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A species of sea slug discovered in the South China Sea was characterized based on its morphology, mitochondrial genome, and phylogenetic position. The slug exhibits brown coloration, resembling seaweed. It features detachable, feather-like cerata capable of independent movement. The mitochondrial genome (14,452 bp; GenBank accession: PV637185) contains 13 protein-coding genes (PCGs), 22 tRNAs, 2 rRNAs, and a non-coding control region. Nucleotide composition showed a strong AT bias (65.55%), with AT-skew and GC-skew values of -0.1421 and 0.0607, respectively. Phylogenetic based on the cytochrome c oxidase subunit I (cox1) gene sequence analysis revealed a close relationship with Polybranchia orientalis, while BLAST analysis demonstrated high similarity between the cox1 gene of this sea slug and that of P. orientalis. Since the complete genome sequence of P. orientalis is currently unavailable, an additional phylogenetic analysis was performed using the 13 protein-coding genes (PCGs) of other sea slugs, which showed that this species clustered within a clade comprising several other species of the family Plakobranchidae. Integrating cox1 sequence data and morphological evidence, we assign this slug to the species Polybranchia orientalis sp. nov. Interestingly, the cerata exhibit green pigmentation, and algal chloroplast genes were detected within them, suggesting kleptoplasty.
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1 Introduction

The mitochondrial genome (mtDNA), as the genetic material of organelles, is characterized by a small molecular weight, relatively conserved structure, moderate evolutionary rate, and matrilineal inheritance (usually without recombination). It serves as one of the core markers for studying species phylogeny, population genetic structure, comparative genomics, and molecular evolutionary mechanisms (Kumar et al., 2007; Nohara et al., 2009). Mitochondria contain their own genome, typically a circular DNA molecule. Mitochondrial genomes are highly diverse, with significant variations in size and morphology across different species (Ma et al., 2019).

Recent years have witnessed significant breakthroughs in sacoglossan research, particularly in systematics and functional mechanisms. Integrative taxonomic studies driven by molecular phylogenetics have revealed extensive cryptic diversity: taxonomic research was conducted on the molecular biological characteristics and ecological traits of the marine shellfish genus Oxynoe (Heterobranchia: Sacoglossa), successfully describing seven new species (Krug et al., 2018). Meanwhile, investigations of Plakobranchus and Elysia Risso uncovered pseudocryptic species and novel population distributions across the Caribbean, Mediterranean, and West Pacific regions. Notably, next-generation sequencing (NGS) of Hawaiian Plakobranchus populations demonstrated that their kleptoplasts originate from previously unrecognized bryopsidalean algal diversity (Chlorophyta) (Krug et al., 2016; Wade and Sherwood, 2017). Concurrently, transcontinental lineage analyses of Placida have exposed the evolutionary complexity of multi-species complexes (Cetra et al., 2021), fundamentally reshaping traditional morphology-based classification frameworks.

Parallel functional ecological research has elucidated environmental adaptation mechanisms in kleptoplasty. Experimental work confirmed that Elysia viridis (Montagu) achieves cellular-level carbon and nitrogen fixation and metabolic integration via functional kleptoplasts, with plastid recognition potentially mediated by scavenger receptors and thrombospondin-type-1 repeat proteins (TSP-1) (Clavijo et al., 2020). Thermal stress studies demonstrated significantly reduced amylose production and photosynthetic efficiency in the sister species E. timida Risso and E. cornigera Nuttall under elevated temperatures, indicating climate change threats to photo-symbiotic stability (Laetz and Waegele, 2019). Furthermore, the broad-spectrum algal host utilization strategy of Plakobranchus cf. ianthobapsus offers new perspectives for invasive species management (Wade and Sherwood, 2018), while 3D reconstruction of the renopericardial system in E. viridis revealed evolutionary innovations in circulatory-excretory functions (Neusser et al., 2018). Collectively, these advances establish sacoglossa as a model system for studying animal-plastid symbiotic interactions.

However, due to their low population density and effective mimicry defense mechanisms that make them difficult to detect, obtaining sea slug samples remains a challenge. Numerous sea slug species remain unidentified. During our field investigations, a species with external morphological characteristics strikingly similar to Polybranchia orientalis was discovered among sea grapes, here it was named Polybranchia orientalis sp. nov. There has been no previous report of this species in the southeastern coastal area of China. Moreover, a search of publicly available databases revealed no existing genetic information on this species. Therefore, in this study, we conducted a comprehensive identification and phylogenetic analysis of this sea slug species. This was achieved through in-depth mitochondrial genome sequence analysis, combined with a detailed examination of its external morphological features. Our aim is to provide a robust theoretical foundation for the classification and identification of sea slugs, contributing to a better understanding of their biodiversity and evolutionary relationships.




2 Materials and methods



2.1 Sample collection, genomic DNA extraction, and quality assessment

Slugs were collected during low tide in June 2024 from the coastal area of Sanya, Hainan Province, China (Longitude: 109.496745, Latitude: 18.2069). Their leaf-like cerata were sampled and stored in 95% ethanol. Genomic DNA was extracted from tissue samples using the Rapid Tissue Genomic DNA Extraction Kit (Beijing Aidlab Biotechnologies Co., Ltd.). Following extraction, the quality of the genomic DNA was assessed by agarose gel electrophoresis. Only DNA samples that met quality standards were used for subsequent experiments.




2.2 Primer design, PCR amplification, and sequencing assembly

Primers designed to match generally conserved regions of target mtDNA were used to amplify short fragments from cox1, 16S, nd1, cytb, 12S and nd4. Specific primers were designed based on these conserved regions sequences and used to amplify the remained mtDNA sequence in several PCR reactions (Supplementary Table S1). Primers were designed to produce amplicons with overlaps of about 100 bp. The PCR reaction was performed using the LA Taq polymerase. The PCR conditions were as follows: initial denaturation 94°C for 2 min, then 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min/kb, followed by the final extension at 72°C for 10 min. The total volume for PCR and LA-PCR was 50 μl, of which Takara LATaq (5 U/μl) was 0.5 μl, 10×LATaq Buffer II (Mg2+) was 5 μl, dNTP mixture (2.5 mM) was 8 μl, template was 60 ng, and the total volume was then made up with distilled water. The final concentration of the forward and reverse primers was 0.2~1.0 μM, and that of MgCl2 was 2.0 mM. The PCR products were sequenced directly, or if needed first cloned into a pMD18-T vector (Takara, JAP) and then sequenced, by the dideoxynucleotide procedure, using an ABI 3730 automatic sequencer (Sanger sequencing) using the same set of primers. All obtained fragments were quality-proofed (electropherogram) and BLASTed to confirm that the amplicon is the actual target sequence. Whenever the quality was sub-optimal, sequencing was repeated. All obtained fragments were BLASTed to confirm that the amplicon is the target sequence. Mitogenome was assembled stepwise with the help of DNAstar v7.1 (Burland, 2000) program, making sure that the overlaps were identical, and that no NUMTS were incorporated into the sequence.





2.3 Sequence annotation

After quality-proofing of the obtained fragments, the complete mt genome sequence was assembled manually using DNAstar v7.1 softwar (Burland, 2000). Mt genome was annotated roughly following the procedure described before (Zhang et al., 2018; Zou et al., 2017). First, raw mitogenomic sequences were imported into MITOS web servers to determine the approximate boundaries of genes. Exact positions of protein-coding genes (PCGs) were found by searching for ORFs (employing genetic code 5, the invertebrate mitochondrion). All tRNAs were identified using ARWEN, DOGMA and MITOS. The precise boundaries of rrnL and rrnS were determined via a comparison with homologs.




2.4 Data processing and analysis

The mitochondrial genome map was generated online using the CGView server (http://cgview.ca/). The base composition, amino acid usage, and relative synonymous codon usage (RSCU) of the mitochondrial genome of P. orientalis sp. nov. were analyzed using MEGA version 12. The AT and GC skew values were calculated using the formulas: AT-skew = (A - T)/(A + T) and GC-skew = (G - C)/(G + C).




2.5 Phylogenetic analysis

We downloaded the complete mitochondrial genome sequences of 23 species with high similarity to P. orientalis sp. nov. from the NCBI database (https://www.ncbi.nlm.nih.gov/genbank/) following a BLAST search (Supplementary Table S2). The cox1 genes of the above 23 species were extracted using Extract tool integrated in Phylosuite v1.2.3 (Xiang et al., 2023; Zhang et al., 2019). The cox1 gene sequence of P. orientalis sp. nov. was used as the query for BLAST search on NCBI, and subsequently, cox1 sequences of 7 species with high similarity were selected and downloaded. However, these seven cox1 sequences were incomplete. Multiple sequence alignment was performed using MAFFT (Katoh and Standley, 2013) implemented in Phylosuite v1.2.3, and each sequence was aligned with MAFFT using ‘–auto’ strategy and normal alignment mode. Subsequently, the optimal evolutionary model was selected via ModelFinder v2.2.0 (Kalyaanamoorthy et al., 2017) based on the Bayesian Information Criterion (BIC) (Supplementary Table S3), with GTR+F+I+G4 identified as the best-fit model. Bayesian inference (BI) analyses were conducted in MrBayes 3.2.6 (Ronquist et al., 2012) using the best-fit models, with Markov chain Monte Carlo (MCMC) simulations run for 1,000,000 generations. Two parallel runs (each containing 4 chains) were performed, with the first 25% of sampled trees discarded as burn-in.

Using Phylosuite v1.2.3, we extracted the 13 mitochondrial protein-coding genes (PCGs) from these 23 species and aligned them using the integrated MAFFT software. The aligned PCG sequences were trimmed with Gblocks and subsequently concatenated. The dataset comprising 13 PCGs was initially partitioned into separate groups according to their gene names. Subsequently, we used ModelFinder v2.2.0 to partition the concatenated dataset into 14 partitions and select the best-fit partition model for each partition using BIC criterion. Bayesian inference phylogenies were inferred using a partition model (two parallel runs, each containing 4 chains, 1,000,000 generations) in which the initial 25% of the sampled data were discarded as burn-in. Average standard deviation of split frequencies (ASDSF) = 0.000428. The phylogenetic trees constructed based on the concatenated PCGs and single cox1 gene were visualized and manually adjusted using the online platform iTOL (https://itol.embl.de/).





3 Results



3.1 Morphological characteristics of P. orientalis sp. nov.

This sea slug resembles a clump of brown seaweed with a somewhat flattened dorsal surface. On the head, there is a pair of tentacles conical and placed at the anterior extremity of the dorsal surface. Like other sap-sucking sea slugs, it feeds on algae and changes color depending on the algae it consumes—appearing brown at times and green at others. The body is adorned with numerous feather-like cerata (Figures 1A, B). Cerata flat, numerous, fan-shaped, with toothed margins, uneven with long footstalk. These cerata exhibit a fine branching pattern resembling the veins of a leaf. When gently manipulated, the cerata readily detach; upon detachmentappe, they tend to adhere to human skin and retain the ability to undergo movement in seawater (Figure 1C). These branches are composed of multiple granular structures with distinct pigmentation (Figure 1D). Foot elongate and ample, broader anteriorly and narrower at the posterior end.

[image: This figure displays the key morphological features of the sample. Panel A shows a dorsal view, while Panel B provides a corresponding ventral perspective. Panel C highlights a detailed feather-like structure. Finally, Panel D reveals the intricate internal branching architecture at a microscopic level. Together, these images systematically illustrate the sample's organization from macro- to micro-scale.]
Figure 1 | The morphological characteristics of the sample. (A) Dorsal view; (B) Ventral view; (C) Feather-like structure; (D) Microscopic structure of the internal branching structure.

In most cases, this type of animal is hermaphroditic and reproduces through cross-fertilization. Egg laying occurs either during copulation or several hours afterward. The eggs are bound together by a gelatinous substance secreted by the albumen gland, forming long, spiral-shaped ribbon-like structures (Figure 2A). Microscopic observation revealed numerous developing embryos, as shown in Figure 2B.

[image: This figure illustrates the eggs of P. orientalis sp. nov. Panel (A) displays the distinct egg band, showing the arrangement of multiple eggs. Panel (B) presents a view of a developing embryos within the egg band.]
Figure 2 | The eggs of the P. orientalis sp. nov. (A) The egg band of P. orientalis sp. nov.; (B) The developing embryo of P. orientalis sp. nov.




3.2 Mitochondrial genome structure of P. orientalis sp. nov.

The mitochondrial genome of P. orientalis sp. nov., after sequencing and assembly, was found to be 14,452 bp in length (GenBank accession number: PV637185). It contains 13 PCGs, 22 tRNA genes, 2 rRNA genes, and one putative non-coding control region (Figure 3). The total length of the PCGs is 10,871 bp, tRNA genes account for 1,415 bp, rRNA genes 1,779 bp, and the control region is 231 bp, corresponding to 75.22%, 9.79%, 12.31%, and 1.60% of the entire mitochondrial genome, respectively.

[image: This figure presents the complete mitochondrial genome of P. orientalis sp. nov. The circular diagram displays the standard 37 genes: 13 protein-coding genes, 22 tRNAs, and 2 rRNAs, color-coded by function: CDS (blue), tRNA (purple), rRNA (green), among others. GC content and skew are shown in the central rings. An image of P. orientalis sp. nov. is in the center.]
Figure 3 | Mitochondrial genome diagram of P. orientalis sp. nov.

Among these, atp8, atp6, nad3, cox3, 12S-rRNA, and 8 tRNA genes (trnQ, trnL2, trnN, trnR, trnE, trnM, trnS2, trnT) are encoded by the L-strand, while the remaining genes are encoded by the H-strand. Among the 13 PCGs, four different start codons were identified: GTG, TTG, ATG, and ATT. Stop codons include TAA, TAG, and an incomplete stop codon represented as T– (Table 1).


Table 1 | Encoding genes of P. orientalis sp. nov. mitogenome.
	Gene
	Position
	Size
	Intergenic nucleotides
	Codon
	Anti-codon
	Strand


	From
	To
	Start
	Stop



	trnK
	1
	63
	63
	 
	 
	 
	TTT
	H


	cox1
	65
	1594
	1530
	1
	GTG
	TAG
	 
	H


	trnV
	1601
	1667
	67
	6
	 
	 
	TAC
	H


	rrnL
	1668
	2726
	1059
	 
	 
	 
	 
	H


	trnL1
	2727
	2791
	65
	 
	 
	 
	TAG
	H


	trnA
	2788
	2851
	64
	-4
	 
	 
	TGC
	H


	trnP
	2864
	2924
	61
	12
	 
	 
	TGG
	H


	nad6
	2927
	3388
	462
	2
	TTG
	TAA
	 
	H


	nad5
	3381
	5063
	1683
	-8
	ATG
	TAG
	 
	H


	nad1
	5065
	5961
	897
	1
	ATT
	TAA
	 
	H


	trnW
	5960
	6025
	66
	-2
	 
	 
	TCA
	H


	trnY
	6052
	6116
	65
	26
	 
	 
	GTA
	H


	nad4L
	6173
	6467
	295
	56
	TTG
	T
	 
	H


	cytb
	6457
	7578
	1122
	-11
	TTG
	TAA
	 
	H


	trnD
	7579
	7643
	65
	 
	 
	 
	GTC
	H


	trnF
	7644
	7710
	67
	 
	 
	 
	GAA
	H


	cox2
	7711
	8394
	684
	 
	TTG
	TAG
	 
	H


	trnG
	8399
	8461
	63
	4
	 
	 
	TCC
	H


	trnH
	8465
	8531
	67
	3
	 
	 
	GTG
	H


	trnQ
	8553
	8613
	61
	21
	 
	 
	TTG
	L


	trnL2
	8617
	8680
	64
	3
	 
	 
	TAA
	L


	atp8
	8676
	8834
	159
	-5
	ATG
	TAA
	 
	L


	trnN
	8835
	8898
	64
	 
	 
	 
	GTT
	L


	trnC
	8900
	8962
	63
	1
	 
	 
	GCA
	H


	atp6
	8969
	9628
	660
	6
	ATG
	TAA
	 
	L


	trnR
	9631
	9695
	65
	2
	 
	 
	TCG
	L


	trnE
	9700
	9767
	68
	4
	 
	 
	TTC
	L


	rrnS
	9768
	10487
	720
	 
	 
	 
	 
	L


	trnM
	10488
	10551
	64
	 
	 
	 
	CAT
	L


	nad3
	10561
	10914
	354
	9
	TTG
	TAA
	 
	L


	trnS2
	10922
	10979
	58
	7
	 
	 
	TGA
	L


	trnS1
	10980
	11040
	61
	 
	 
	 
	GCT
	H


	nad4
	11056
	12349
	1294
	15
	ATT
	T
	 
	H


	trnT
	12366
	12433
	68
	16
	 
	 
	TGT
	L


	cox3
	12424
	13212
	789
	-10
	ATG
	TAG
	 
	L


	trnI
	13444
	13509
	66
	231
	 
	 
	GAT
	H


	nad2
	13510
	14451
	942
	 
	TTG
	TAG
	 
	H










3.3 Nucleotide composition and skewness of the mitochondrial genome

The nucleotide composition of the P. orientalis sp. nov. mitochondrial genome, from highest to lowest, is T (37.43%), A (28.12%), G (18.27%), and C (16.18%). The A+T content accounts for 65.55% of the entire mitochondrial genome, while the G+C content is 34.45%. The AT-skew and GC-skew values are -0.1421 and 0.0607, respectively, indicating a clear AT bias in nucleotide composition. In other regions of the mitochondrial genome, the A+T content similarly exceeds the G+C content.

Except for the rRNAs, the AT-skew values for the entire mitochondrial genome, tRNAs, and all 13 PCGs are negative. Among the 13 PCGs, the GC-skew values of cytb, atp8, atp6, nad3, and cox3 are negative, while the remaining PCGs, tRNAs, and rRNAs exhibit positive GC-skew values. Additionally, relatively high proportions of thymine (T) and adenine (A) were observed across PCGs, tRNAs, and rRNAs (Table 2).


Table 2 | Nucleotide composition of the mitochondrial genome of P. orientalis sp. nov.
	Gene
	Base content/%
	A+t content/%
	G+c content/%
	AT-skew
	GC-skew


	A
	T
	C
	G



	Complete sequence
	28.12
	37.43
	16.18
	18.27
	65.55
	34.45
	-0.1421
	0.0607


	cox1
	24.25
	37.91
	17.32
	20.52
	62.16
	37.84
	-0.2198
	0.0846


	nad6
	24.46
	41.77
	12.99
	20.78
	66.23
	33.77
	-0.2614
	0.2308


	nad5
	25.31
	41.06
	15.63
	18.00
	66.37
	33.63
	-0.2372
	0.0707


	nad1
	24.41
	39.24
	15.61
	20.74
	63.66
	36.34
	-0.2329
	0.1411


	nad4L
	23.05
	43.73
	14.92
	18.31
	66.78
	33.22
	-0.3096
	0.1020


	cytb
	24.15
	39.84
	18.36
	17.65
	63.99
	36.01
	-0.2451
	-0.0198


	cox2
	28.65
	35.09
	18.13
	18.13
	63.74
	36.26
	-0.1009
	0.0000


	atp8
	32.08
	32.70
	19.50
	15.72
	64.78
	35.22
	-0.0097
	-0.1071


	atp6
	29.85
	35.76
	18.33
	16.06
	65.61
	34.39
	-0.0901
	-0.0661


	nad3
	25.99
	40.11
	17.80
	16.10
	66.10
	33.90
	-0.2137
	-0.0500


	nad4
	25.73
	41.04
	15.77
	17.47
	66.77
	33.23
	-0.2292
	0.0512


	cox3
	24.08
	36.76
	19.90
	19.26
	60.84
	39.16
	-0.2083
	-0.0162


	nad2
	24.63
	42.25
	14.65
	18.47
	66.88
	33.12
	-0.2635
	0.1154


	rRNAs
	35.19
	33.45
	14.00
	17.37
	68.63
	31.37
	0.0254
	0.1075


	tRNAs
	31.02
	34.06
	15.12
	19.79
	65.09
	34.91
	-0.0467
	0.1336










3.4 Mitochondrial protein-coding genes

The mitochondrial genome of P. orientalis sp. nov. contains 13 protein-coding genes (PCGs) with a total length of 10,871 bp. Among them, nad5 is the longest gene at 1,683 bp, while atp8 is the shortest at 159 bp. The genes atp8, atp6, nad3, and cox3 are encoded on the L-strand, whereas the remaining genes are located on the H-strand. Several overlapping regions exist between adjacent genes, including a 2 bp overlap between nad6 and nad5, an 8 bp overlap between nad5 and nad1, and a 56 bp overlap between nad4L and cytb.

Analysis of relative synonymous codon usage (RSCU) revealed a total of 29 preferred codons. The highest RSCU value was 2.13, while the lowest was 0.23. Four codons had RSCU values equal to or greater than 2: UUA (Leu), CCU (Pro), ACU (Thr), and GCU (Ala), all of which end with either A or U (Table 3).


Table 3 | The codon usage frequency of 13 protein-coding genes of P. orientalis sp. nov.
	Codon
	Count
	RSCU
	Codon
	Count
	RSCU
	Codon
	Count
	RSCU
	Codon
	Count
	RSCU



	UUU(F)
	296
	1.41
	UCU(S)
	116
	1.71
	UAU(Y)
	150
	1.3
	UGU(C)
	87
	1.31


	UUC(F)
	125
	0.59
	UCC(S)
	51
	0.75
	UAC(Y)
	81
	0.7
	UGC(C)
	46
	0.69


	UUA(L)
	241
	2.13
	UCA(S)
	67
	0.99
	UAA(*)
	126
	1.21
	UGA(W)
	83
	1.14


	UUG(L)
	113
	1
	UCG(S)
	28
	0.41
	UAG(*)
	82
	0.79
	UGG(W)
	62
	0.86


	CUU(L)
	128
	1.13
	CCU(P)
	89
	2.03
	CAU(H)
	54
	1.46
	CGU(R)
	25
	1.22


	CUC(L)
	46
	0.41
	CCC(P)
	29
	0.66
	CAC(H)
	20
	0.54
	CGC(R)
	11
	0.54


	CUA(L)
	100
	0.88
	CCA(P)
	47
	1.07
	CAA(Q)
	61
	1.27
	CGA(R)
	26
	1.27


	CUG(L)
	50
	0.44
	CCG(P)
	10
	0.23
	CAG(Q)
	35
	0.73
	CGG(R)
	20
	0.98


	AUU(I)
	206
	1.56
	ACU(T)
	108
	2.13
	AAU(N)
	146
	1.42
	AGU(S)
	90
	1.32


	AUC(I)
	58
	0.44
	ACC(T)
	39
	0.77
	AAC(N)
	59
	0.58
	AGC(S)
	46
	0.68


	AUA(M)
	121
	1.25
	ACA(T)
	40
	0.79
	AAA(K)
	149
	1.24
	AGA(S)
	77
	1.13


	AUG(M)
	72
	0.75
	ACG(T)
	16
	0.32
	AAG(K)
	91
	0.76
	AGG(S)
	69
	1.01


	GUU(V)
	117
	1.71
	GCU(A)
	90
	2
	GAU(D)
	60
	1.35
	GGU(G)
	64
	1.07


	GUC(V)
	41
	0.6
	GCC(A)
	44
	0.98
	GAC(D)
	29
	0.65
	GGC(G)
	42
	0.7


	GUA(V)
	62
	0.91
	GCA(A)
	31
	0.69
	GAA(E)
	91
	1.27
	GGA(G)
	69
	1.15


	GUG(V)
	53
	0.78
	GCG(A)
	15
	0.33
	GAG(E)
	52
	0.73
	GGG(G)
	65
	1.08





RSCU represents relative synonymous codon usage; The letters in parentheses represent amino acids; *represents stop codon.






3.5 tRNA and rRNA genes of P. orientalis sp. nov.

The mitochondrial genome of P. orientalis sp. nov. contains 22 tRNA genes, ranging in length from 58 to 68 bp. The longest tRNAs are trnE and trnT, while the shortest is trnS2, with a total tRNA length of 1,415 bp. Eight of these tRNAs (trnQ, trnL2, trnN, trnR, trnE, trnM, trnS2, trnT) are encoded on the L-strand, while the remaining tRNAs are located on the H-strand.

The total length of the rRNA genes is 1,779 bp, comprising two genes: 12S rRNA and 16S rRNA, located on the L- and N-strands, respectively. The lengths of 16S rRNA and 12S rRNA are 1,059 bp and 720 bp, respectively. Their overall A+T content is 65.09%, with nucleotide composition as follows: A = 35.19%, T = 33.45%, G = 17.38%, and C = 14.00%. The 12S rRNA gene is situated between trnM and trnE, while the 16S rRNA gene is located between trnV and trnL1. A 6 bp overlap is observed between 16S rRNA and trnV, and a 4 bp overlap between 12S rRNA and trnE. The AT skew (0.0254) of the two rRNA genes is slightly lower than the GC skew (0.0175), indicating a bias toward G and C nucleotides.




3.6 Phylogenetic analysis

To determine the molecular taxonomic position of this sea slug, a Bayesian tree was constructed using Phylosuite software based on the 13 protein-coding genes (PCGs) and cox1 sequences of sea slug species retrieved from GenBank. BLAST searches revealed no existing information on this species; however, its cox1 sequence showed a high similarity of 99.26% to that of P. orientalis (AB501309.1). Phylogenetic analysis based on cox1 sequences further indicated that this species first clustered with P. orientalis, and then together with congeneric sequences (e.g., P. mexicana, P. schmekelae, P. jannae) formed a distinct clade within the family Caliphyllidae (Figure 4). Since the complete genome sequence of P. orientalis is currently unavailable, an additional phylogenetic analysis was performed using the 13 PCGs of other sea slugs, which showed that this species clustered within a clade comprising species of the family Plakobranchidae (Figure 5).

[image: Phylogenetic tree diagram displaying relationships among various species, with branch support values indicated. Colored ranges represent taxonomic groups: Aplustridae, Aeolidiidae, Phyllidiidae, Chromodorididae, Lymnaeidea, Volvatellidae, Plakobranchidae, and Caliphyllidae. A color key on the right provides the color-code correlation.]
Figure 4 | Phylogenetic tree constructed based on the sequences of cox1 of the mitochondrial genome. Star stands for P. orientalis sp. nov.
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Figure 5 | Phylogenetic tree constructed based on the sequences of 13 PCGs of the mitochondrial genome. Note: Star stands for P. orientalis sp. nov.

Morphologically, this sea slug closely resembles P. orientalis, with both species displaying a clump-like appearance similar to brown seaweed and bearing feather-like cerata on their dorsum. A key distinction lies in the cerata: the feathery cerata of P. orientalis are nearly transparent and speckled with cinnamon brown throughout, with two dorso-medial yellowish patches (Medrano et al., 2019), while the cerata of P. orientalis sp. nov. are accompanied by granular structures with green pigmentation (Figure 1). In contrast, sea slugs of the family Plakobranchidae, such as Thuridilla gracilis, Elysia ornata, and Plakobranchus ocellatus, exhibit striking morphological differences from P. orientalis sp. nov. For example, Plakobranchus ocellatus exhibits a dorso-ventrally flattened body with broad parapodia meeting centrally. Its translucent, gray-cream body displays distinctive ocelli with yellow and blue centers (Angela et al., 2022).

Collectively, these phylogenetic and morphological findings support the interpretation of this sea slug within the genus Polybranchia, here referred to as P. orientalis sp. nov.




3.7 Kleptoplasty in P. orientalis sp. nov.

DNA was extracted from cerata (not whole body) and sequence of chloroplast related gene were detected, as shown in the Appendix. BLASTn analysis of chloroplast gene sequences identified in P. orientalis sp. nov. revealed high similarity (>95%) with chloroplast genomes from various species. Among the top matches, Kryptoperidinium foliaceum (96.53%), Navicula arenaria (96.53%) and Pseudonitzschia brasiliana (96.95%) demonstrated the highest sequence similarity (Table 4).The results preliminarily demonstrate that this species exhibits one of the main characteristics of sacoglossa, namely kleptoplasty, literally meaning “stolen plastids” (Vries et al., 2014). This indicates that P. orientalis sp. nov. can utilize algal chloroplasts to carry out photosynthesis and provide energy for itself, which holds significant importance in the process of adaptive evolution in animals.


Table 4 | BLASTn analysis of chloroplast gene sequences compared that in P. orientalis sp. nov.
	Sequence number
	Scientific name
	Sequence ID
	Similarity



	1
	Kryptoperidinium foliaceum
	NC_014267.1
	96.53%


	2
	Navicula arenaria
	NC_066075.1
	96.53%


	3
	Peridinium foliaceum
	AY119764.1
	96.42%


	4
	Pseudonitzschia brasiliana
	PQ010275.1
	96.95%


	5
	Haslea avium
	NC_066074.1
	96.05%


	6
	Nitzschia ovalis
	NC_061046.1
	95.93%


	7
	Nitzschia anatoliensis
	MT742551.1
	95.59%


	8
	Plagiostriata goreensis
	AB430724.1
	95.47%


	9
	Halamphora coffeaeformis
	NC_044465.1
	95.47%


	10
	Nitzschia palea
	AP018511.1
	95.46%


	11
	Durinskia baltica
	NC_014287.1
	95.36%


	12
	Rhizosolenia setigera
	NC_037996.1
	95.65%


	13
	Nitzschia filiformis
	KM009454.1
	95.75%


	14
	Pleurosigma inscriptura
	OR464349.1
	95.24%


	15
	Entomoneis sp.
	OM494341.1
	95.23%


	16
	Nitzschia inconspicua
	MW971520.1
	95.23%











4 Discussion

This study reports the first identification of P. orientalis sp. nov. in the South China Sea region. We characterize its mitochondrial genome structure and elucidate its evolutionary relationships. Based on the following lines of evidence, we suggest this sea slug belongs to the genus Polybranchia. (1) Phylogenetic analysis based on cox1 revealed that this species occupies a distinct taxonomic position within the genus Polybranchia. (2) In terms of mitochondrial genome sequences, this species shows complete divergence from other species. (3) While morphologically similar to its congener P. orientalis, it exhibits distinct morphological differences in key diagnostic features.

P. orientalis sp. nov. resembles a clump of brown seaweed. Its body bears numerous feather-like cerata characterized by fine, leaf-vein-like branching patterns composed of multiple granular structures exhibiting distinct pigmentation. (Figure 1). The P. orientalis found on the south-west coast of India differs from P. orientalis sp. nov. in two key morphological traits: the cerata of this P. orientalis are dark green in color, and its dorsum bears a white spot with a slight swelling, which indicates the position of the heart (Ravinesh et al., 2014). In contrast, the P. orientalis from the Philippines can be distinguished from P. orientalis sp. nov. by the following characteristics: its pericardium is white and typically very conspicuous; the ceratal peduncle has snowy white pigment in the depression; the cerata are translucent and speckled with cinnamon brown throughout, accompanied by two dorso-medial yellowish patches (some of which have a single black dot) (Medrano et al., 2019).

In addition, we elucidated the structural characteristics and evolutionary relationships of the mitochondrial genome of P. orientalis sp. nov. Similar to the mitochondrial genomes of other reported sea slug species in terms of size and composition, the mitochondrial genome of P. orientalis sp. nov. is circular, with a total length of 14,452 base pairs. It comprises 37 genes, including 22 tRNAs, 13 PCGs, and 12S and 16S rRNAs. Both the entire mitochondrial genome and its individual components exhibit a high AT content. Moreover, the whole mitochondrial genome and PCGs display AT bias, consistent with findings in species such as Thuridilla gracilis, E. ornata, and E. cornigera (Medina et al., 2011; Rauch et al., 2017). This AT bias may be associated with evolutionary pressures during mitochondrial DNA replication and transcription (Zhong et al., 2002).

The absence of P. mexicana, P. orientalis, P. jannae and other species of the genus Polybranchia (family Caliphyllidae) from the 13 PCGs-based phylogenetic tree is attributed to the unavailability of their complete mitochondrial genome sequences in public databases. Currently, published information on the mitochondrial genomes of sea slugs remains limited. Therefore, additional mitochondrial genome data are needed in future studies to provide robust support for elucidating their evolutionary history and genetic divergence.

This species belongs to sacoglossan sea slugs and therefore possesses some characteristics of this group. Sacoglossans feed by ingesting the cellular contents of algae. Notably, these slugs sequester living chloroplasts from the algae they consume and utilize them within their own tissues—a highly unusual phenomenon known as kleptoplasty. Based on Table 3 and Figure 5, P. orientalis sp. nov. is likely to possess a kleptoplastic structure, similar to that of Plakobranchus ocellatus, E. viridis, and E. timida and other species in the family Plakobranchidae. These species are typical examples of photosynthetic sea slugs (Angela et al., 2022; Cruz et al., 2020; Laetz and Waegele, 2017). Among them, Plakobranchus ocellatus is a “solar-powered” sea slug renowned for its ability to retain chloroplasts for extended periods (Greve et al., 2017). We collected the cerata from the dorsal region of P. orientalis sp. nov. and detected chloroplast genes through specific PCR and high-throughput sequencing. These genes showed a high degree of similarity (96.53%) with those of Kryptoperidinium foliaceum and Navicula arenaria. Therefore, it is reasonable to hypothesize that P. orientalis sp. nov. may possess kleptoplastic capabilities.

Possessing kleptoplastic ability implies a redefinition of energy acquisition and survival for sacoglossans (Laetz and Waegele, 2017). Functionally, it enables mixed trophic strategies that buffer against resource scarcity and abiotic stress (Angela et al., 2022); evolutionarily, it drives trait divergence, favors host genomic adaptations over horizontal gene transfer (HGT), and demonstrates that complex traits can be acquired via organelle sequestration (Maeda et al., 2021). From P. ocellatus’ months-long photosynthesis to Placida sp.’s transient energy boost, kleptoplasty exemplifies how symbiotic “theft” evolves into a powerful adaptive strategy (Fan et al., 2014)—reshaping ecological niches and evolutionary trajectories within Sacoglossa (Cruz et al., 2015; Kano et al., 2015). The P. orientalis sp. nov. may possess kleptoplastic capabilities. Future research should focus on experimentally verifying the presence of this remarkable feature.




5 Conclusion

Collectively, the evidence presented herein demonstrates the first discovery of P. orientalis sp. nov., in the South China Sea. This species is characterized by its distinctive feather-like cerata. Phylogenetic analyses consistently place it within the genus Polybranchia of the family Caliphyllidae. Our findings further suggest that P. orientalis sp. nov. may possess kleptoplastic capabilities. These discoveries not only expand our understanding of the biodiversity of sacoglossa sea slugs but also provide a valuable foundation for further research on kleptoplasty.
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Appendix

Partial chloroplast sequence:

	1 TGCTTTGGTA TTTTAATGTT CCCTACATTA TTAACAGCTA CTTCTTGCTT CATTATCGGT

	61 TTCATCGCAG CTCCTCCAGT AGATATCGAT GGTATCCGTG AGCCAGTAGC AGGTTCATTA

	121 TTATACGGTA ACAACATCAT CACAGGTTCA ATCATCCCTA GTTCAAACGC AATTGGTATG

	181 CACTTCTACC CAATCTGGGA AGCAGCTTCT ATCGATGAAT GGTTATACAA CGGTGGTCCT

	241 TACCAATTAA TCGTATTACA CTTCTTATTA GGTGTAGCTT CTTACATGGG TCGTGAATGG

	301 GAATTATCAT ACCGTTTAGG TATGCGTCCT TGGATCTTCG TAGCATTCTC TGCTCCAGTA

	361 GCAGCAGCTT CTGCAGTATT CTTAGTATAC CCAATCGGTC AAGGTTCATT CTCTGATGGT

	421 ATGCCTTTAG GTATTTCTGG TACTTTCAAC TTCATGTTAG TATTCCAAGC TGAGCACAAC

	481 ATCTTAATGC ACCCATTCCA CATGGCTGGT GTTGCTGGTG TATTCGGTGG TTCTTTATTC

	541 TCTGCTATGC ACGGTTCATT AGTAACTTCT TCTTTAATTC GTGAAACAAC TGAAAACGAA

	601 TCTACTAACT ACGGTTACAA ATTCGGTCAA GAAGAAGAAA CTTACAACAT CGTTGCAGCT

	661 CACGGTTACT TCGGTCGTTT AATCTTCCAA TACGCTTCAT TCAACAACTC TCGTGCTTTA

	721 CACTTCTTCT TAGCTTTATG GCCAGTTTTA GGTATCTGGT TAACTGCTAT GGGTATTAGT

	781 ACAATGGCGT TCAACTTAAA CGGTTTCAAC TTCAACCAAT CAGTTGTTGA TTCTCAAGG
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13 Nitzschia filiformis KM009454.1 95.75%
14 Pleurosigma OR464349.1 95.24%
inscriptura
15 Entomoneis sp. OM494341.1 95.23%
16 Nitzschia inconspicua MW971520.1 95.23%
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UUU(F) 296 141 UCU(S) 116 171 UAU(Y) 150 13 UGU(C) 87 131
UUC(F) 125 059 UCcc(s) 51 0.75 UAC(Y) 81 0.7 UGC(C) 46 0.69
UUA(L) 241 213 UCA(S) 67 0.99 UAA(*) 126 121 UGA(W) 83 1.14
UUG(L) 113 1 UCG(S) [ 28 041 UAG(*) 82 0.79 UGG(W) 62 0.86
CUU(L) 128 113 CCU(P) 89 203 CAU(H) 54 1.46 CGU(R) 25 122
Cuc(L) 46 0.41 Cccc(p) 29 0.66 CAC(H) 20 0.54 CGC(R) 11 054
CUA(L) 100 0.88 CCA(P) 47 1.07 CAA(Q) 61 127 CGA(R) 26 127
CUG(L) 50 0.44 CCG(P) 10 023 CAG(Q) 35 0.73 CGG(R) 20 098
AUU(®D) 206 1.56 ACU(T) 108 213 AAU(N) 146 142 AGU(S) 90 132
AUC(I) 58 0.44 ACC(T) 39 0.77 AAC(N) 59 [ 0.58 AGC(S) 46 0.68
AUAM) 121 125 ACA(T) 40 0.79 AAA(K) 149 1.24 AGA(S) 77 113
AUG(M) 72 0.75 ACG(T) 16 0.32 AAG(K) 91 0.76 AGG(S) 69 101
GUU(V) 117 171 GCU(A) 90 2 GAU(D) 60 135 GGU(G) 64 1.07
GUC(V) 41 0.6 GCC(A) 44 0.98 GAC(D) ‘ 29 ‘ 0.65 GGC(G) 42 0.7
GUA(V) 62 091 GCA(A) 31 » 0.69 GAA(E) ‘ 91 ‘ 1.27 GGA(G) 69 115
GUG(V) 53 0.78 GCG(A) 15 0.33 GAG(E) 52 | 0.73 : GGG(G) 65 | 1.08

RSCU represents relative synonymous codon usage; The letters in parentheses represent amino acids; *represents stop codon.
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