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Abstract 

Background  The endoparasitic rhizocephalan Parasacculina sinensis has a radically simplified morphology and pri-
marily infests decapods crustaceans. Rhizocephalan barnacles usually absorb nutrients from the host through a com-
plex rootlet system (the interna), and also change the morphology, physiology and behavior of their hosts. However, 
little is known about the transcriptomic landscape, ultrastructural details and gene expression of the interna rootlets 
in the group. In this study, we investigated the structural and molecular signatures of the interna of P. sinensis by using 
detailed histological staining and transcriptomic analyses.

Results  The interconnected F-actin nodal network, lipid droplets, and nucleus of interna rootlets were visualized 
using fluorescence straining. We successfully obtained a clean transcriptome of P. sinensis and conducted functional 
analyses of interna embedded within host hepatopancreas, claw muscle, and eyestalk. The gene ontology (GO) terms 
related to translation, metabolic process, biosynthetic process, cellular process were highly expressed in the top 
10% transcripts from the interna. The GO category of shared differential expression of genes (DEGs) among internae 
was related to embryonic development. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway neuroactive 
ligand-receptor interaction and the GO term neurotransmitter transporter activity were identified in the shared DEGs 
among internae. The interna entangled within host hepatopancreas, eyestalk and claw muscle fibers had similarities 
and differences in the functional biology. Additionally, the interna specific candidate genes probably involved in host 
immune, lipid metabolism, molting and growth were identified.

Conclusions  Our study demonstrates an in-depth function of interna rootlets of P. sinensis and reveals potential 
mechanisms of parasite host control. This study provides novel information to further investigate the evolutionary 
drivers of parasitism in barnacles.
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Background
Parasitism has evolved independently multiple times 
across the Tree of Life, playing a critical role in the diver-
sification and macro-evolutionary success of diverse line-
ages [1]. The evolutionary transition from a free-living to 
a parasitic lifestyle comes with some challenges, such as 
developing an effective infection mechanism and evad-
ing host defense systems [2]. The barnacles (Cirripedia) 
mostly sport a free-living lifestyle, although a number 
of its members are entirely parasitic. One such member, 
Rhizocephala, exhibits the hallmark of a parasitic taxon. 
Primarily infesting decapods crustaceans, these parasites 
may exert morphological, physiological, and behavio-
ral control over their hosts [3, 4].  Given their potential 
impacts on coastal aquaculture and biodiversity [5], it is 
therefore surprising that little is known about the genetic 
mechanisms underlying the adaptations to this fascinat-
ing extreme parasitic lifestyle.

Unlike other crustaceans, rhizocephalans exhibit an 
extremely reduced morphology and lack even “classi-
cal” arthropodal features, such as segmented limbs, in 
their adult stages [3, 4]. After infection, the female para-
site develops a rootlet system called the interna, which 
spreads throughout the haemolymph of the host to 
absorb nutrients for the externa [4, 6]. The externa is an 
external reproductive structure and often visible under 
the abdomen of the host [4, 7]. Notwithstanding extreme 
morphological changes in their hosts, such as the “femi-
nisation” of male hosts whereby the latter exhibit wider 
abdomens and shortened gonopods post infection [8, 9], 
rhizocephalans have evolved the ability to manipulate 
host physiology. For instance, gonadal atrophy occurs 
in both male and female hosts, with reproductive func-
tion inhibited following infestation [10, 11]. Infestation 
by rhizocephalans may also increase the concentrations 
of certain proteins, haemocyanin and glucose in the 
host haemolymph [12], potentially indicating increased 
energy expenditures and metabolism of infected hosts. 
Furthermore, rhizocephalans induce host sterilization, 
inhibit molting (anecydsis), and reduce growth, thereby 
potentially impacting coastal crustacean aquaculture [5].

Few studies have mechanistically explored the func-
tional biology of the interna and its role in inducing 
physiological changes in infested hosts (e.g., [13, 14]). 
The rootlets simply consist of a cuticle, an epidermis 
and a subjacent layer of axial cells [15]. Interestingly, the 
interna rootlets of Sacculina carcini sampled around 
host midgut and thoracic ganglia shows differential pat-
terns of gene expression  [13]. However, one knowledge 
gap concerns whether functional differences exist in the 
penetration of the interna into other host organs, such 
as the hepatopancreas and claw muscle fibers. Addition-
ally, Martin et al. (2022) identified candidate genes from 

the interna tissues of S. carcini, including immunity-
related genes, juvenile hormone binding protein and two 
crustacean neurohormones (known to suppress ecdysis 
and gonad development in other species) [13]. Zatylny-
Gaudin et  al. [14] conducted subsequent haemolymph 
proteome sequencing of healthy and infected green 
crabs (Carcinus maenas) parasitized by S. carcini in, it 
is plausible that these parasites may inhibit host mel-
anization for self-protection, while promoting the pres-
ence of immune factors to cope with possible bacterial 
super-infections [14]. In crustaceans, the hepatopancreas 
and X-organ-sinus gland complex (XO-SG) of the eye-
stalk ganglion are two major endocrine system centers. 
The hepatopancreas plays a critical role in the storage 
of nutrients and energy, regulation of nutritional status, 
physiological metabolism, molting, and immunity [16, 
17]. The endocrine regulation in molting, metabolism, 
and osmotic balance is mainly controlled by an XO-SG 
of the eyestalk ganglion, which is a crucial neuroendo-
crine regulatory system [18]. Despite their importance, 
the molecular information of the interna penetration in 
hepatopancreas and eyestalk remains largely unknown. It 
is unclear whether the interna rootlets are present within 
the  host crab eyestalk. Thus, whether functional differ-
ences exist in the penetration of interna into the hepato-
pancreas, eyestalk, and other host organs requires further 
investigation. In addition, how parasitic barnacle infesta-
tion affects key physiological processes in the hosts, such 
as molting inhibition, metabolic change, and immune 
response requires more insights.

Here, we examine the transcriptomic signature of the 
internae of Parasacculina sinensis (Boschma, 1933), a 
parasitic rhizocephalan barnacle that infects the inter-
tidal crab, Leptodius exaratus (H. Milne Edwards, 1834). 
While previous studies have focused on the morphol-
ogy of the externa in P. sinensis, no research to date 
has addressed the histology or gene expression of the 
interna in this species. In this study, we first removed 
host transcripts in the transcriptome generated from 
the host-rhizocephalan mixture sample using an in-sil-
ico subtraction method. To test the hypothesis that the 
functional biology of interna penetration differs across 
host organs, we performed fine-grained transcriptomic 
profiling of interna entangled within the host hepato-
pancreas, eyestalk and claw muscle fibers. To determine 
whether the parasites inhibit or promote the host immu-
nity, we explored immune factors within internae. By bio-
informatically isolating interna specific secretory protein 
transcripts, we identified candidate genes or proteins 
potentially involved in host metabolism and molt cycle 
control. The present data provides novel insights into the 
evolutionary drivers of parasitism in barnacles.
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Results
Structural overview of the interna
Based on the sequence data of 18S rRNA and COXI 
extracted from the transcriptome assembly (details pro-
vided below), the parasitic barnacle was identified as P. 
sinensis. This species comprises two external reproduc-
tive organs (externa) and a nutrient-absorbing rootlet 
system that infiltrates the host (interna) (Fig.  1). The 
interna of P. sinensis is intricately associated with the host 
hepatopancreas (Fig. 1B, C). The structure of the parasite 
interna was further investigated using fluorescence stain-
ing of the hepatopancreas in infected crabs (Fig. 1D-I). At 
the time of sampling, the interna had developed a rami-
fied root system infiltrating the host crab (Fig. 1D-F) and 
served as a nutrient-uptake device [15]. The F-actin, lipid 
droplets, and nuclei of the interna root system were also 
visualized by staining for fluorescence (Figs. 1G-I and 2). 
Phalloidin staining revealed that F-actin forms an inter-
connected nodal network throughout the interna, with 
individual nodes visible in Figs. 1G and 2. The Nile Red 
staining revealed that lipid droplets were a major cellu-
lar component within the interna (Figs. 1H and 2). DAPI 

staining showed that nuclei were surrounded by the 
interconnected F-actin nodal network (Figs. 1I and 2).

In‑silico subtraction using host transcriptome reads 
to generate a clean transcriptome of parasitic barnacle
Using the RNA-seq read data generated from 35 P. sin-
ensis samples, a transcriptome comprising 221,310 tran-
script sequences was assembled. The 18S rRNA and COXI 
sequences from the host crab L. exaratus and P. sinensis 
were all present in the transcriptome assembly, indicating 
that the interna samples comprised a host-interna mix-
ture, as predicted. To ensure the integrity of the P. sinen-
sis transcriptome, an in-silico subtraction approach was 
adopted, in which the transcriptome read data generated 
from non-infected crab samples was used to map against 
the initial transcriptome assembly. Transcripts with one 
or more mapped reads from the clean host RNA-seq read 
data were identified as host contaminating transcripts 
and removed from the original transcriptome assembly. 
The in-silico subtraction method removed 78,334 host 
transcripts, retaining 142,976 transcripts as the clean P. 
sinensis transcriptome. All raw read data, including both 

Fig. 1  Parasacculina sinensis and the host crab. A L. exaratus specimen parasitized by P. sinensis, as characterized by the emergence of two 
externae from the host abdomen plate. Ext: externa. B The interna body cavity of the infected host. Gi: gill. Hep: hepatopancreas. C Dissection 
of hepatopancreas, with interna rootlets entangling the host organ. Int: interna rootlets. D, E, F Phalloidin, Nile Red and DAPI staining 
of the hepatopancreas, in 10 × objective. G,H, I Magnified view of the white box highlighted area in D-F, in 40 × objective
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35 P. sinensis and 10 uninfected L. exaratus samples, have 
been deposited into the NCBI Sequence Read Archive 
(SRA) website under accession number PRJNA1185833. 
The annotated genes showed a completeness of 91.1%, 
according to assessment by BUSCO (Additional file  1: 
Table S1). The annotation of P. sinensis transcripts were 
used for the subsequent functional analyses. A total of 
131,864 transcripts in externa (ext), 125,627 transcripts 
in interna-hepatopancreas (int-HP), 42,097 transcripts in 
interna-claw (int-CL), and 34,497 transcripts in interna-
eyestalk (int-ES) were mapped to the assembled clean P. 
sinensis transcriptome. Additionally, the BUSCO com-
pleteness scores for the transcriptome were 76.5% for the 
ext, 74.0% for the int-HP, 83.4% for the int-CL and 72.4% 
for the int-ES. Using a transcript database based on gene 
predictions from the Drosophila melanogaster genome as 
a reference, 12,167 transcripts in the filtered P. sinensis 
transcriptome were successfully annotated.

PCA analysis of the transcriptome of P. sinensis samples
The gene expression profiles of 9 externae, 14 int-HP, 7 
int-CL, 5 int-ES samples were computed by mapping 
the clean reads from these 35 samples to the clean P. 
sinensis transcriptome. To assess the similarity and dis-
similarity of the transcriptomes across samples, principal 
component analysis  (PCA) was conducted to visualize 
gene expression patterns across the entire dataset (Fig. 3). 
The first principal component accounted for 16.4% of 
the variance, while the second component accounted for 
6.79% of the variance. Together, these components suc-
cessfully distinguished the int-HP and externa samples.

The externa and the majority of int-HP samples formed 
two distinct clusters in the PCA analysis. While the int-
CL and int-ES samples were distinct from both ext and 

int-HP samples, they were not distinguishable from each 
other. Notably, host sex did not seem to have a major 
impact on the transcriptome profiles of P. sinensis interna 
and externa samples.

Functional categories of interna top 10% transcripts
The gene expression profiles of 14 int-HP, 7 int-CL, and 
5 int-ES samples were examined. Transcripts expressed 
in at least one sample were selected for functional analy-
ses. To gain insights into the biological functions of the 
interna, the top 10% transcripts (based on expression 
levels in each interna sample) were selected for func-
tional enrichment analyses. A total of 12,563 transcripts, 
4,210 transcripts and 3,450 transcripts were abundantly 
expressed in the int-HP, int-CL and int-ES, respectively. 
Among these top 10% transcripts, 5,275 from int-HP, 
841 from int-CL, and 592 from int-ES were successfully 
annotated. Based on the D. melanogaster annotation, 
these transcripts were firstly mapped to the KEGG “Met-
abolic pathway”. The mapped KEGG “Metabolic path-
way” for int-HP, int-CL and int-ES samples were highly 
overlapping and included pathways involved in carbohy-
drate metabolism, energy metabolism, lipid metabolism, 
nucleotide metabolism, amino acid metabolism, glycan 
metabolism, metabolism of cofactors and vitamins, bio-
synthesis of terpenoids and polyketides (Fig. 4).

To further understand the biological functions 
of interna, we conducted gene ontology (GO) term 
enrichment analysis (p < 0.05). For all interna samples, 
the enriched GOBP terms were largely associated with 
translation, metabolic process, biosynthetic process, 
and certain cellular processes (Fig.  5). The specific 
enriched GOBP terms were protein transport (int-HP), 
response to stress (int-CL, int-ES) and reproduction 

Fig. 2  Parasacculina sinensis interna sampled from the host crab hepatopancreas. The interna-hepatopancreas sample was co-stained with DAPI 
(blue), Phalloidin (green) and Nile Red (red). The images of the three fluorescent staining were captured using a 40 × objective lens and merged 
using ImageJ. The white arrows indicate two Nile Red stained lipid droplets within the interna rootlet. Scale bar: 50 µm
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Fig. 3  The principal component analysis (PCA) of the transcriptome data. The different colors represent the int-CL, int-HP, int-ES and externa 
samples. The different shapes represented the female L. exaratus, male L. exaratus and the samples with unknown gender (no document). Hosts 
with externa parasites were indicated in black, and hosts with no bearing externa parasites were indicated in purple

Fig. 4  KEGG metabolic pathways of the interna top 10% transcripts
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(int-CL) (Fig.  5). The GO terms of molecular function 
(GOMF) in the int-HP and int-CL were enriched in 
RNA binding, structural molecule activity, nucleotide 
binding and peptidase activity. The GOMF terms in 
the int-HP were also associated with translation factor 
activity, nucleic acid binding and catalytic activity. The 
GOMF term in the int-ES was only enriched in struc-
tural molecule activity. The enriched GO terms of cel-
lular components (GOCC) in all samples were enriched 
in organelle, intracellular, cell and cytoplasm. The 
specific enrichment GOCC terms in the int-HP were 
enriched in mitochondrion and nucleolus.

The significant KEGG pathways (p < 0.05) of int-HP, int-
CL and int-ES were 20, 6 and 3, respectively (Fig. 6). The 
KEGG pathways of the int-HP were involved in metabo-
lism (e.g., lipid metabolism, carbohydrate metabolism, 
amino acid metabolism, energy metabolism), genetic 
information processing (e.g., spliceosome, protein export, 
proteasome, nucleotide excision repair) and cellular pro-
cesses (endocytosis) (Fig.  6A). The KEGG pathways  of 
the int-CL were associated with energy metabolism (oxi-
dative phosphorylation), genetic information processing 
(e.g., ribosome, proteasome, spliceosome) and cellular 
processes (phagosome) (Fig. 6B). The KEGG pathway of 

Fig. 5  Gene ontology (GO) enrichment analyses of interna top 10% transcripts. A GOBP enrichment of int-HP. B GOBP enrichment of int-CL. C 
GOBP enrichment of int-ES
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int-ES was only enriched in genetic information process-
ing (Fig. 6C).

Identification and function enrichment analysis 
of differential expressions of genes
The interna samples (int-HP, int-CL and int-ES) were 
compared to the externa samples to screen for interna 
differentially expressed genes. A total of 1992 DEGs from 
int-HP/ext comparison, 2286 DEGs from int-CL/ext 
comparison and 3298 DEGs from int-ES/ext comparison 
were found to be significantly up-regulated in the interna. 
Among these DEGs, 699 DEGs of int-HP, 636 DEGs of 

int-CL, 767 DEGs of int-ES were successfully translated 
to protein sequences. The Venn diagram revealed that 
1033 interna up-regulated DEGs were shared among 
internae, which accounted for 51.8%, 45.2%, 31.3% of total 
DEGs in int-HP, int-CL and int-ES, respectively (Fig. 7A). 
These shared DEGs among internae represented a sub-
set of genes highlighting the core functions of interna. 
The enriched GOBP terms of shared DEGs were associ-
ated with metabolic process, signal transduction, repro-
duction, response to stimulus, embryonic development, 
morphogenesis, etc. (Fig. 7B). The enriched GOMF terms 
of shared DEGs were related to enzyme activity (protein 

Fig. 6  KEGG pathway enrichment analyses of the interna top 10% transcripts. A KEGG pathway of int-HP. B KEGG pathway of int-CL. C KEGG 
pathway of int-ES

Fig. 7  The analyses of differential expression of genes among internae. A The Venn diagram of DEGs among internae. B GO terms of biological 
process of shared DEGs among internae. C KEGG pathway of shared DEGs among internae
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kinase, peptidase, hydrolase, transferase), binding activ-
ity, receptor activity, motor activity, neurotransmitter 
transporter activity, signal transducer activity, and cata-
lytic activity. The KEGG pathways of shared DEGs were 
involved in metabolism, cellular process (e.g., autophagy, 
efferocytosis, endocytosis), genetic information process-
ing (spliceosome, protein processing in endoplasmic 
reticulum), organismal systems (e.g., longevity regulating 
pathway, Toll and Imd signaling pathway), and environ-
mental information processing (e.g., Wnt signaling path-
way, neuroactive ligand-receptor interaction) (Fig. 7C).

We found compelling evidence for a large proportion 
of specific DEGs of interna samples, indicating that the 
function of the interna might differ according to the host 
region they penetrate. The enriched GOBP terms of int-
HP and int-CL DEGs were related to response to stress 
and cell recognition. The enriched GOBP terms of int-ES 
DEGs were related to protein transport and mitochon-
drion organization. The GOMF term transcription regu-
lator activity was found to be enriched in the int-HP and 

int-CL DEGs. The GOMF terms electron carrier activ-
ity and structural molecule activity were found to be 
enriched in int-ES DEGs. For KEGG pathway enrichment 
analysis, ATP-binding cassette (ABC) transporters were 
found to be significantly enriched in int-ES DEGs.

Interna‑specific secretory proteins
A total of 154, 69 and 83 protein sequences from int-HP, 
int-CL and int-ES DEGs, respectively, were predicted to 
contain an N-terminal signal peptide, suggesting that 
these proteins were secretory proteins. We name these 
proteins as Interna-specific secretory proteins (ISSP). 
All ISSPs were subjected to protein domains prediction 
by SMART domain analysis with Pfam protein domain 
database as the reference. A total of 45 protein domains 
from int-HP ISSPs, 31 domains from int-CL ISSPs and 30 
domains from int-ES ISSPs were detected (Fig. 8; Addi-
tional file 2: Table S2). Among these ISSPs, 11 SMART/
Pfam domains were shared in all interna samples, includ-
ing IG, PG_binding_1, ZnMc, HX, FN3, EGF, EGF_Lam, 

Fig. 8  The specific secretory protein domains of int-HP, int-CL and int-ES
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EGF_like, CUB, ML and FRI (Table  1). These domains 
were involved in immunity and lipid metabolism (IG, 
PG_binding_1, ML), enzymatic digestion (ZnMc), 
growth and development (EGF, EGF_Lam, EGF_like, 
CUB). Serine protease related protein domains, includ-
ing serpin, KU, peptidase_S10, serine proteases trypsin, 
Tryp_SPc domain containing ISSPs were detected 
among int-HP and int-ES samples (Additional file  2: 
Table  S2; Additional file  3: Table  S3). Additionally, 31 
protein domains were only detected in int-HP ISSPs; 
PDGF domain was only detected in int-CL ISSPs; VOMI 
domain was only detected in int-ES ISSPs (Fig. 8; Addi-
tional file 2: Table S2).

Discussion
The transcriptome data of P. sinensis reported in this 
study represents the first genomic resource for this spe-
cies, providing comprehensive functional analyses of its 
interna rootlets. The findings support the hypothesis 
that the functional biology of interna entangled within 
the host hepatopancreas, eyestalk and claw muscle fibers 
exhibit partial differences, while fundamental biological 
functions such as metabolism, growth and development 
are consistently active across these tissues. Additionally, 
several protein domains which participated in the pro-
phenoloxidase (proPO) system signaling pathway and 
antimicrobial immunity in crustaceans were identified. 
Furthermore, we list some candidate interna specific 
secretory proteins (ISSPs) potentially involved in the lipid 
metabolism and molting processes of host crabs.

Structural specialization and gene expression profile 
of the interna
The interna tissue network represents the endopara-
sitic, adult body of rhizocephalans. In P. sinensis, the ran-
domly branching and highly ramified interna is primarily 

concentrated around the host hepatopancreas. A simi-
lar distribution pattern has been reported in P. pilosella 
and S. pugettiae [19]. DAPI staining showed that the cell 
nuclei of varying sizes and shapes are arbitrarily distrib-
uted throughout the interna (Fig. 2).

Functional enrichment analyses of the interna top 10% 
transcripts showed that the GOCC terms were involved 
in organelle, intracellular, cell, cytoplasm, mitochon-
drion, and nucleolus. Additionally, GO terms related 
to cell biological processes, cytoskeleton organiza-
tion, organelle organization, cell cycle, endoplasmic 
reticulum, cytoplasm organization were significantly 
enriched (Fig.  5). While Bresciani and Høeg suggested 
that rhizocephalan internae  are generally composed of 
two cell layers, namely the inner axial cell layer and the 
epithelial cell layer [15], our results indicated a complex 
network of interna cells. We observed a unique inter-
connected F-actin nodal network, an unprecedented 
structure in crustacean species. Despite the presence of 
highly expressed cytoskeletal genes, this structure bears 
no resemblance to skeletal muscle, smooth muscle, or 
adhering junction. Further investigations are needed to 
elucidate the details and function of this unique network. 
Additionally, the high abundance of lipid droplets distrib-
uted throughout the interna, which was associated with 
KEGG pathway “lipid metabolism” in the interna (Fig. 4).

As the interna of rhizocephalan barnacles may intri-
cately invade all parts of the host crab [3, 15] and obtain-
ing sequence reads free of host contaminants is difficult, 
the biological functions and metabolic capabilities of 
interna rootlets remain largely unexplored. In order to 
acquire a clean transcriptome of interna rootlets, the 
present study applies an in-silico subtraction method to 
remove host contaminating transcripts generated from 
the host-interna sample mixture. This approach allowed 
us to identify abundantly expressed transcripts in interna 

Table 1  Details of eleven interna specific secretory protein domains shared in int-HP, int-CL and int-ES

Protein domains SMART/Pfam Accessions Descriptions

IG SM00409 Immunoglobulin

PG_binding_1 PF01471 Peptidoglycan binding domain (PGBD)

ZnMc SM00235 Neutral zinc metallopeptidases

HX SM00120 Hemopexin-like repeats

FN3 SM00060 Fibronectin type 3 domain

EGF SM00181 Epidermal growth factor-like domain

EGF_Lam SM00180 Laminin-type epidermal growth factor-like domain

EGF_like SM00001 EGF domain, unclassified subfamily

CUB SM00042 Mostly among developmentally-regulated proteins

ML SM00737 Domain involved in innate immunity and lipid metabolism

FRI SM00063 Frizzled
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embedded within the host hepatopancreas, claw muscle, 
and eyestalk. As GO and KEGG enrichment analyses 
were applied to these abundantly expressed transcripts, 
we found that GOBP terms related to translation, meta-
bolic process, biosynthetic process, cellular process and 
GOMF terms involved in RNA binding, structural mol-
ecule activity, nucleotide binding, peptidase activity 
were enriched across all interna samples. These findings 
strongly implicate that growth, metabolism and devel-
opment take place in the interna rootlets. The protein 
transport and several metabolic pathways were signifi-
cantly enriched in int-HP, suggesting that this might be 
the major location for absorbing nutrients from the host. 
This aligns with the hepatopancreas’s role in crustaceans 
as a critical organ for energy storage and breakdown, 
nutrient accumulation, carbohydrate and lipid metabo-
lism [16]. In addition, the GO terms related to response 
to stress and reproduction were observed in int-ES and 
int-CL, indicating these regions might be responsible the 
adaptation to stress change, the protrusion of externa 
and infestation of parasites. These results suggest that the 
interna entangled within the host hepatopancreas, eye-
stalk and claw muscle fibers harbor similarities and dif-
ferences in biological function.

Functions of differentially expressed interna genes
The GO terms analyses of shared DEGs among internae 
were significantly enriched in molecular function and 
biological process. The GOBP categories of the interna 
were largely related to embryonic development. The vir-
gin externa has a brood chamber, containing the paired 
receptacles that eventually host one or two successful 
males [7]. Thus, our results demonstrate that a subset 
of molecular functions of the interna is involved with 
embryonic nutrition and development, possibly through 
secretion to the externa, where embryos are brooded. 
This role in embryonic development is particularly 
important as all rhizocephalans hatch as lecithotrophic 
(yolk-feeding or non-plankton-feeding) nauplius  or 
cypris larvae [3].

Our GO enrichment analyses also demonstrate that 
the interna are  involved in a variety of enzyme activity 
and most of them were associated with serine proteases. 
Serine protease is known to be involved with the pro-
phenoloxidase (proPO) system of crustaceans [20, 21]. 
The proPO system or melanization is one of the major 
immune responses in invertebrates and the activation of 
this system needs the participation of serine proteases 
(SP) cascades [20, 21]. Similarly, we detected two serine 
protease inhibitor protein domains from int-HP ISSPs 
(details provided below). The KEGG pathways neuroac-
tive ligand-receptor interaction and the GOMF terms 
neurotransmitter transporter activity were found in the 

interna, suggesting the presence of a  functional, or pos-
sibly active, neuronal system within the interna. This is 
surprising and highly interesting  as the larval nervous 
system is entirely disintegrated during the metamorpho-
sis to first the kentrogon, the stage responsible for host 
penetration and subsequent injection of primordial para-
site cells, and is absent in the vermigon, the invasive stage 
that travels through the host haemolymph and gives rise 
to the interna [22].

In addition, the shared DEGs among internae only 
accounted for 31.1–51.8% of the total DEGs in int-HP, 
int-CL and int-ES (Fig. 7A). This is similar to the findings 
in a recent study [13] where it was demonstrated that the 
up-regulated genes between interna samples from the 
host midgut and thoracic ganglia exhibited partial differ-
ences. The KEGG pathway ABC transporters are specifi-
cally enriched in int-ES DEGs. ABC transporters are one 
of the largest transporter families and have crucial roles 
in various biological processes such as growth, develop-
ment and immune defense in eukaryotes [23, 24].

Protein domains involved in immunity
Several protein domains were observed in the ISSPs of 
the P. sinensis transcriptome, directly or indirectly asso-
ciated with immune mechanisms. Among the proteins 
involved in the proPO system signaling pathway of inver-
tebrates, two serine protease inhibitors domains, serpin 
and KU, were detected in the int-HP ISSPs (Additional 
file  2: Table  S2; Additional file  3: Table  S3). Notably, 
the inhibition of the melanization by serpins has been 
reported previously in the Chinese mitten crab Eriocheir 
sinensis infested by Polyascus gregaria [25] and the green 
crab (Carcinus maenas) parasitized by S. carcini [14]. 
Interestingly, three protein domains associated with ser-
ine proteases were also observed in the int-HP and int-
ES ISSPs, including the serine proteases trypsin domain, 
Peptidase S10 domain (serine carboxypeptidase), and 
Tryp_SPc domain (Trypsin-like serine protease) (Addi-
tional file  2: Table  S2; Additional file  3: Table  S3). The 
functions of these domains-containing proteins might 
be similar to the serine protease, suggesting that these 
domains play a role in the catalytic activity of melaniza-
tion processes. These observations suggest that P. sinen-
sis could cause the hosts to be more susceptible to accept 
parasites by inhibiting the proPO system.

Some antimicrobial immune factors involved with 
immune recognition and elimination in crustaceans 
were also observed in P. sinensis internae. C-type lectin-
like, Lectin_C, and CLECT domains which are involved 
in lectins were detected in the int-HP and int-ES ISSPs 
(Additional file  2: Table  S2; Additional file  3: Table  S3). 
Lectins are proteins or glycoproteins that specifically 
recognize and bind to glycoproteins on the surface of 
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microbes to initiate an immune response [26, 27]. C-type 
lectin contains at least one carbohydrate recognition 
domain and belongs to the group of proteins known as 
pattern-recognition receptors in invertebrates [28, 29]. 
The Myeloid differentiation protein 2 (MD2)-related lipid 
recognition (ML) domain, PG_binding_1 (peptidoglycan 
binding domain), and IG (Immunoglobulin) domain were 
detected in all ISSPs (Table 1). The ML domain-contain-
ing protein (EsML3) could bind and agglutinate bacteria 
by interaction with peptidoglycan and/or lipopolysaccha-
ride (LPS), promoting bacterial clearance and phagocyto-
sis against bacterial infection in crabs [30, 31]. Similarly, 
the LCCL domain, which may play a role in LPS binding, 
was identified in the int-CL and int-ES ISSPs. The LPS 
binding domain-containing proteins  were also found in 
the green crab C. maenas parasitized by S. carcini [14]. 
Additionally, other domains that might contribute to 
the antimicrobial and antiviral immunity in inverte-
brates were identified in the int-HP ISSPs, such as single 
domain von Willebrand factor type C domain (SVWC) 
[32], phospholipase A2 domain [33], destabilase and SR 
(Scavenger receptor Cys-rich).

Protein domains involved in lipid metabolism, molting 
and growth
In this study, the ML domain was identified in the int-
HP, int-ES and int-CL ISSPs of the P. sinensis transcrip-
tome, which was associated with lipid metabolism and 
molting (ecdysis). Molting is a cyclic process that takes 
place in all crustaceans. The shedding of old cuticles 
allows the underlying epidermis to expand and thus grow 
[34]. Crustaceans must halt feeding and activate lipid 
metabolism during molting [35]. Thus, lipid metabolism 
in crustaceans is closely linked to the molting process 
[36]. Many members of ML family have been shown to 
regulate lipid metabolism and facilitate other cellular 
functions involved in lipid recognition [37]. The low-
density lipoprotein receptor domain class A (LDLa) was 
observed in the int-HP and int-CL ISSPs. The low-den-
sity lipoprotein receptor-related protein (LRP) plays vital 
roles in cholesterol uptake and transport [38]. Choles-
terol is an indispensable nutrient that regulates molting 
and growth in crustaceans [39]. As a component of lipo-
protein, cholesterol impacts the absorption and transpor-
tation of lipids in animals [40]. Thus, we speculate that 
ML domain and LDLa domain containing proteins may 
be potential candidates involved with the regulation and 
intervention of the lipid metabolism and molting process 
of host crabs.

Finally, the epidermal growth factor (EGF) and EGF 
like domains were found in all internae. EGF is a critical 
cell regulatory factor and the mitogen of a variety of cells, 
involving in regulating cell proliferation, migration and 

differentiation through the interaction with its receptor 
(EDFR) [41]. EGFR has been characterized and contrib-
utes to the growth and development in Macrobrachium 
rosenbergii [42] and Scylla paramamosain [43]. There-
fore, the EGF domain containing proteins from P. sinensis 
might be potential candidates to intervene the cell pro-
cess, growth and development of host crabs.

Conclusion
Our detailed transcriptomic profiling  of the P. sinen-
sis interna  strongly imply that growth, metabolism and 
development all take place in interna rootlets. There are 
similarities and differences in the functional biology of 
interna entangled within host hepatopancreas, eyestalk 
and claw muscle fibers. Our results suggest P. sinensis 
could manipulate hosts susceptibility to future  para-
site  invasion by inhibiting the proPO system. This study 
also finds antimicrobial immune factors that are involved 
in immune recognition and elimination in interna spe-
cific secretory proteins. Overall, the present research 
reveals functional differentiation in the  rhizocephalan 
interna and provides novel insights into host-parasite 
interactions in the group, laying the groundwork for 
future studies on the evolution of parasitism in Thecos-
traca (barnacles in the broadest sense).

Materials and methods
Specimen collection
During May to September 2023, 13 infected and 10 non-
infected L. exaratus were collected from Wong Chuk 
Hang (114°29’N, 22°40’E), Hong Kong. Crab species iden-
tification was based on the morphological descriptions 
provided by Amer et  al. [44]. To ensure the relatively 
balanced samplings, four female and seven male hosts 
(the gender of two hosts was no documented) were col-
lected (Additional file 4: Table S4). As some infected indi-
viduals may not have carried externa, it was necessary 
to assess the health of host individuals by transcriptome 
sequencing.

All crabs were anesthetized on ice for 5–10 min in lab-
oratory. The hepatopancreas, claw, eyestalk with dense 
interna, externa from infected crabs (Additional file  4: 
Table S4) and these tissues from non-infected crabs were 
immediately dissected and preserved in −80 °C freezer 
until RNA extraction. Due to the radically simplified mor-
phology of rhizocephalan barnacles, species identification 
of them was typically determined by their host species. 
Because the crab L. exaratus is the host for three para-
sitic barnacles [45] and the externa morphology of them 
is similar, rhizocephalan species identification with mor-
phological tools is best done in concert with molecular 
data (either Sanger sequencing of 18S rRNA and COX1 
genes or extracting of these from the RNA-seq data).
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Fixation and staining for fluorescence studies
One infected crab was selected for fluorescence stud-
ies and was anesthetized upon collection by placing it in 
crushed ice. This infected crab specimen was dissected 
and the parasite interna and host hepatopancreas iso-
lated immediately thereafter. Samples were fixed in 4% 
paraformaldehyde (Macklin, China) dissolved in auto-
clave filtered seawater overnight at 4 °C. Subsequently, 
the sample was rinsed three times with 1 × PBS (Solarbio, 
China). Then the sample was permeabilized in 1 × PBS 
containing 0.1% Triton X-100 (Sigma, Germany) for 30 
min, during which it was incubated at 4 °C on a labora-
tory shaker. After the permeabilization was completed, 
the sample was again washed three times with 1 × PBS. 
The permeabilized sample was then treated with 1 µg/mL 
of Nile Red (Macklin, China) and 1 µg/mL of iFlour™ 488 
Phalloidin (Yeasen Biotechnology, China) for 30 min with 
orbital shaking. After the staining was completed, the 
sample was rinsed three times with 1 × PBS. After treat-
ment with DAPI (Beyotime, China) containing 1 µg/mL 
for 5 min, the sample was mounted onto a glass slide with 
ProLong™ Diamond Antifade Mountant (Thermofisher, 
USA). The slides were observed on upright fluorescence 
microscope (Motic, China). Photographs were taken 
at 4  ×, 10 × and 40 × magnification. The 40 × images of 
DAPI, Phalloidin and Nile Red staining of interna were 
merged using ImageJ [46].

RNA extraction, library construction and Illumina Hiseq 
sequencing
Total RNA of each tissue sample was extracted using 
TGuide S96 Magnetic Universal RNA Kit (TIANGEN, 
China) following manufacturer’s protocol. The quan-
tity and quality of the extracted RNAs were checked 
using Nanodrop (Thermo Fisher Scientific Inc., USA) 
and Agilent 2100 Bioanalyzer (Agilent Technologies, 
USA), respectively. Total RNA of 35 parasitic samples 
(14 interna-hepatopancreas (int-HP), 7 interna-claw 
(int-CL), 5 interna-eyestalk (int-ES) and 9 externa) from 
13 infected L. exaratus and 10 non-infected L. exaratus 
samples were used to prepare Illumina cDNA library 
following the  manufacturer’s protocol  of TruSeq v3 kit 
. The cDNA library was sequenced using an Illumina 
Novaseq  6000 machine (Yuda Biotechnology; Guang-
zhou, China).

Species identifications
To identify the species of parasitic barnacles, we 
extracted the sequences of two phylogenetic marker 
genes (18S rRNA and COXI) from transcriptomes of all 
parasite individuals externae or internae. The 18S rRNA 
sequence of Balanus eburneus (GenBank: L26510.1) 
and COXI protein sequence of P. yatsui (GenBank: 

BAF49625.1) were used as queries to extract sequences 
from the transcriptomes using BLASTN and TBLASTN, 
respectively. The extracted sequences were then used for 
preliminary identification of parasitic barnacle using the 
Basic Local Alignment Search Tool (BLAST) from the 
NCBI website (http://​blast.​ncbi.​nlm.​nih.​gov/​Blast). The 
results indicated that all parasitic barnacle samples were 
identified as P. sinensis (Additional file 5: Table S5).

To further confirm the species identification of para-
sitic barnacles, Maximum Likelihood (ML) phyloge-
netic tree was reconstructed using 18S rRNA sequences 
from all parasite individuals (Additional file 5: Table S5) 
and other reference species (Additional file 6: Table S6). 
Amphibalanus amphitrite (Cirripedia: Thoracica:  Bala-
nomorpha) was selected as the outgroup. Sequences were 
manually inspected and edited using SeqMan (DNAStar 
Inc., Madison, WI, USA). All sequences were aligned 
using MAFFT with default parameters [47]. The best-fit 
model, GTR + F + R2, was selected based on the Akaike 
Information Criterion (AIC) by using ModelFinder [48]. 
ML analysis was performed using IQ-TREE v 2.1.1 [49] 
with 1000 bootstrap replicates (BP). The phylogenetic 
tree was visualized using FigTree v1.4.2 [50]. All parasite 
individuals and the 18S rRNA sequences of P. sinensis 
obtained from GenBank clustered into a single clade, fur-
ther confirming that the parasitic barnacles were P. sinen-
sis (Additional file 7: Fig. S1).

De novo assembly, removal of host contamination 
and annotation
The raw paired-end reads were trimmed and quality-
controlled with Trimmomatic v0.39 [51] with default 
parameters. Clean reads from parasitic barnacle samples 
and non-infected L. exaratus samples were obtained and 
used to conduct de novo assembly of transcriptome using 
Trinity v2.3.2 [52] with default parameters.

Clean reads from 35 P. sinensis samples were mapped 
against the P. sinensis assembly and transcript abundance 
estimation was performed using Salmon v1.10.1 [53]. As 
interna rootlets of parasitic barnacles may invade all parts 
of the host crab [15], the interna-host tissue samples may 
comprise P. sinensis internae and host L. exaratus tissues 
or cells (considered contamination) and therefore the ini-
tial transcriptome assembly could contain both P. sinen-
sis and host’ transcripts. To remove these contaminant 
transcript sequences, clean reads from non-infected L. 
exaratus samples were mapped against the transcriptome 
assembly using Salmon v1.10.1 [53]. Sequences with one 
or more mapped reads from any of the non-infected L. 
exaratus samples were considered as host contamination 
and removed. The filtered P. sinensis assembly was col-
lapsed using CD-HIT-EST v4.8.1 [54] with the overlap-
ping cut-off set at 95%.

http://blast.ncbi.nlm.nih.gov/Blast
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BUSCO v5.5.5 [55] was used to evaluate the complete-
ness of the filtered P. sinensis transcriptome assembly 
with the reference database “metazoa_odb10”. To facili-
tate a better functional analysis of the transcriptome, the 
filtered P. sinensis transcriptome was annotated with the 
genome of D. melanogaster using BLASTX (E-value cut-
off was set as 1e−5). Principal component analysis (PCA) 
was conducted to assess the similarity and dissimilarity 
of transcriptomes across samples. The analysis was pro-
cessed with FactoMineR [56] and the R package ggplot2 
[57] was used for visualization.

Functional enrichment analyses of interna top10% 
transcripts and differential expression of genes
The top10% transcripts abundantly expressed in the 
interna were selected and annotated with the D. mela-
nogaster genome using BLASTX (E-value cut-off was 
set as 1e−5). Gene ontology (GO) enrichment analy-
sis was performed using BiNGO v3.0.5 [58], a plugin 
of Cytoscape v3.9.1 [59]. The top10% transcripts from 
each interna sample were selected as the test set and 
all transcripts expressed in any of interna samples were 
selected as the reference set. Enrichment analysis results 
were assessed using Fisher’s Exact test with a significant 
threshold of p < 0.05. The enriched terms were visual-
ized using the R package ggplot2 [57]. Additionally, these 
top10% transcripts were mapped to the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database to annotate 
their potential metabolic pathways [60]. Transcript-level 
abundance estimates for the parasitic barnacles were 
quantified and aggregated into gene abundance metrics 
(transcripts per million, TPM) and read counts using 
Salmon v1.10.1 [53]. Transcript expression levels were 
calculated by aligning each sample to the reference tran-
scriptome (filtered P. sinensis transcriptome). Genes with 
a zero TPM value across all samples were excluded, and 
only the expressed genes were subjected to the subse-
quent analyses.

Differential expression analysis of genes between inter-
nae samples (int-HP, int-CL and int-ES) and externa 
samples were conducted using edgeR [61], with thresh-
olds at False discovery rate (FDR) < 0.001 and |log2(fold 
change)|> 3. To visualize the distribution of differen-
tial expression of genes (DEGs) across samples, a Venn 
diagram was constructed using Venn diagram R pack-
age [62]. All DEGs were used for functional enrichment 
analysis, including GO and KEGG pathways. GO enrich-
ment analysis was performed using the Cytoscape v3.9.1 
[59] plugin BiNGO v3.0.5 [58] tool. The DEGs were 
selected as the test set and all expressed transcripts as 
the reference. KEGG pathways analysis was implemented 
using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) [63] (available at https://​
david.​ncifc​rf.​gov/). A p-value < 0.05 was considered the 
threshold for significantly enriched GO terms and KEGG 
pathways.

Identification of signal peptide proteins and protein 
domains
The TransDecoder v.5.7.1 tool (http://​trans​decod​er.​
github.​io) was used to translate the DEGs of interna sam-
ples into protein sequences. These protein sequences 
were then aligned against the NCBI non-redundant (nr) 
protein database to evaluate sequence similarity to D. 
melanogaster proteins using BLASTP searches, with an 
E-value cut-off of 1e−5. Protein sequences with more than 
98% similarity were filtered to remove redundancy using 
CD-HIT-EST v4.8.1 [54]. Then, signal peptide predic-
tion of proteins was performed in SignalP 6.0 server [64]. 
Sequence comparison of these protein sequences and 
other sequences was performed using BLASTP searches 
(E-value cut-off was set as 1e−10) on the NCBI website 
(https://​blast.​ncbi.​nlm.​nih.​gov/). Additionally, conserved 
protein domains were predicted using the SMART 
(Simple Modular Architecture Research Tool) database 
(http://​smart.​embl-​heide​lberg.​de/) [65] and the Pfam 
HMM database [66].
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