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Abstract

:

According to the modern fish system, one species of fourhorn sculpin Triglopsis quadricornis lives in the Baltic Sea and Arctic waters. In the present study, sculpins from the Baltic and White Seas were studied using different methods: morphological analysis to establish patterns of the seismosensory system, tomography for the study of cranial bones, X-ray imaging for the study of the axial skeleton, as well as phylogenetic analysis of two mtDNA markers (control region and CO1) and one nDNA marker (RAG1). The results obtained by these methods were used to prove the existence of two species: T. quadricornis in the Baltic Sea and Triglopsis sp. in the White Sea. These species differ significantly in the unique shape and size of the bony outgrowths on the head, as well as in the number of bony plates on the body. Genetic differences between the species were expressed in the formation of T. quadricornis and Triglopsis sp. independent clusters on Bayesian phylogenetic trees reconstructed based on the sequences of the mtDNA control region and RAG1.
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1. Introduction


The species Cottus quadricornis Linnaeus, 1758 (common name: fourhorn sculpin), was described from the Baltic Sea. Later, this species was included in the list of fishes of the White Sea [1]. In the faunistic summary of the fishes of the Russian Empire, the fourhorn sculpin is designated as Myoxocephalus qufadricornis [2]. The main morphological feature that distinguishes this species from other species of the genus Myoxocephalus is the presence of four large bone outgrowths (mounds) on the head. A comparative analysis of the morphological characters, conducted by Leo Berg (1923), revealed differences between the White Sea form of the fourhorn sculpin and the Baltic Sea one [3].



Leo Berg (1923, 1949) estimated these differences at the level of various subspecies of Myoxocephalus quadricornis [3,4]. The form from the Baltic Sea retained the name of the nominal subspecies M. quadricornis quadricornis, and the fourhorn sculpin from the White Sea was M. quadricornis labradoricus. The species with the name Acanthocottus labradoricus was described by C. F. Girard (1850) from Yankee Harbor. The text of the description was published in an article by H. R. Storer (1850) [5]. Specimens of Acanthocottus labradoricus from the region of Labrador had two pairs of postorbital outgrowths on the head [6]. This morphological feature occurs in the species Myoxocephalus scorpius and is never seen in M. quadricornis. This fact formed the basis to consider A. labradoricus a synonym of M. scorpius [6].



Studies of the lateral line system in the Baltic and White Sea forms of the fourhorn sculpin revealed significant differences in its pattern with other species of the genus Myoxocephalus [7]. The main differences were in the morphology of canaliculi extending from the sensory canals. In the Baltic and White Sea specimens, single canaliculus has one pore [7]. Due to this morphological feature, each sensory canal has a small total number of pores. For example, a fourhorn sculpin from the Baltic Sea has one pore in the coronal commissure. In other species of the genus Myoxocephalus (M. stelleri, M. brandtii, M. polyacanthocephalus, M. jaok, M. verrucosus, M. tuberculatus, M. ochotoensis, M. scorpioides. M. octodecemspinosus, M. aeneus, and M. niger), canaliculus is branched and contains multiple pores [7]. While the Baltic fourhorn sculpin has only one pore in the coronal commissure, M. stelleri (type species of the genus Myoxocephalus) has 14 pores. These differences served as the basis for the transfer of M. quadricormus to the genus Triglopsis Girard, 1881 [7]. In studies of fishes of the Russian Arctic, Anatoliy Andriashev and Natalia Chernova (1994) as well as Igor Chereshnev (1996) assigned the fourhorn sculpins to the genus Triglopsis [8,9]. The level of differences between them was assessed as the rank of subspecies. The White Sea subspecies was named Triglopsis quadricornis polaris [10], but this name is unacceptable. Molecular genetic studies of mtDNA genes were conducted for the Baltic form of T. quadricornis [11]. The complete mitochondrial genome was sequenced for the White Sea form [12]. Comparative analysis of the genetic data of these two forms was not carried out. The study is devoted to elucidating the morphological and genetic differences between two forms of the fourhorn sculpin from the Baltic and White Seas in order to establish their taxonomic status.




2. Materials and Methods


2.1. Sampling and Collections


The materials for this study were the samples of the fourhorn sculpin collected in the Baltic Sea in April 2022 and in the White Sea in August 2020 and June 2022. Sample collection was carried out with gill nets at depths of 25 to 31 m and 5 to 16 m, respectively. The harvested fish were transferred in water with clove oil as an anesthetic. The samples were then fixed in 96% alcohol. All samples are stored in the ichthyological collection of the Zoological Institute of the Russian Academy of Sciences, St. Petersburg. In addition, the fund collections of the Zoological Institute (ZIN) and the Swedish Museum of Natural History (NRM) were studied.



All studied specimens are listed below.



Type specimen:



Triglopsis quadricornis, NRM 2491, syntype, Baltic Sea.



Non-type specimens:



Triglopsis quadricornis: ZIN 48658, one specimen, Gulf of Finland, Luga Bay, near Novye Ruch’i, depth 15 m, 2 April 1988, collector G.P. Rudenko; ZIN 56885, three specimens, Gulf of Finland, Samoed Bank, 15 km from Kurgalsky Peninsula, 59.8690 N, 28.2113 E, depth 24–31 m, 1 April 2022, collector V. Morev; ZIN 37824, one specimen, Gulf of Finland, near Zelenogorsk, 28 March 1965, collector A.V. Neelov; ZIN 1496, one specimen, Baltic Sea, Revel Bay (old name of Tallinn Bay), 1856, collector V. Zatsepin; ZIN 14125, two specimens, Baltic Sea, Aland Islands, Svibyviken Bay near Mariehamn, Kagno Island, 31 July 1907, collector S. Pavlovich; ZIN 26934, one specimen, Baltic Sea, Aland Islands, near Mariehamn, near Lökskär Island, 20 July 1907, collector S. Pavlovich; ZIN 26936, three specimens, Baltic Sea, Aland Islands, Svibyviken Bay near Mariehamn, Lagneskär Island, 17 August 1897, collector S. Pavlovich; ZIN 26935, one specimen, Aland Islands, Svibyviken Bay near Mariehamn, near Lagneskär Island, depth 6–7 m, 24 July 1897, collector S. Pavlovich; ZIN 56884, five specimens, White Sea, Chupa Bay, near Sredniy Island, 66.2952 N, 33.6380 E, August 2020, collector T. Ivanova; ZIN 56887, 11 specimens, White Sea, Chupa Bay, between Matryonin and Bolshoi Gorelyy Islands, 66.3118 N, 33.6329 E, 20 June 2022, collector D. Krupenko; ZIN 56886, n = 7, Lake Ladoga near the village of Morye, depth 30–35 m, 2 December 2021, collector I. Tyrkin. The collection sites of all the studied samples are shown on the map (Figure 1).



Triglopsis quadricornis: ZIN 48658, one specimen, Gulf of Finland, Luga Bay, near Novye Ruch’i, depth 15 m, 2 April 1988, collector G.P. Rudenko; ZIN 56885, three specimens, Gulf of Finland, Samoed Bank, 15 km from Kurgalsky Peninsula, 59.8690 N, 28.2113 E, depth 24–31 m, 1 April 2022, collector V. Morev; ZIN 37824, one specimen, Gulf of Finland, near Zelenogorsk, 28 March 1965, collector A.V. Neelov; ZIN 1496, one specimen, Baltic Sea, Revel Bay (old name of Tallinn Bay), 1856, collector V. Zatsepin; ZIN 14125, two specimens, Baltic Sea, Aland Islands, Svibyviken Bay near Mariehamn, Kagno Island, 31 July 1907, collector S. Pavlovich; ZIN 26934, one specimen, Baltic Sea, Aland Islands, near Mariehamn, near Lökskär Island, 20 July 1907, collector S. Pavlovich; ZIN 26936, three specimens, Baltic Sea, Aland Islands, Svibyviken Bay near Mariehamn, Lagneskär Island, 17 August 1897, collector S. Pavlovich; ZIN 26935, one specimen, Aland Islands, Svibyviken Bay near Mariehamn, near Lagneskär Island, depth 6–7 m, 24 July 1897, collector S. Pavlovich; ZIN 56884, five specimens, White Sea, Chupa Bay, near Sredniy Island, 66.2952 N, 33.6380 E, August 2020, collector T. Ivanova; ZIN 56887, 11 specimens, White Sea, Chupa Bay, between Matryonin and Bolshoi Gorelyy Islands, 66.3118 N, 33.6329 E, 20 June 2022, collector D. Krupenko; ZIN 56886, n = 7, Lake Ladoga near the village of Morye, depth 30–35 m, 2 December 2021, collector I. Tyrkin. The collection sites of all the studied samples are shown on the map (Figure 1).




2.2. The Skeleton and Tomography


To obtain digital images of the axial skeleton of specimens, an X-ray unit PRDU (Eltekhmed, Russia) and a Soredex Digora PCT scanner were utilized. To obtain a three-dimensional image of the skull bones in the Baltic and White Sea forms of fourhorn sculpin, a Neoscan N80 microtomograph (NEOSCAN BVBA, Belgium) was used with the following settings: Source Voltage = 58 kV; Source Current = 68 µA; Camera Exposure = 127 ms; Filter = Al 0.25 mm; Rotation Step = 0.3°. The 3D reconstruction based on tomography data was performed using CTVox 3.3 software (Bruker, USA). All X-ray and tomographic studies were performed utilizing the equipment of the Core Facilities Centre “Taxon” at the Zoological Institute RAS (St. Petersburg).




2.3. Analysis of Morphometric Data


A morphometric study of the Baltic and White Sea forms of the fourhorn sculpin was performed using a complex of 25 measurements and 8 counts. The measurements were made according to a schematic developed specifically for sculpins [13,14]. Only adult and undamaged specimens of the fourhorn sculpin (14 out of a total of 30 specimens) were measured using a digital caliper. To calculate the mean and median values of relative measurements as well as standard deviations, simple functions in Excel 2016 software (Microsoft) were utilized.




2.4. DNA Extraction, Amplification and Sequencing


DNA was isolated from fin-clip tissue samples (100–200 mg) fixed in 96% ethanol using QIAamp DNA Mini Kit (Quiagen, Germany). The mtDNA control region (CR) was amplified using primers L16638 and H1122 [15], resulting in ~1000 bp amplicons that included fragments of flanking tRNA genes. The 5′ region of the cytochrome c oxidase subunit 1 (COI) gene was amplified using universal primer cocktail for fish DNA barcoding [16], resulting in ~700 bp amplicons. Amplification of recombination activating gene 1 (RAG1) was carried out with primers RAG1F1 and RAG1R1 [17], resulting in ~1100 bp amplicons.



Amplification was undertaken in a BioRad C1000 Touch in a 16 μL reaction volume containing 1× buffer, 1.5 µM MgCl2, 10 µM of each primer, 0.2 µM of each dNTP, 1 μL of template DNA solution, and 1U of HS Taq polymerase (Evrogen, Moscow). The PCR conditions for CR were as follows: 3 min of initial denaturation at 95 °C, followed by 35 cycles of denaturation at 95 °C for 20 s, primer annealing at 59.2 °C for 60 s, DNA elongation at 72 °C for 60 s, and final elongation at 72 °C for 10 min. The PCR conditions for COI followed the protocol from Ivanova et al. [16]. Amplification of RAG1 was undertaken according to the following protocol: 3 min of initial denaturation at 94 °C, followed by 35 cycles of denaturation at 95 °C for 45 s, primer annealing at 52 °C for 45 s, DNA elongation at 72 °C for 75 s, and final elongation at 72 °C for 5 min. The PCR products were purified by ethanol and ammonium acetate (3 M) precipitation. Sequencing was conducted using 3500 Genetic Analyzer (Applied Biosystems) with forward and reverse PCR primers. The obtained sequences were deposited in the GenBank NCBI (OP503174-OP503176; OP825133-OP825135; OP828777-OP828779). Isolation and amplification of DNA was carried out utilizing the equipment of the Laboratory of Ichthyology in Zoological Institute RAS (St. Petersburg). Sequencing was performed in the Papanin Institute of Biology of Inland Waters RAS (Borok).




2.5. Phylogenetic Analyses


The nucleotide sequences were edited by eye and aligned using Geneious Prime 2021.1.1 (https://www.geneious.com, accessed on 30 August 2022). Identification of unique haplotypes was performed using DnaSP v6.12.03 [18]. The phylogenetic trees were reconstructed using Bayesian analysis in Mr. Bayes 3.1.2 [19] and the Maximum Likelihood (ML) method in IQ-TREE 1.6.12 [20]. The best fit model of nucleotide substitution was determined using algorithm implemented in IQ-TREE 1.6.12 under the Bayesian Information Criterion (BIC). The best models were chosen (TPM2u + F + G4 for CR, TIM2 + F + G4 for COI, K2P + I for RAG1). The statistical reliability of the ML tree was assessed by the bootstrap method (1000 pseudo-replications). The MCMC process was set for four chains to run simultaneously for 107 generations, with sampling trees at every 1000 generations. The first 25% of trees were discarded in the computation of the majority-rule consensus tree. Posterior probabilities were calculated by generating a 50% majority rule consensus tree with the remaining trees. The phylogenetic trees resulting in ML and BI analyses was visualized using FigTree 1.4.4 software (http://tree.bio.ed.ac.uk/software/figtree, accessed on 30 August 2022). To assess the genetic diversity of the fourhorn sculpin, the average number of nucleotide substitutions was estimated. The calculations were performed using DnaSP v6.12.03 [18]. Pairwise p-distances between different species and genera were calculated using MEGA X software [21].



The inner group also included 16 species of cottoid fish (subfamily Myoxocephalinae: Argyrocottus zanderi Herzenstein, 1892; Enophrys diceraus (Pallas, 1787); Megalocottus platycephalus (Pallas, 1814); Microcottus sellaris (Gilbert, 1896); Myoxocephalus brandtii (Steindachner 1867); Myoxocephalus jaok (Cuvier, 1829); Myoxocephalus ochotensis Schmidt, 1929; Myoxocephalus polyacanthocephalus (Pallas, 1814); Myoxocephalus scorpius (Linnaeus, 1758); Myoxocephalus stelleri Tilesius, 1811; Porocottus allisi (Jordan & Starks, 1904); Porocottus camtschaticus (Schmidt, 1916); Porocottus japonicus Schmidt, 1935; Porocottus minutus (Pallas, 1814); Taurulus bubalis (Euphrasen, 1786); Triglopsis thompsonii Girard, 1851). The species Cottiusculus nihonkaiensis Kai & Nakabo, 2009 was utilized as an outgroup for phylogenetic analyses using mtDNA markers (COI and CR). Artediellus ochotensis Gilbert & Burke, 1912, Artediellus uncinatus (Reinhardt, 1834), Gymnocanthus pistilliger (Pallas, 1814) were used as outgroups for analysis of RAG1. Table S1 lists the taxa with GenBank accession numbers used in phylogenetic study.





3. Result


3.1. Morphological Characteristics


The fourhorn sculpin T. quadricornis from the Baltic Sea (a type locality) has a characteristic complex of morphological features. There is an abundance on the body of rounded flaps with numerous small prickles at the top. The flaps form four rows and cover a major portion of the body (Figure 2A and Figure 3A). The caudal peduncle is long and narrow in its depth, on average 2.5 times less than its length. The head is large, 36% SL on average, flattened in the dorso-ventral direction. On the top surface of the head, there are four mushroom-shaped bony outgrowths. They have a spongy bone texture with numerous prickles forming into groups. The anterior pair of postorbital outgrowths is smaller than the occipital pair. Their diameters are 6% and 8.3% SL, respectively (Figure 2A and Figure 3A). The eyes are small (5.7% SL on average); the interorbital space is wide, nearly equal to eye diameter. The mouth is large; the maxillary bone is 52.1% of the head length, almost reaching the vertical of the posterior edge of eye. The armament on the head is well developed; there are four large sharp spines on the preoperculum. There are three front spines of similar length. The first spine is right forward, the other two are directed to the side, perpendicular to the bone. The posterior spine is the longest, averaging 5.6% SL, which is comparable to the eye diameter.



There is a wide gap between the dorsal fins (from 5.1 to 10.1% SL, average 7.4%). Among the fins, the longest is the anal fin. The base slightly exceeds that of the second dorsal fin. The pelvic fins are short at 18.5% SL (range 16.6–22.5%).



The White Sea sculpin differs from the Baltic Sea sculpin in a set of morphological characteristics. The body has one long and two short rows of large but thin scale-like flaps (Figure 2B and Figure 3B). The flaps do not cover the body; they occupy only a small part of the surface. The head is high, not flattened in the dorso-ventral direction, and is well sculpted. The outer edges of the frontal bones are raised and form ridges above the eyes. There are postorbital and occipital bony outgrowths on the head. This fish is fundamentally different from those of the Baltic form (Figure 2B and Figure 3B). The outgrowths are small in size and have a triangular form. This type of bony outgrowth was never found in T. quadricornis from the Baltic Sea. The eye is larger in Triglopsis sp. from the White Sea (16–20.1% vs. 14.5–17.7% of head length). The interorbital space is concave and narrow, smaller than the eye diameter. There is a narrow gap between the first and second dorsal fins (3.6–6.0% SL, average 4.9%). It is much less than the gap in the Baltic Sea sculpin (5.1–10.1% SL, average 7.4%). The length of the base of the second dorsal fin is similar to the base length of the anal fin: 23.3–28.3% SL (average 25.7%) and 22.7–27.9% SL (average 25.3%), respectively.




3.2. Morphometric Characteristics


To find morphological fluctuation of body form, the ranges of variation and average values of 25 relative measurements were analyzed (Table 1). The most noticeable differences were found in five characteristics: length of the caudal peduncle, base length of the second dorsal fin, distance between dorsal fins, head width, and interorbital space. The median values of three features (head width, interorbital space, and distance between dorsal fins) were higher in White Sea individuals than in Baltic ones. The difference of medians for the first two features averaged 9.7%. The great discrepancy in median values (34%) was found for only one characteristic: the gap between the dorsal fins. In the Baltic Sea specimens, dorsal fins are located at noticeably greater distance from each other than that of the White Sea fourhorn sculpins. Differences between medians of two other characters (length of caudal peduncle and base length of the second dorsal fin) in the Baltic and White Sea specimens were 9 and 10%, respectively.



Data on the variation in the number of rays in the dorsal, anal, and pectoral fins in the White and Baltic Sea fourhorn sculpins are presented in Table 2. A comparison of the obtained data showed that individuals from both localities have a similar level of variation in the number of fin rays. The number of rays in each fin varied by 2 to 4 values. The syntype from the Baltic Sea had nine rays in the first dorsal fin. The number of rays in non-type individuals from five localities in the Baltic Sea (Figure 1) varied from six to nine (Table 2). About 43% of specimens had eight rays in the first dorsal fin. The number of rays in the first dorsal fin of the White Sea fourhorn sculpin varied from 7 to 10 with a modal number of 9, which is more than in the Baltic Sea individuals. The number of rays in the second dorsal fin of the White Sea sculpin ranged from 14 to 16 with a modal value of 15. In the Baltic Sea fourhorn sculpin, this character ranged from 13 to 14 with a modal value of 13. Such differences in the modal numbers of rays are the greatest between two studied forms.



The unique type specimen from the Baltic Sea had 14 rays in the second dorsal fin. The number of rays in the anal fin varied from 13 to 15. Only one specimen from the White Sea contained 16 rays in the second dorsal fin (Table 2). The modal number of anal-fin rays in both the White and Baltic Sea fourhorn sculpin (including the syntype) was 14. Such a number of rays in the anal fin was typical for most of the studied fish; 14 rays was found in 64% of the Baltic Sea specimens and in 43% of the White Sea fourhorn sculpins.



In the pectoral fin, 47% of all Baltic and White Sea specimens had 15 rays and 53% had 16 rays. The unique type specimen (Linnaeus, 1758) contained 17 rays in the pectoral fin. Therefore, the number of rays in the anal and pectoral fins of all the studied specimens from the Baltic and White Seas had similar levels of variation and the same modal number of rays. Differences in the modal number of rays were found in two dorsal fins; greater numbers of rays were more common in the White Sea fourhorn sculpin.




3.3. Axial Skeleton


The axial skeleton of T. quadricornis syntype from the Baltic Sea had 40 vertebrae: 13 abdominal and 27 caudal, while the pleural ribs are absent. In non-type specimens from the Baltic Sea, the total number of vertebrae varied from 39 to 41, with a modal value of 40 (Table 3). There are 13–14 ventral vertebrae and 27–28 caudal vertebrae. In the Baltic Sea fish, 57% of specimens were observed to have 27 caudal vertebrae.



The White Sea form had the same modal number of vertebrae as those of the Baltic Sea form. However, the variability in the number of vertebrae was completely different. The number of vertebrae in the White Sea specimens showed a downward trend (Table 3). The greatest difference corresponding to interspecies dissimilarity was found in the number of pleural ribs. In 93% of the Baltic Sea specimens, pleural ribs on the last abdominal vertebrae were absent. In contrast, 81% of the White Sea specimens had one or two pairs of pleural ribs.




3.4. Lateral Line System and Fontanelles in Bones of Skull


The lateral line system of T. quadricornis from the Baltic Sea consisted of wide sensory canals, which are interconnected and form a unified system [7]. The exception is the preopercular-mandibular canal, which is separated from other sensory canals of the head (Figure 4A). Sensory canals have forms of cavities connected in series with each other and covered with a skin membrane from above. The distal parts of the cavities are elongated and form a skin canaliculus. The end of the canaliculus is usually open. However, sometimes the canaliculus ends blindly, in which case a pore is absent. The pore size is extremely small. The supraorbital canal has two cavities, an anterior one in the interorbital space and a posterior one in the position of coronal commissure connecting the left and right supraorbital canals.



In the tomogram of T. quadricornis skull, the frontal bones, through which the supraorbital canal passes, show large fontanelles (Figure 5A). In the supraorbital canal, only one canaliculus opens with a pore. All other canaliculi end blindly and possess no pores. The infraorbital canal consists of eight interconnected extensive cavities. In infraorbital bones, they correspond to fontanelle, which are separated from each other in the upper part by very narrow bony septa (Figure 5A). In the lower part, the fontanelles are interconnected. All cavities are elongated in the distal part and form skin canaliculi of different lengths. Only the first anterior canaliculus terminates blindly. All other seven canaliculi have pores at the ends.



The temporal canal contains four cavities. The anterior two do not have canaliculi, and therefore, they do not have pores. Wide skin canaliculi depart from the two posterior cavities. One canaliculus terminates blindly, and only the last one has a pore at the end (Figure 4A). In the occipital commissure which connects temporal canals, there are three cavities. Of these, only the middle cavity has a skin canaliculus, but it does not have a pore. There are also cavities in the preopercular-mandibular canal. In the preoperculum, they are located between spines. The pores in this canal are situated directly on the skin at the roof of the cavity. The mandibular canals on the chin are interconnected by a triangle-shaped commissure. In the middle of the commissure, the canaliculus extends backwards [7]. Only the lateral canaliculi are developed in the trunk canal. The distal part of each canaliculus in the anterior part of the trunk canal protrudes above the skin surface of the body. Each canaliculus has a pore at the end that sticks out above the surface of the body.



The pattern of lateral line system is similar between fourhorn sculpins from the White and Baltic Seas. The fundamental similarity lies in the presence of extensive cavities in all sensory canals, a small number of pores, and large frontanelles into the bones of the cranium (Figure 4B and Figure 5B). For comparison, the lateral line system of M. stelleri as a type species of genus Myoxocephalus was studied. The lateral line system of M. stelleri has a different pattern compared to Triglopsis from the Baltic and White Seas (Figure 4C and Figure 5C). The lateral line system consists of narrow sensory canals without cavities. All sensory canals have narrow openings in the cranium and small fontanelles (Figure 5C). The skin canaliculi extending from the canals have a fundamentally different pattern. One canaliculus branches and has many additional canaliculi. Each additional canaliculus opens at the end. The species T. quadricornis has 1 pore in the supraorbital canal, while M. stelleri has 23 pores. In coronal commissure, these species have 0 and 15 pores, respectively. Seen from above, the scalp of M. stellerii is dotted with a huge number of holes. The infraorbital canal has the largest number of pores. In this sensory canal, skin canaliculi extend from its outer and inner sides. In addition, the skin canaliculi are unusually long. Only one long canaliculus has 25 additional canaliculi and the same number of pores. The temporal canal and occipital commissure have a composition similar to the supra- and infraorbital canals. The unique composition is characteristic of the preopercular-mandibular canal. The preopercular part of this canal has branched canaliculi. The mandibular part of the canal, located on the lower surface of the head, has a simple canaliculus. One canaliculus corresponds to one pore.




3.5. DNA Analysis


For the genetic characterization of two species of fourhorn sculpins from the Baltic and White Seas, the nucleotide sequences of the non-coding mtDNA CR (846–849 bp), as well as fragments of COI (620 bp) and RAG1 (1276 bp) genes were studied. The Baltic Sea T. quadricornis had one CR haplotype (BS1). A deletion (position 527) was found in one of the three CR sequences. Seven specimens of T. quadricornis from Lake Ladoga had three CR haplotypes (LL1, LL2, LL3) that differed from each other by one nucleotide substitution. The average p-distance between the Baltic Sea and Ladoga individuals was 0.2 ± 0.1%; no common haplotypes were found. This indicates that these are different populations of the same species.



In five specimens of Triglopsis sp. from the White Sea, two haplotypes were identified; one polymorphic site was found. The species T. quadricornis (including a form from Lake Ladoga) differed from the White Sea Triglopsis sp. in five nucleotide substitutions and two deletions in the mtDNA CR. The average p-distance between these species was 0.7 ± 0.3%, indicating their recent divergence. This level of genetic differentiation corresponds to differences between species of the same genus. The average p-distance (CR) between the genera Triglopsis and Myoxocephalus was 11.0 ± 0.8%. In contrast to the genus Triglopsis, genetic distances between marine species of the genus Myoxocephalus ranged from 1.8% to 8.9%.



Analysis of COI sequences of the Baltic Sea and Ladoga forms of T. quadricornis revealed the presence of only two haplotypes (LL1COI and LL2COI). They were both found in specimens from the two localities studied. The Baltic Sea fourhorn sculpin differed from Triglopsis sp. from the White Sea by one nucleotide substitution in the fragment of COI gene (average p-distance 0.24 ± 0.18%). The low level of differences is due to the high conservatism of this marker in cottids. To establish the genetic similarity of the Baltic Sea T. quadricornis and the White Sea Triglopsis sp. with the type species of the genus Triglopsis (T. thompsonii), the COI gene sequence obtained from Genbank NCBI (Accession number HQ557195) was utilized. The average p-distances between T. thompsonii and the studied species of fourhorn sculpins were 0.5–0.6%. These results testify to the genetic similarity of the species of the genus Triglopsis. The genetic distances (COI) between the type species of the genus Myoxocephalus (M. stelleri, Accession number JF278626) and the fourhorn sculpins from the Baltic and White Seas were 7.6–7.8%. This high level of genetic divergence (12 times the interspecific distances within Triglopsis) is consistent with differences between independent genera. The average p-distance (COI) between the genera Triglopsis and Myoxocephalus was 8.5 ± 1.0%.



The validity of the independence of Triglopsis and Myoxocephalus was confirmed by nuclear DNA data (RAG1). The average p-distance between these genera was estimated as 0.75 ± 0.23%, which was significantly higher than the interspecies genetic differences. According to the sequences of the nuclear gene RAG1, the distances between the species of the genus Myoxocephalus were 0.08–0.47%. The RAG1 sequences of the Baltic four-horned sculpin and Triglopsis sp. from the White Sea differed by one nucleotide substitution (position 138); thus, the genetic distance between them was 0.08%. This level of interspecies divergence is typical for an ultraconservative gene. A similar distance (0.08%) was found between some marine species of the genus Myoxocephalus (M. brandtii and M. stelleri, M. brandtii and M. jaok).




3.6. Phylogenetic Analysis


An analysis of phylogenetic relationships of some representatives of Myoxocephalinae was performed based on the CR, COI, and RAG1 sequences using Bayesian and ML methods. For each marker, both approaches for phylogenetic inference generated trees of similar topology. Bayesian trees reconstructed for each of the studied DNA fragments are shown in Figure 6, Figure 7 and Figure 8.



The most basal position within the ingroup was occupied by Enophrys diceraus, which lives in the northern part of the Pacific Ocean and the adjacent Arctic. On the CR tree (Figure 6), the clades corresponding to the two genera (Triglopsis and Myoxocephalus) were well isolated from each other and had very high supports. Clusters of T. quadricornis (Baltic and Ladoga haplotypes) and White Sea Triglopsis sp. were well supported on the CR tree.



The clades corresponding to the two genera were also well isolated from each other and had very high supports on the COI tree (Figure 7). The subclades corresponding to T. quadricornis and the White Sea Triglopsis sp. were not separated within the “Triglopsis” clade. The topology of the COI tree differs from that of the CR. The differences are related to the mutual arrangement of various genera, as well as the presence of many nodes with polytomy. This marker accumulates insufficient substitutions to study recent divergences.



On the phylogenetic tree based on the RAG1 (ultraconservative genetic marker) (Figure 8), the clades corresponding to Triglopsis and Myoxocephalus were well differentiated from each other and had very high support values. Despite the overall low variability of the RAG1 gene, closely related T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea differentiated on a phylogenetic tree with good support values. The RAG1 tree was close in its topology to the tree reconstructed using the mtDNA CR sequences.





4. Discussion


According to modern concepts, the fourhorn sculpin has a marine circumpolar distribution with freshwater forms in large lakes of glacial origin. The fourhorn sculpin belongs to a single species with the name Myoxocephalus quadricornis [22]. The species with the name Cottus quadricornis existed from 1758 to 1907. In 1907, this species was transferred to the genus Myoxocephalus with the type species M. stelleri [2]. The description of this species included the following features: smooth skin on the body, tuberous and porous skin on the head, abundance of spines on the top of head, and elongated upper jaw [23]. The Baltic Sea C. quadricornis was described with completely different morphological features than the type species M. stelleri [2,23]. However, Gratzianow (1907) indicated a large size of gills fold on the isthmus as the main morphological feature of the genus Myoxocephalus [2]. Based upon this character Gratzianow transferred the Baltic Sea C. quadricornis to the genus Myoxocephalus. The following characters were specified as diagnostic: opening behind fourth gill arch and four bony outgrowths on the top of head [2]. The study of the new morphological features of the lateral line system revealed large differences between M. quadricornis and all other species of the genus Myoxocephalus. Sensory canals in M. quadricornis had large cavities that are absent in other species of the genus. Therefore, the species M. quadricornis was moved to the genus Triglopsis [7].



The study of the pattern of the cranium bones using computed tomography confirmed the classification of the Baltic Sea fourhorn sculpin within the genus Triglopsis (Figure 5 and Figure 9). The type species of the genus (T. thompsonii) has similar extensive cavities in the cranium bones as T. quadricornis, whereas M. stelleri lacks cavities and has only small fontanelles (Figure 9A).



Other morphological features that confirm the differentiation of the Baltic Sea T. quadricornis include the following: the presence of large mushroom-shaped bony outgrowths on the cranium; abundance of dense bone plates on the body; a small number of pores on the head. Morphological differentiation is supported by genetic dissimilarity as well. This was revealed when studying the nucleotide sequences of the mtDNA CR. The genetic distances between T. quadricornis from the Baltic Sea and M. stelleri were 13.4%, while genetic differences between the species within the genus Myoxocephalus varied from 1.8 to 8.8%.



A comparative morphological analysis of the Baltic Sea and White Sea forms of fourhorn sculpin confirmed the differences between them. These differences were indicated earlier, and the rank of forms at the subspecies level was assessed [4,8,9]. Morphological features characteristic of the White Sea form testify that it belongs to the genus Triglopsis. These features include a pattern of lateral line systems that consists of sensory canals. The sensory canals are represented by interconnected cavities (Figure 4B). Each sensory canal of the head has a small number of pores. The lateral line system is nearly analogous to that of T. quadricornis. The differences of the White Sea fourhorn sculpin are as follows: the reduced number of cavities from eight to seven in the infraorbital canal, the presence of pore in the coronal commissure and first canaliculus of the infraorbital canal. The White Sea form also has extensive cavities in the frontal and infraorbital bones of the cranium (Figure 5B). Unlike the Baltic Sea form, they are smaller and have wider bony septa. The main morphological features that distinguish this species from others are four triangular bony outgrowths on the head and a small number of bony plates on the body. Morphological features and patterns of the lateral line system reliably show the differences between the genera Myoxocephalus and Triglopsis. Classification of the Baltic and White Sea sculpins to the genus Triglopsis, as well as the morphological isolation of each species T. qiadricornis and Triglopsis sp., were established.



The Baltic and White Sea species of the genus Triglopsis are reproductively isolated. These two seas are not connected by any river systems, and the distance between them is more than 1300 km. So, the species live under different environmental conditions including the water salinity. The Baltic species inhabits desalinated areas of the northern and eastern parts of the sea, where the water salinity is between 2 and 6 ‰ [24]. The White Sea species is distributed throughout the area with average water salinity 24–26 ‰ [25].



The compared species differ in maximum age, growth rate, dominant feeding objects, and fecundity. The maximum age of the Baltic species was 11+ years, while for the White Sea species it was 8+ years [25,26]. Two species also differ in growth rates. The White Sea fourhorn sculpin grows faster than the Baltic one. Achieving maturity at 4+ years, the White Sea species had an average length of 184.6 mm compared to the 171 mm of the Baltic Sea species. At the maximum age, the length of the White Sea Triglopsis sp. was 229.8 mm. The Baltic species maximum age length reached 275 mm [25,26]. Differences in growth rate are most likely determined by differences in food composition. The diet of White Sea species was dominated by polychaetes (more than 88% in the winter, and 77% in the summer) [25]. The diet of T. quadricornis from the Baltic Sea was dominated by isopod Saduria entomon (86%). The role of fish in the diet of the Baltic fourhorn sculpin was five times less than that of the White Sea species [27,28].



The most significant differences between the two species of Triglopsis were found in the fecundity values. So, at the age of 5+ to 6+ years spawning females of the White Sea fourhorn sculpin had an average number of 6100 eggs. The Baltic Sea sculpin at this age contained 9200 eggs. Upon reaching the maximum age of 11+ years, fecundity increased to 26,100 eggs [24]. The revealed differences in distribution, habitat selection, food source, as well as fertility, indicate a different adaptive strategy of two species. This level of adaptation to the conditions of a particular waterbody is an additional argument in favor of separating the Baltic and White Sea forms and giving them the status of independent species.



The morphological differentiation of species and their assignment to the genus Triglopsis was supported by genetic isolation. A comparative analysis of phylogenetic relationships within the genus Myoxocephalus was performed in an article by Balakirev et al. [12]. The main result of the study was the confirmation of the groundlessness of assigning the species M. quadricornis to the genus Myoxocephalus. The White Sea fourhorn sculpin was included in a cluster separate from all other studied species of Myoxocephalus. This conclusion was based on analyzes of the ribosomal DNA fragment and the complete mitochondrial genome.



The genetic differences of the Baltic and White Sea species were identified based on our data on the sequences of the mtDNA CR. The choice of CR as a marker was due to the fact that the non-coding fragment accumulates a sufficient number of nucleotide substitutions to study recent divergences. This marker was successfully utilized for phylogenetic inferences of various groups of freshwater Cottoidei: Baikal sculpins, among which interspecific genetic distances can be equal to 0.2–0.3% [11]; species group “Cottus poecilopus” [29]; Russian Far East and Japanese sculpins [30,31,32]; European cottoid fishes [33]. The mtDNA CR was also used to determine the phylogenetic position of the new species Cottus cyclophtalmus [34].



The CR data for the Baltic fourhorn sculpin was expanded with sequences for specimens from Lake Ladoga. This lake is connected with the Gulf of Finland of the Baltic Sea by the Neva River. Specimens from these waterbodies are not geographically or genetically isolated. Therefore, the fourhorn sculpin from Lake Ladoga belongs to the same species T. quadricornis. The average genetic p-distance between individuals from Lake Ladoga and the Baltic Sea was 0.2 ± 0.1%. This corresponds to the level of interpopulation differences. The sequences of T. quadricornis and the White Sea Triglopsis sp. together formed a well-supported clade on the phylogenetic tree. The average genetic distance between T. quadricornis (haplotypes from the Baltic Sea and Lake Ladoga) and the White Sea form was 0.7 ± 0.3%. The level of differences is three times higher than between two Baltic populations and corresponds to interspecies divergence. Genetic difference between the genera Triglopsis and Myoxocephalus turned out to be quite high since the average p-distance was 11.0 ± 0.8%.



To improve result reliability, the analysis was extended by the study of the sequences of two conservative markers: mitochondrial COI and nuclear RAG1. The topology of the tree obtained using the COI marker had some differences from that of the CR. Discrepancies concern the relative position of some genera. The clades corresponding to the genera Triglopsis and Myoxocephalus were still well separated and had high support. The average p-distance (COI) between these genera was 8.5 ± 1.0%. The average genetic distance between the lineages of closely related species T. quadricornis and Triglopsis sp. was 0.24 ± 0.18%. This value is consistent with their relatively recent evolutionary divergence.



The results obtained using the ultraconservative RAG1 gene confirmed the differences between genera and species. According to this marker, the average genetic distance between Triglopsis and Myoxocephalus was 0.75 ± 0.23%. The p-distance between the Baltic Sea and White Sea species of the genus Triglopsis was only 0.08%. This interspecific distance was very small but confirmed the differences between two species. The distances between the species of the genus Myoxocephalus had close values (0.08–0.47%). It is clear that the RAG1 is not very suitable for the genetic identification of species, but it is good at revealing differences between genera. Thus, morphological and ecological differentiation was reliably supported by genetic isolation revealed during the study of the nucleotide sequences of two mtDNA and one nuclear DNA markers.




5. Conclusions


Morphological differences between T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea were revealed. The most significant features were the shape and size of bony outgrowths on the head and the pattern of plates on the body. An analysis of the published data on the habitat conditions and biological characteristics of the Baltic and White Sea species indicates a high level of dissimilarity between them. Genetic difference (mtDNA CR and nuclear RAG1) markers supported morphological and ecological differentiation of species. The assignment of the Baltic and White Sea species to the genus Triglopsis was confirmed by the unique pattern of the seismosensory system and the high level of genetic distances calculated using sequences of three genetic markers.
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Figure 1. The map shows the localities of studied specimens of T. quadricornis in the Baltic Sea and Lake Ladoga and Triglopsis sp. in the White Sea. The red circle indicates the supposed type locality of T. quadricornis. The yellow circle marks the localities of non-type specimens of fourhorn sculpins. 
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Figure 2. The photographs of fourhorn sculpins: (A) T. quadricornis, female, NRM 2491, syntype, Baltic Sea; (B) Triglopsis sp., female, ZIN 56884, White Sea, Chupa Bay near Sredniy Island, August 2020. 
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Figure 3. The axial skeleton: (A) T. quadricornis, NRM 2491; (B) Triglopsis sp., ZIN 56884. Arrows indicate the bony outgrowths; insets show enlarged bone plates. 
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Figure 4. The lateral line systems on head: (A) T. quadricornis from the Baltic Sea; (B) Triglopsis sp. from the White Sea; (C) M. stelleri from the Japan Sea [7]. 
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Figure 5. The tomograms of the cranium of fourhorn sculpins: (A) T. quadricornis, ZIN 26934, Baltic Sea; (B) Triglopsis sp., ZIN 56884, White Sea. 






Figure 5. The tomograms of the cranium of fourhorn sculpins: (A) T. quadricornis, ZIN 26934, Baltic Sea; (B) Triglopsis sp., ZIN 56884, White Sea.



[image: Diversity 14 00983 g005]







[image: Diversity 14 00983 g006 550] 





Figure 6. Bayesian phylogenetic tree of marine representatives of the subfamily Myoxocephalinae reconstructed using the sequences of the mtDNA CR. For each node, the posterior probabilities (upper number) and the bootstrap values obtained in the ML analysis (lower number) are indicated. 
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Figure 7. Bayesian phylogenetic tree of marine representatives of the subfamily Myoxocephalinae reconstructed using the sequences of the mtDNA COI. For each node, the posterior probabilities (upper number) and the bootstrap values obtained in the ML analysis (lower number) are indicated. 
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Figure 8. Bayesian phylogenetic tree of marine representatives of the subfamily Myoxocephalinae reconstructed using the sequences of the nDNA RAG1. For each node, the posterior probabilities (upper number) and the bootstrap values obtained in the ML analysis (lower number) are indicated. 
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Figure 9. The tomograms of the skull: (A) M. stelleri, ZIN 50807, Bering Sea, Komandor Islands; (B) T. thompsonii, ZIN 21978, Lake Michigan. 
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Table 1. Relative measurements for T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea. The scheme of measurements is shown in Figure S1.
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Triglopsis quadricornis,

Baltic Sea (n = 8)

	
Triglopsis sp.,

White Sea (n = 6)




	
Measurements

	
min-max

	
Mean ± SD

	
min-max

	
Mean ± SD






	
SL, mm

	
127.3–189.0

	
156.9

	
102.8–178.3

	
130.9




	
%SL

	

	

	

	




	
Predorsal length

	
36.8–40.1

	
38.1 ± 1.2

	
34.1–38.1

	
36.3 ± 1.6




	
Postdorsal length

	
15.3–17.6

	
16.7 ± 0.8

	
14.1–19.0

	
16.4 ± 1.8




	
Preanal length

	
54.6–59.0

	
57.5 ± 1.4

	
52.8–60.1

	
56.5 ± 2.4




	
Postanal length

	
41.5–46.1

	
43.3 ± 1.3

	
42.3–47.1

	
44.9 ± 1.9




	
Length of caudal peduncle

	
15.6–17.9

	
16.5 ± 0.8

	
16.0–18.9

	
17.6 ± 1.3




	
Depth of caudal peduncle

	
4.1–5.4

	
4.9 ± 0.5

	
4.7–5.5

	
5.1 ± 0.3




	
Length of 1st dorsal–fin base

	
17.2–23.2

	
19.5 ± 2.2

	
15.8–19.5

	
18.0 ± 1.4




	
Length of 2nd dorsal–fin base

	
21.2–24.4

	
23.2 ± 0.9

	
23.3–28.3

	
25.7 ± 2.2




	
Length of anal–fin base

	
22.3–25.2

	
23.9 ± 1.0

	
22.7–27.9

	
25.3 ± 2.2




	
Length of longest 1st dorsal–fin ray

	
8.4–13.8

	
10.4 ± 1.6

	
8.7–12.2

	
10.9 ± 1.4




	
Length of longest 2nd dorsal–fin ray

	
15.9–20.5

	
17.2 ± 1.5

	
16.8–22.4

	
20.1 ± 1.9




	
Length of longest anal–fin ray

	
11.8–13.9

	
13.1 ± 0.7

	
12.4–16.2

	
13.8 ± 1.3




	
Pectoral fin length

	
26.0–31.2

	
28.0 ± 1.6

	
25.2–29.5

	
27.9 ± 1.5




	
Pelvic fin length

	
16.6–22.5

	
18.5 ± 1.8

	
17.6–20.1

	
19.1 ± 1.0




	
Distance between 1st and 2nd dorsal fins

	
5.1–10.1

	
7.4 ± 2.1

	
3.6–6.0

	
4.9 ± 1.2




	
Head length (HL)

	
35.7–37.6

	
36.5 ± 0.7

	
34.0–37.3

	
36.0 ± 1.1




	
Postorbital length

	
19.6–21.4

	
20.6 ± 0.7

	
20.0–21.1

	
20.6 ± 0.3




	
Head depth

	
17.0–20.4

	
18.4 ± 1.2

	
16.4–20.9

	
18.4 ± 2.0




	
Head width

	
28.2–35.9

	
31.6 ± 2.8

	
26.3–31.6

	
28.6 ± 1.9




	
Eye horizontal diameter

	
5.2–6.4

	
5.7 ± 0.4

	
5.8–7.5

	
6.2 ± 0.7




	
Snout length

	
9.5–11.6

	
10.4 ± 0.7

	
8.9–10.5

	
9.6 ± 0.5




	
Interorbital width

	
5.1–6.2

	
5.5 ± 0.4

	
4.7–5.4

	
5.1 ± 0.3




	
Upper jaw length

	
16.5–18.8

	
17.6 ± 0.8

	
15.1–18.1

	
16.6 ± 1.2




	
Length of gill slit

	
20.8–23.9

	
22.1 ± 1.1

	
20.6–23.7

	
21.7 ± 1.1




	
Length of upper spine on preoperculum

	
4.6–6.2

	
5.6 ± 0.5

	
5.5–7.4

	
6.3 ± 0.7
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Table 2. Fin-ray counts for T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea.
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Species

	
First Dorsal Fin

	
Second Dorsal Fin

	
Anal Fin

	
Pectoral Fin




	
6

	
7

	
8

	
9

	
10

	
13

	
14

	
15

	
16

	
13

	
14

	
15

	
16

	
15

	
16






	
Triglopsis quadricornis, Baltic Sea (n = 14)

	
1

	
4

	
6

	
3

	

	
8

	
6

	

	

	
2

	
9

	
3

	

	
4

	
10




	
Triglopsis sp.,

White Sea (n = 16)

	

	
1

	
6

	
7

	
2

	

	
6

	
8

	
2

	
3

	
7

	
5

	
1

	
7

	
9
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Table 3. Counts of vertebrae and pleural ribs for T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea.






Table 3. Counts of vertebrae and pleural ribs for T. quadricornis from the Baltic Sea and Triglopsis sp. from the White Sea.





	
Species

	
Total

Vertebrae

	
Abdominal

Vertebrae

	
Caudal

Vertebrae

	
Pleural

Ribs




	
38

	
39

	
40

	
41

	
12

	
13

	
14

	
25

	
26

	
27

	
28

	
0

	
1

	
2






	
Triglopsis quadricornis, Baltic Sea (n = 14)

	

	
3

	
9

	
2

	

	
7

	
7

	

	

	
8

	
6

	
13

	
1

	




	
Triglopsis sp., White Sea (n = 16)

	
2

	
6

	
8

	

	
1

	
12

	
3

	
3

	
6

	
7

	

	
3

	
5

	
8
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