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Abstract 

Background Plerocercoid larvae of the tapeworm Spirometra mansoni can infect both humans and animals, leading 
to severe parasitic zoonosis worldwide. Despite ongoing research efforts, our understanding of the developmental 
process of S. mansoni remains inadequate. To better characterize posttranslational regulation associated with parasite 
growth, development, and reproduction, a comparative phosphoproteomic study was conducted on the plerocer-
coid and adult stages of S. mansoni.

Methods In this study, site-specific phosphoproteomic analysis was conducted via 4D label-free quantitative analysis 
technology to obtain primary information about the overall phosphorylation status of plerocercoids and adults.

Results A total of 778 differentially abundant proteins (DAPs) were detected between adults and plerocercoids, 
of which 704 DAPs were upregulated and only 74 were downregulated. DAPs involved in metabolic activity were 
upregulated in plerocercoid larvae compared with adults, whereas DAPs associated with binding were upregulated 
in adults. Gene Ontology (GO) and Kyoto Encyclopedia of Genes (KEGG) analyses indicated that most DAPs involved 
in signal transduction and environmental information processing pathways were highly active in adults. DAPs upregu-
lated in the plerocercoid group were enriched mainly in metabolic activities. The kinases PKACA, GSK3B, and smMLCK 
closely interact, suggesting potential active roles in the growth and development of S. mansoni.

Conclusions The dataset presented in this study offers a valuable resource for forthcoming research on signaling 
pathways as well as new insights into functional studies on the molecular mechanisms of S. mansoni.
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Background
The motile larva (plerocercoid) of Spirometra mansoni 
can invade humans, causing a parasitic zoonosis known 
as sparganosis [1, 2]. To date, more than 2000 spargano-
sis cases have been reported, with the majority coming 
from Asian countries, especially China, Korea, and Japan 
[3]. The complex interactions between the plerocercoid 
and  human host during infection are the causes of severe 
pathological changes that can lead to fatal outcomes. A 
comprehensive understanding of these interactions is 
crucial for the development of effective intervention 
strategies [4]. However, despite the long history of the 
neglected tapeworm, our knowledge of the molecu-
lar interactions between this parasite and human hosts 
remains limited.

Phosphoproteomic techniques are rapidly developing 
technologies that can provide insights into the interac-
tion mechanisms between pathogens and their hosts [5]. 
Previous studies have confirmed that the phosphoryla-
tion of proteins plays important roles in regulating sign-
aling pathways involved in various interactions between 
pathogens and hosts [6]. Protein kinases modify the 
functions of other proteins through the addition of phos-
phate groups, leading to alterations in the activity, stabil-
ity, interactions, and localization of targeted proteins [7]. 
The diverse recognition and modification capabilities of 
distinct protein kinases towards specific sites on differ-
ent proteins significantly enhance the intricacy of phos-
phorylated proteins [6, 7]. Recently, phosphoproteomic 
techniques utilizing phosphopeptide enrichment meth-
ods combined with mass spectrometry (MS) have been 
employed to investigate large-scale protein phosphoryla-
tion profiles in many parasites, such as Leishmania spp., 
Toxoplasma gondii, Schistosoma mansoni, Schistosoma 
mekongi, and Echinococcus granulosus [8–13].

Different life cycle stages of parasites usually encoun-
ter different environments; therefore, the transition from 
one stage to the next generally requires physical and bio-
chemical changes accompanied by altered expression of 
genes [14]. For S. mansoni, understanding the biologi-
cal process of the transition from the plerocercoid state 
to the adult state is particularly important because the 
surrounding environment changes from that of poikilo-
thermic intermediate/paratenic hosts to that of homeo-
thermic definitive hosts to complete their development 
and reproduction. Therefore, understanding the phos-
phoproteomic profiles of S. mansoni at different devel-
opmental stages is critical for exploring the molecular 
mechanisms of the development and adaptive parasit-
ism of the parasite. With the continuous development of 
omics technology, some achievements have been made 
in Spirometra tapeworm research at the molecular level. 
Liu et  al. [15] performed a phosphoproteomic analysis 

to determine the protein phosphorylation networks in 
Spirometra erinaceieuropaei plerocercoid. A compara-
tive study of transcriptomic changes between the adult 
and larval stages of S. erinaceieuropaei was subsequently 
performed to characterize differential and specific genes 
and pathways associated with tapeworm development 
[16]. More recently, integrated transcriptomic and prot-
eomic analyses of S. mansoni illustrated three potentially 
key pathways involved in the development of this medi-
cal parasite [17]. These pioneering works provided a solid 
basis for exploring the phosphoproteomic profiles of S. 
mansoni across different life cycles.

In this study, we performed a comparative phosphopro-
teome analysis between the adult and plerocercoid stages 
of S. mansoni via 4D label-free analysis technology. This 
technology has advantages in simple sample processing 
without labeling, automatic operation, strong separation 
ability, and wide application range, as well as identifying 
any type of protein, including membrane, nuclear, and 
extracellular proteins [18]. More specifically, the follow-
ing objectives were addressed: (1) performing a compre-
hensive phosphoproteome analysis between adults and 
plerocercoids and (2) identifying key proteins associated 
with the development, reproduction, and survival of S. 
mansoni.

Methods
Sample collection
The plerocercoids used in this study were isolated from 
wild snakes and identified as S. mansoni through geno-
typing method described in Kuchta et  al. [2]. The head 
of the plerocercoid was utilized to infect a cat and obtain 
the adult worm, while the body was subjected to pro-
teomic sequencing. An adult tapeworm was obtained 
from an infected cat according to procedures described 
previously [19]. All collected samples were snap-frozen in 
liquid nitrogen and stored at − 80  °C for further use. A 
flow chart of the whole study is shown in Fig. 1.

Extraction and digestion of proteins
Pooled plerocercoid (n = 3) and gravid segments of 
pooled adults (n = 3) were used for protein extraction. 
First, all the frozen samples were ground into powder and 
transferred into a centrifuge tube. Then, four volumes of 
lysis buffer containing 8 M urea and 1% protease inhibi-
tor cocktail (Abcam, Cambridge, UK) were added, and 
the mixture was sonicated three times on ice. To remove 
the remaining debris, centrifugation was performed at 
16,000×g at 4  °C for 30  min. Subsequently, 4 µl of the 
supernatant was used for quantification. The protein con-
centration was assessed via the BCA method according 
to the manufacturer’s instructions (Pierce™ BCA Pro-
tein Assay Kit, Thermo Fisher Scientific). SDS-PAGE 
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electrophoresis was performed to evaluate whether the 
concentration protein was appropriate for the subse-
quent experiments. The trypsin digestion of proteins was 
performed as described by Ren et  al. [20]. In brief, the 
protein mixture was reduced with 10 mM TCEP at 37 °C 
for 60 min, followed by alkylation with 40 mM iodoaceta-
mide at room temperature in the dark for 40  min. Pre-
cooled acetone (acetone:sample v/v = 6:1) was added to 
each tube, and the mixture was allowed to react at – 20 °C 
for 4 h and 10,000×g for 20 min. Finally, the sample was 
completely dissolved with 100 µl of 100 mM TEAB; The 
solution was digested with trypsin (Promega, Germany) 
at a ratio of 50:1 (protein/enzyme) at 37 °C overnight.

Liquid‑phase tandem mass spectrometry
The proteins were analyzed by liquid chromatography 
coupled with tandem mass spectrometry (LC-MS/MS) as 
described by Capriotti et al. [21]. Briefly, the trypsin pep-
tides dissolved in solvent A (2% acetonitrile, 0.1% formic 
acid) were directly loaded onto a reverse-phase analysis 
column (25  cm length, 75  μm internal diameter). Then, 
solvent B (80% acetonitrile, 0.1% formic acid) was gradu-
ally increased as follows: 3% to 28% over 45 min, 28% to 
44% over 5  min, and finally up to 90% over 5  min. The 
peptides were subjected to nanospray ionization (NSI) 
followed by data-dependent acquisition (DDA) tandem 
mass spectrometry (MS/MS) in a timsTOF Pro2 (Bruker, 
Germany) coupled with an Ionopticks UPLC (Ionopticks, 
USA) system. Full-scan detection of intact peptides was 
conducted using a 100–1700 m/z scan range and a 1.5 kV 
electrospray voltage. The data acquisition software used 
was Compass HyStar (Bruker, Germany). A data-depend-
ent procedure that switched between one MS scan and 
MS/MS scans was initiated in the MS survey scan with 

24  s dynamic exclusion, with a cycle window time of 
1.17 s.

Phosphopeptide identification
MaxQuant v2.0.3.1 (Matrix Science, UK) was used 
to retrieve mass spectrometry data. Specifically, the 
retrieval parameter settings were set by comparing tran-
scriptome databases (Bioproject No. PRJNA761840) with 
reverse library searches to determine the false discovery 
rate (FDR) resulting from random matching. A common 
contamination library was compared with the database 
to eliminate the influence of contaminating proteins. 
Enzyme digestion was specified as trypsin/P with two 
missing cut-off points. The precursor mass tolerance was 
set to 10 ppm. Methionine oxidation, N-terminal acety-
lation of proteins, and phosphorylation of serine, threo-
nine, and tyrosine were used as alterable modification 
references with cysteine alkylation as a fixed modification 
reference. The FDR for protein and peptide-spectrum 
match (PSM) identification was set to less than 0.01%.

Bioinformatic analyses
Models of protein sequences in terms of amino acids 
at particular positions of modified 21-mers (10 amino 
acids upstream and downstream of the site) in all protein 
sequences were analyzed via the motif-x program (http:// 
motif-x. med. Harva rd. edu/ motif-x. html) [22]. Protein 
sequences in the database were used as background 
parameters, while the other parameters used default set-
tings. A characteristic sequence was regarded as a motif 
of the modified peptide if the peptide number in the 
sequence was > 20 and if the statistical test result was 
P < 0.01. Blast2GO software was used for BLAST analy-
sis [23]. Gene Ontology (GO) is a standardized functional 
classification system that provides a dynamically updated 

Fig. 1 Flow chart of the entire study. Adults and plerocercoids were prepared. Protein extraction, enzymatic hydrolysis, and phosphopeptide 
enrichment were carried out. Peptide fragments were analyzed by LC‒MS/MS. RT-qPCR quantitative verification and bioinformatics analyses 
of differentially expressed proteins were performed

http://motif-x.med.Harvard.edu/motif-x.html
http://motif-x.med.Harvard.edu/motif-x.html
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standardized vocabulary and describes the properties of 
genes and gene products in organisms in terms of bio-
logical process (BP), molecular function (MF), and cell 
component (CC) [24]. Phosphoprotein functional enrich-
ment analysis was performed via BINGO according to 
Gene Ontology (GO) [25] and plug-ins in the Cytoscape 
platform [26]. Significantly enriched phosphoprotein GO 
terms were compared to those of the group that con-
tained both non-phosphoproteins and phosphoproteins. 
The hypergeometric distribution of selected phospho-
proteins to specific branches in the GO classification was 
calculated. In the GO analysis, a hypothetical P value 
was returned for each GO term in which phosphopro-
teins were present, and a small P value (P < 0.05) indi-
cated enrichment. Fisher’s exact test was used to assess 
the enrichment of differentially modified proteins among 
all identified proteins. The InterPro database (http:// 
www. ebi. ac. uk/ inter pro/) and Fisher’s exact test were 
used to analyze each type of phosphoprotein. The protein 
domains were considered significant when the corrected 
P value was < 0.05. The Cluster of Orthologous Groups 
of proteins (COGs), a protein database established and 
managed by NCBI, provides information on the phylo-
genetic categorization of proteins encoded by complete 
genomes of bacteria, algae, and eukaryotes. The protein 
sequence was annotated into the COG database by com-
parison, and each COG cluster was composed of ortholo-
gous sequences to predict the function of the sequence. 
Enriched pathways were identified via a database (https:// 
www. genome. jp/ kegg/).

Kinase and substrate prediction analysis
Protein kinases regulate the activity of substrate proteins, 
cell localization, and protein interactions by phosphoryl-
ating protein substrates. The analysis was performed on 
the basis of a phosphorylation database (https:// www. 
phosp hosite. org/ homeA ction. action) [27]; the kinase 
types and the relationships between the substrates were 
analyzed by means of network graph visualization.

Screening differentially abundant proteins
According to the differences in protein content between 
adults and plerocercoids, the protein abundance ratio 
(that is, the difference multiple) was > 1.2, and the P 
value was < 0.05. These proteins were regarded as dif-
ferentially abundant proteins (DAPs) between different 
samples. GO annotation was subsequently performed for 
the DAPs. The adult group was used as the control, and a 
histogram of up- and downregulated protein GO annota-
tions was generated. GO functional enrichment analysis 
was performed to determine the functional enrichment 
of the DAPs and clarify the differences between the sam-
ples at the functional level. The same method was used as 

described above. The KEGG database was used to classify 
proteins according to their pathways or functions. The 
differential proteins grouped into pairs are shown in the 
KEGG pathway diagram, with the adult group serving as 
the control group. The analysis method was the same as 
that described above. The corrected P value (FDR) was 
set at a threshold of 0.05. In this analysis, P < 0.05 accord-
ing to Fisher’s exact test was taken as the threshold, and a 
KEGG pathway meeting this criterion was considered to 
be significantly enriched in DAPs.

Interaction analysis of the DAPs
The differential protein interaction network was ana-
lyzed using the STRING database (http:// string- db. org/). 
The STRING database searches for interactions between 
known and predicted proteins [28]. Visual analysis of 
the metabolic pathways of the DAPs was performed via 
iPath3.0 (http:// pathw ays. embl. de) to obtain the meta-
bolic pathway information of the entire biological system.

Experimental corroboration using qRT‑PCR
A total of 16 DAPs (8 upregulated proteins and 8 down-
regulated proteins) in each plerocercoid and adult were 
randomly selected for analysis to validate the proteomic 
data. Total RNA was extracted using TRIzol reagent (Inv-
itrogen, USA) according to the manufacturer’s instruc-
tions. The RNA was first dissolved in RNase-free  ddH2O 
(Takara, China), after which cDNA was synthesized via a 
reverse transcription kit (Novoprotein, Shanghai, China). 
The reverse transcribed first-strand cDNA was used as 
a template. The primers used for RT-PCR were synthe-
sized by Sangon Biotech (Shanghai, China) (Supplemen-
tary Table S5). qPCR (quantitative PCR) was performed 
on an Applied Biosystems 7500 Fast Real Time PCR Sys-
tem (Applied Biosystems, USA). GAPDH was used as an 
endogenous control gene. Statistical differences between 
two groups were analyzed using Student’s t-test with sig-
nificant differences at P < 0.05.

Data deposition
All the data supporting the findings of this article are 
included in the main article and its supplementary files. 
The mass spectrometry proteomics data have been 
deposited in the ProteomeXchange Consortium (http:// 
prote omece ntral. prote omexc hange. org) via the iProX 
partner repository [29] with the dataset identified as 
PXD048134.

Results
Phosphoproteome of S. mansoni
In this study, we report the first global phosphoprot-
eomic dataset of the different developmental stages of 
S. mansoni. In total, 1731 phosphopeptides and 2066 

http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
https://www.phosphosite.org/homeAction.action
https://www.phosphosite.org/homeAction.action
http://string-db.org/
http://pathways.embl.de
http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
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phosphorylation sites were identified. Details on the 
identified phosphopeptides are provided in Supplemen-
tary Table  S1. Among the 1731 phosphopeptides, the 
length of the peptides ranged from 7 to 39 amino acids, 
with most being 12–21 amino acids (Supplementary Fig. 
S1). Among the 2066 phosphorylation sites, phosphoser-
ine comprised the greatest proportion (83.9%), followed 
by phosphothreonine (14.6%) and phosphotyrosine 
(1.5%) (Fig.  2a). In addition, 76.5% (1581/2066) of the 
phosphorylated peptides were located at the first site of 
the peptide, 9.1% (188/2066) were located at the second 
site, and 8.5% (176/2066) were phosphorylated at both 
sites (Supplementary Fig. S2). BLAST analysis found that 
61.6% (726/1179) of the identified phosphoproteins were 
annotated with at least one GO node in each of the three 
GO categories (molecular function, cellular component, 
and biological process). The distribution of the three cat-
egories of GO terms for the S. mansoni phosphoproteins 
is shown in Supplementary Fig. S3 and Supplementary 
Table  S2. The COG annotation results showed that 93 
proteins were involved in 25 functional classifications 
(Supplementary Fig. S4). KEGG analysis revealed that 
562 proteins were classified into six categories (metabo-
lism, genetic information processing, environmental 
information processing, cellular processes, organismal 
systems, and human disease) that mapped to 295 path-
ways (Supplementary Fig. S5). Moreover, the types of 
kinases involved were determined, and the relationships 
between kinases and substrates were visualized through a 
network graph (Fig. 2b). The kinase PKACA is associated 
with a variety of phosphorylated protein substrates.

The occurrence of each amino acid in phospho-
21-mers was compared to determine the composition 
of the amino acid residues flanking the phosphoryla-
tion sites. Phosphosites were detected from the motif-
x algorithm, with 15 motifs categorized as a result. The 
motifs identified included 12 phosphoserine motifs and 
3 phosphothreonine motifs. The phosphotyrosine motifs 
were undetectable, possibly because of the low abun-
dance of tyrosine-phosphorylated peptides. Phosphoser-
ine motifs containing “…R.SP…” (fold increase = 10.5), 
“…SD.E…” (fold increase = 9.5), and “…RK S…” (fold 
increase = 8.5) were the top three motifs phosphorylated 
by kinases (Fig. 2c). The three phosphothreonine motifs 
were “…R.TP…” (fold increase = 22.9), “…TPP…” (fold 
increase = 18.7), and “…TP…” (fold increase = 6).

Screening of differentially abundant proteins
Volcano plots were generated to visualize proteins that 
were potentially responsible for the difference between 
adults and plerocercoids (P < 0.05 and > 1.5 or < 0.66-fold 
change) (Fig.  3a). A total of 778 proteins were identi-
fied as DAPs between adults and plerocercoids, among 

which 704 and 74 proteins were up- and downregulated, 
respectively (Fig. 3b). The DAPs in the two developmen-
tal stages are listed in Supplementary Table S3.

Enrichment analysis of DAPs
GO enrichment analysis was performed to identify pro-
cesses enriched in the DAPs. Among the 778 DAPs 
between adults and plerocercoids, 493 were successfully 
annotated with 26 GO terms (14 biological processes, 
10 molecular functions, and 2 cell components) (Sup-
plementary Fig. S6). To obtain a detailed view of stage-
specific genes, GO term enrichment analyses were also 
performed to assess significantly overrepresented GO 
terms. At the plerocercoid stage, 121 DAPs were clas-
sified into 21 GO terms. The top three GO subclasses 
enriched were cationic binding, anion binding, and 
nucleoside phosphate binding (Fig.  4a). For the adult 
stage, 482 DAPs were classified into 25 GO terms. The 
most enriched GO subclasses included anion binding, 
intracellular organelles, nucleoside phosphate binding, 
nucleotide binding, and nucleic acid binding (Fig. 4b).

To explore the changes in biological pathways oper-
ating during the two stages, differentiated proteins 
were mapped to reference pathways in the KEGG data-
base. The findings implied that 372 DAPs matched 280 
KEGG pathways in the adult stage and that 94 DAPs 
matched 187 KEGG pathways in the plerocercoid stage 
(Supplementary Fig. S7). Moreover, KEGG enrichment 
analysis was performed to assess significantly over-
represented KEGG terms to obtain a detailed view of 
stage-specific upregulated proteins. In the plerocer-
coid stage, glycolysis/gluconeogenesis, proteoglycans in 
cancer, tight junctions, the glucagon signaling pathway, 
and the insulin signaling pathway were the most highly 
enriched KEGG pathways (Fig.  5a). In the adult stage, 
the top enriched pathways were RNA transport, cancer 
pathways, proteoglycans in cancer, tight junctions, and 
platelet activation (Fig. 5b). Moreover, a representative 
pathway map of RNA transport is presented in Fig. 6. A 
total of 31 important DAPs, such as nuclear pore pro-
tein, RNA helicase, eukaryotic translation initiation 
Factor 3 subunit G, and small ubiquitin-related modi-
fier, were found in this pathway. Among these DAPs, 30 
proteins were upregulated in adults, and only 1 protein 
was upregulated in plerocercoids, indicating that the 
RNA transport pathway is more active in adults.

PPI analysis of DAPs
A protein-protein interaction network was constructed 
to assess the relationships among the DAPs. Using the 
evaluation index of connectivity degree in combination 
with related literature analysis, 30 proteins with high 
connectivity were selected as key proteins in the PPI 
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Fig. 2 Phosphoproteomic analysis of the different developmental stages of Spirometra mansoni via 4D label-free quantitative analysis. a Pie chart 
representation of the distribution of identified phosphorylation sites. Note: Green indicates phosphoserine, orange indicates phosphothreonine, 
and blue indicates phosphotyrosine. b Network diagram of kinases and corresponding substrates. For convenience of visualization, only nodes 
with centrality in the top 50 degrees are displayed. Note: Red triangles represent kinases, green squares indicate that the gene product can 
be either a kinase or a substrate, orange circles indicate that the gene product is a substrate, and lines indicate that there is a kinase-substrate 
interaction. c Enriched bubble patterns of identified motif sequences. Note: In the figure, the abscissa represents the motif score Motif_score, 
and the ordinate represents various motif sequences, which are sorted by motif score. The bubble size indicates the enrichment factor, 
and the larger the bubble is, the greater the fold enrichment. The bubble color indicates the − log10 (P value). The smaller the P value is, the more 
significant the difference. The results are shown in red
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analysis (Fig.  7). Among these DAPs, A0A7M3RPN2 
(60S ribosomal protein L6) was the most promi-
nent protein. A0A7M3RPN2 interacts with more 
than seven proteins: A0A7M3Q1R5 (40S ribosomal 

protein S3a), A0A7M3R5G1 (40S ribosomal protein 
S6), A0A7M3QDQ4 (40S ribosomal protein S18), 
A0A7M3Q950 (60S ribosomal protein L29), A0A7M-
3RTF3 (40S ribosomal protein S12), A0A7M3QRE8 

Fig. 3 Differentially abundant protein (DAP) profiles were determined via 4D label-free quantitative analysis. a Quantitative distribution 
of DAPs between the adult and plerocercoid stages. Red indicates significant upregulation, and green indicates significant downregulation. b 
Visual volcano map of different peptide segments in each subgroup. Note: The horizontal coordinate is the multiple change in the difference 
between the two samples. The ordinate is the statistical t-test P value of the difference in peptide expression, and the smaller the value, the more 
significant the difference in expression. Yellow indicates peptides that were significantly upregulated with P < 0.05, red indicates peptides that were 
significantly upregulated with P < 0.01, light blue indicates peptides that were significantly downregulated with P < 0.05, blue indicates peptides 
that were significantly downregulated with P < 0.01, and black indicates peptides that were not significantly differentially expressed

Fig. 4 GO functional enrichment of the differentially abundant proteins. a Enrichment of significantly differentially expressed proteins 
in plerocercoids. b Enrichment of significantly differentially abundant proteins in adults. Each bubble represents a GO term. The color of the bubble 
indicates the significance of enrichment. The size of the bubble refers to the quantity of enriched proteins in the respective pathway
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(ribosomal protein), and A0A7M3RPJ5 (40S ribosomal 
protein S9). Interestingly, all of the above DAPs par-
ticipate in the genetic information processing pathway 
(ko03010). A0A7M3R5G1 (40S ribosomal protein S6) 
is involved in other pathways, such as human disease 
(ko05205, ko01521), environmental information pro-
cessing (ko04150, ko04151, ko04066), and organic sys-
tems (ko04714, ko04910) (Supplementary Table S4).

iPath network
To view the metabolic pathway information of the entire 
biological system and outline the biosynthesis and 
important regulatory pathways of secondary metabolites, 
a visual analysis of metabolic pathways was performed. 
In the antibiotic metabolic pathway, the upregulated 
DAPs in adults were mainly involved in the biosynthe-
sis of other secondary metabolites, including phenylala-
nine, tyrosine, and tryptophan; purine metabolism; and 
other pathways. The downregulated DAPs were primarily 

implicated in terpenoid and polyketone metabolic path-
ways. Both up- and downregulated proteins participated 
in the metabolic reactions of amino sugars and nucleo-
tide sugars (Fig. 8). In the metabolic pathway, the upreg-
ulated DAPs were mostly involved in the metabolism of 
coenzyme factors and vitamins, whereas the downregu-
lated DAPs were predominantly involved in the metabo-
lism of terpenoids and polyketones (Supplementary Fig. 
S8). In the microbial metabolic pathway, the upregulated 
DAPs were mainly involved in the degradation of chlo-
roalkanes, the C4-dicarboxylic acid cycle, and light and 
carbon fixation in organisms. The downregulated DAPs 
were mainly associated with phosphate metabolism and 
styrene degradation (Supplementary Fig. S9). In the sec-
ondary metabolic pathway, the upregulated DAPs were 
mainly involved in the metabolic pathways of coenzyme 
factors and vitamins. The downregulated DAPs were 
mostly associated with the terpenoid and polyketone 
metabolic pathways (Supplementary Fig. S10).

Fig. 5 KEGG enrichment analysis of differentially abundant proteins in adults vs. plerocercoids. a Enrichment analysis of the most significant KEGG 
pathways of upregulated proteins in plerocercoids. b Enrichment analysis of the most significant KEGG pathways associated with the upregulated 
proteins in adults. Each bubble in the visualization represents a specific pathway, with the size of the bubble indicating the abundance of enriched 
proteins associated with that pathway. The y-axis labels provide the name of the corresponding pathway
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Experimental corroboration of proteomic data
The expression levels of 16 randomly selected DAPs 
were calculated via the  2−ΔΔCt method. According to 
the sequencing results, the expression levels of 40S 
ribosomal protein S3a (A0A7M3Q1R5), polynucleo-
tide adenylyltransferase (A0A7M3PRQ6), N-acetyl-
d-glucosamine kinase (A0A7M3QF48), eukaryotic 
translation initiation Factor 5A (A0A7M3QUY0), 
nucleoprotein TPR (A0A7M3PRG3), O-acyltrans-
ferase (A0A7M3PSR3), ribosome assembly factor mrt4 
(A0A7M3PS07), and the UV excision repair protein 
RAD23 (A0A7M3PS32) were upregulated in adults. 
The expression levels of paramyosin (A0A7M3Q648), 
phosphotransferase (A0A7M3QVA0), phosphopyru-
vate hydratase (A0A7M3PSD4), hypothetical protein 
(A0A7M3PXT0), hypothetical protein (A0A7M3Q4P3), 
hypothetical protein (A0A7M3Q9S7), hypothetical pro-
tein (A0A7M3QB76), and hypothetical protein (A0A7M-
3RFA9) were upregulated in plerocercoids. Accordingly, 
the expression trends of the selected proteins were 

consistent with those obtained via proteomics (Fig.  9), 
confirming the accuracy and reliability of the proteomic 
results.

Discussion
The development of a parasitic infection in a host occurs 
via signals exchanged between the host and the parasite 
[30]. Posttranslational modifications, such as protein 
phosphorylation, play important roles in the transmis-
sion of these signals, thereby playing a critical role in the 
process of host infection [31]. It has been confirmed that 
the phosphorylation of important amino acid sites can 
lead to the modification of phosphorylated proteins and 
then have serious effects on the physiological state of the 
host, allowing for parasite growth and invasion, as well 
as altering signaling pathways [32]. Therefore, in-depth 
research on protein phosphorylation is highly important 
for improving our understanding of the role of protein 
phosphorylation in parasite growth and development.

Fig. 6 Representative KEGG pathway associated with RNA transport. Thirty-one differentially abundant proteins between adults and plerocercoids 
were involved in the RNA transport pathway. Red and green symbols represent proteins whose expression was up- or downregulated in adults, 
respectively
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A total of 1731 phosphopeptides, 2066 phosphoryla-
tion sites, and 1179 proteins were identified in the phos-
phoproteomes of the adult and plerocercoid stages. The 
modification rates of phosphoserine, phosphothreonine, 
and phosphotyrosine in S. mansoni are similar to those 
previously described [33]. Kinase and substrate predic-
tion analyses revealed that the kinase PKACA closely 
interacts with GSK3B and smMLCK and that GSK3B- 
and smMLCK-related biological processes can be further 
regulated by phosphorylating protein substrates. GSK3B, 
a serine threonine kinase belonging to the glycogen syn-
thase kinase subfamily, is a master regulator of a vari-
ety of cellular pathways, including insulin signaling and 
glycogen synthesis, neurotrophic factor signaling, Wnt 
signaling, neurotransmitter signaling, and microtubule 
dynamics [34]. MLCK is the first serine/threonine-spe-
cific calmodulin (CaM)-dependent protein kinase discov-
ered to dynamically regulate actomyosin recombination 
and cell contraction in eukaryotic muscle cells as well as 
nonmuscle cells in mammals. Simard et al. [35] reported 
that MLCK not only regulates cell contraction but also 
regulates cell migration, movement, and apoptosis.

In addition, a total of 778 DAPs were identified between 
adults and plerocercoids. In a previous transcriptomic 
study, DEGs enriched in the plerocercoid stage were 
associated with parasite immune evasion, whereas more 
upregulated DEGs were associated with metabolic activ-
ity in the adult stage [16]. However, few proteins involved 
in defense mechanisms were detected in this study, and 
the proteins identified were mostly functional proteins 
that maintain the normal physiological requirements of 
the parasite body. Interestingly, among those DAPs, the 
number of proteins with titin kinase activity was the 
greatest in this study. Titin, in addition to actin and myo-
sin, is the most abundant protein in skeletal muscle fibers 
and maintains the stability of adjacent muscle segments 
by allocating myosin [36]. Myosin regulates active muscle 
contraction and acts with myosin and actin to precisely 
regulate coarse and fine muscle filaments to increase 
muscle contraction [37]. Therefore, we hypothesized that 
the kinase may play important roles in the movement of 
S. mansoni and invasion of host cells.

Further GO analysis revealed that DAPs were signifi-
cantly enriched in the functional classification of cellular 
processes, metabolic processes, and biological regulation. 

Fig. 7 Protein-protein interaction network analysis. The nodes in the figure represent differentially abundant proteins, with the downregulated 
proteins noted in green and the upregulated proteins noted in red
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KEGG analysis revealed that most of the DAPs were 
enriched in pathways related to biological systems. 
Most of the biological processes involved are related to 
cytoskeleton regulation, biological transformation, and 
molecular function regulation and are involved in basic 
pathways such as RNA transport, the oxytocin signaling 
pathway, vascular smooth muscle contraction, and plate-
let activation. Liu et al. [15] reported that the phosphati-
dylinositol signaling system (environmental information 
processing; signal transduction) is the most abundant 
protein phosphorylation pathway. In this study, we found 
that genes related to signal transduction in the envi-
ronmental information processing category (the phos-
phatidylinositol signaling system, cGMP-PKG signaling 
pathway, and calcium signaling pathway) were signifi-
cantly enriched. Phosphatidylinositol (PtdIn) is a small 
lipid molecule that is present on the cytoplasmic surface 
of cell membranes and plays an important role in vesicle 
transport and cell localization [38]. cGMP is a ubiquitous 

cellular second messenger produced by guanylate cyclase 
(GC), which acts on guanosine triphosphate (GTP) [39]. 
cGMP has three main targets: cGMP-dependent protein 
kinase (PKG), cGMP-regulated phosphodiesterase, and 
cyclic guanosine phosphate gated ion channels [40]. PKG 
is considered to be the most important downstream tar-
get of cGMP [41]. Animal PKG is involved in the regula-
tion of central nervous system physiological activities in 
the cGMP signal transduction pathway, such as affecting 
the sensitivity of animals to food odor, smell, and taste, 
thus influencing the inclination and choice of food [42–
44]. There have been many studies on the cGMP-PKG 
signaling pathway in human-related diseases [45–47], 
and the pathophysiological processes involved in the 
life activities of S. mansoni require further study. As an 
important intracellular second messenger,  Ca2+ regulates 
the release of transmitters by transmitting information to 
intracellular systems to regulate vasomotor activity, gene 
transcription, protein synthesis and decomposition, cell 

Fig. 8 iPath integration path diagram. Differentially abundant proteins associated with antibiotic metabolic pathways in adults vs. plerocercoids. 
Note: The nodes in the figure represent different compounds, and the boundaries represent different enzymatic reactions. The red lines represent 
reactions involving upregulated proteins, green lines represent reactions involving downregulated proteins, and the blue lines represent reactions 
involving both up- and downregulated proteins. Different lines represent different types of metabolic pathways or functions
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growth, proliferation, apoptosis, and other life processes 
[48]. When the calcium ions in the body are disturbed, 
the cells in the body may become severely dysfunctional. 
The  Ca2+ signaling pathway plays an important role in the 
pathogenic process of fungi [49], but little is known about 
the role of the  Ca2+ signaling pathway in the related life 
activities of S. mansoni.

Through protein-protein interaction (PPI) network 
analysis, we found that the protein 60S ribosomal pro-
tein L6 (RPL6) was the most prominent protein, indi-
cating that this protein might be more significant than 
other proteins [50, 51]. RPL6 is an internal protein 

highly conserved across parasite isolates from a broad 
geographical distribution. 60S ribosomal protein L6 
(RPL6), a novel intermediary molecule connecting three 
hubs of the metalloprotein network, is a key molecule 
that regulates zinc- and magnesium-bound metallo-
proteins in Parkinson’s disease [52]. Bai et  al. reported 
that RPL6 can be transferred from the nucleolus to the 
nucleoplasm under ribosomal stress, where it promotes 
HDM2-mediated RPL6 polyubiquitination and pro-
teasome degradation [53]. RPL6 has also been associ-
ated with Noonan syndrome, an autosomal dominant 
developmental disorder [54]. Moreover, RPL6 is highly 

Fig. 9 RT‒qPCR validation of differentially expressed Spirometra mansoni genes. GAPDH was used for normalization. The results are presented 
as the mean ± SEM (standard mean of error) of samples (n = 3). Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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conserved across global isolates of Plasmodium falci-
parum and is an ideal candidate for subunit vaccination 
against malaria [55]. Therefore, the function of the RPL6 
protein in S. mansoni warrants further study. Ribosomal 
proteins are essential components of ribosomes, the cel-
lular machinery responsible for protein synthesis [56]. 
To further understand the role of the phosphorylation of 
ribosomal proteins, KEGG enrichment analysis was per-
formed. Two key proteins, U3 small nucleolar RNA-asso-
ciated protein 15 homologue (PhosphoSite: S513) and 
ribosome maturation protein SBDS (PhosphoSite: S248), 
participate in the eukaryotic ribosomal biogenetic path-
way as well as the ribosomal pathway. Homologs of U3 
small nuclear RNA-associated protein 15 are crucial in 
disease development and may serve as a new targets for 
molecular targeted therapy in the future [57]. SBDS is a 
crucial ribosomal maturation factor necessary for releas-
ing eukaryotic translation initiation Factor 6 (eIF6) from 
60S ribosomal subunits in the final stages of maturation. 
This release is essential for enabling interactions between 
the 60S and 40S subunits to form functional 80S mono-
somes. SBDS plays important roles in the development of 
hepatocellular carcinoma [58]. Despite the crucial roles 
of these ribosomal proteins in human disease processes, 
their characteristics and functions in tapeworms remain 
poorly understood. Further exploration is thus needed to 
determine the specific functions of these ribosomal pro-
teins in S. mansoni.

Conclusions
In this study, the 4D label-free technique was used to 
compare the phosphoproteomes of S. mansoni at the 
adult and the plerocercoid stages for the first time. The 
differentially abundant proteins in adults were mainly 
related to environmental information processing path-
ways, whereas those in plerocercoids were primarily asso-
ciated with metabolic pathways. The kinases PKACA, 
GSK3B, and smMLCK interact closely with each other, 
suggesting that these kinases may play important roles in 
the life cycle of S. mansoni. This study provides a foun-
dation for revealing the growth and development mecha-
nism of S. mansoni. In future studies, it will be necessary 
to further explore the genes closely related to growth 
and development to clarify the developmental regulatory 
mechanism of S. mansoni.
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