, the head of the specimen studied here is retracted and, therefore, the morphology of the clavoscalids and spinoscalids could not be assessed and thoroughly compared with that of R. californiensis. The similarities between the two Rugiloricus might then be limited to merely a few traits and should be treated with caution until a more comprehensive study is possible.

Among the larval specimens discovered, only one could be assigned to a described genus. Indeed, the Higgins larva metamorphosing into a late larva instar or a postlarva clearly belongs to Pliciloricus. As the mouth cone and the anteriormost region of the introvert of this specimen are fully retracted, important diagnostic characters (e.g., the internal armature and the clavoscalids) are not discernible. Therefore, it is not possible to compare it with any of the Pliciloricus described species and to determine whether it represents a new species or not.

The additional three Higgins larvae belong to an undetermined genus or more genera. Interestingly, they all possess at least one of the morphological traits that characterize a peculiar genus that has been reported primarily in an undergraduate thesis (see Gad, 2000) and briefly mentioned in a short article (see Gad, 2003 and Figure 1A therein). The undescribed genus is characterized by three-segmented clavoscalids with a spine-like distal segment, thorax and abdomen not well distinguishable from each other and composed of many plates, and toes with a small bulge near their distal end. Except for the latter, these features are also found in the Shira larva, a type of Loriciferan larval stage described solely in 2014 from a deep-sea oceanic plateau located in the Pacific Ocean (Neves and Kristensen, 2014). Moreover, specimens displaying the combination of characters that characterize the undescribed genus have also been found during the oceanographic expedition off the coast of California and Oregon and reported by Neves et al. (2019).

Finally, the young adult enclosed inside the last instar Higgins larva investigated here provides a new insight into the phylogenetic relationships of the undescribed genus it belongs to. The presence of a ruff (i.e., a cuticular formation of the introvert that surrounds the mouth cone) is a condition shared solely with the three pliciloricid genera, namely Pliciloricus, Rugiloricus and Titaniloricus (Higgins and Kristensen, 1986; Gad, 2005). Accordingly, we hypothesize that this undescribed genus – which is seemingly the genus described extensively in an undergraduate thesis (see Gad, 2000) – is phylogenetically close to Pliciloricidae, if not a member of this family. In the future, a comprehensive investigation of the distinctive morphological features that characterize the undetermined genus should provide a sufficient amount of information to help understand its evolutionary relationships.
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Supplementary Figure 1 | Map showing the sampling localities in the Southern Gulf of Mexico that yielded Loriciferans. The yellow line represents countries limits, whereas the gray line outlines the Mexican Exclusive Economic Zone. Dotted lines represent transects of general sampling of XIXIMI´s cruises. Stations from cruise XIXIMI-6 are represented by black symbols: ■ = Rugiloricus sp., ▲= Undetermined genus of Pliciloricidae, ● = Undetermined genus of Nanaloricidae. The green symbol represents a station from the cruise XIXIMI-4: ♦ = Pliciloricus sp.

Supplementary Figure 2 | Light micrographs of the adult (of uncertain genus) of an undescribed species of Nanaloricidae. (A) Overview of the specimen. Dorsal view, anterior faces up. (B) Anterior region of the body. Note the location of the pharyngeal bulb inside the mouth cone.
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