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Abstract
Biomphalaria spp. snails are intermediary hosts of Schistosoma mansoni, etiologic agent of intestinal schistosomiasis, one 
of the most important neglected tropical diseases. Biomphalaria straminea is an important intermediary host that possess a 
different phenotype to parasite infection but shows a large geographic distribution and high capacity of new ecologic niche 
invasion. Our purpose was to characterize for the first time the differentially expressed proteome in B. straminea during two 
times intervals after primary and secondary exposure to S. mansoni. The hemolymph was collected at 1 and 15 days after 
primary and secondary exposure of snails to the parasite. Total proteins were extracted and digested with trypsin. LC–MS/
MS label-free quantification was performed and analyzed using Maxquant and Perseus software. Proteins were identified 
and annotated using Blast2GO tools. After 1 day of exposure, most of upregulated proteins are hemoglobin type 2, C and H 
type lectins, molecules related to cell adhesion, and response to oxidative stress. After 15 days, we found a similar pattern 
of upregulated proteins but some fibrinogen-related proteins (FREPs) and TEPs homologs were downregulated. Regarding 
the differentially expressed proteins during secondary response, the principal immune-related proteins upregulated were 
C and H type lectins, cellular adhesion molecules, biomphalysin, and FREP3. We noted a several upregulated biological 
processes during both responses that could be the one of the key points of efficacy in the immune response to parasite. Our 
data suggests different immune mechanisms used by B. straminea snails challenged with S. mansoni.

Keywords  Biomphalaria · Schistosoma · Proteomics · Hemolymph · Differential expression · Immune response · Immune 
priming · Innate immune memory

Introduction

Biomphalaria is a genus of pulmonary mollusks that inhabit 
freshwater environments. These planorbid snails are spread 
around the world, occupying mainly South America and 
Africa. Some species of Biomphalaria, such as Biompha-
laria glabrata and Biomphalaria straminea are responsible 
for the transmission Schistosoma mansoni parasite in South 
America by acting as an intermediate host of this human 
pathogen. S. mansoni belongs to a group of flatworm spe-
cies of the genus Schistosoma that are etiological agents of 
schistosomiasis that affects millions of people worldwide. 
Many factors contribute to the schistosomiasis establishment 
in a region. One of the crucial aspects is the presence of 
Biomphalaria snails (Colley et al. 2014).

Section Editor: Ramaswamy Kalyanasundaram

 *	 Nairomberg Cavalcanti Portela Junior 
	 nairomberg.portela@ufpe.br

1	 Keiso Asami Imunopatology Laboratory, UFPE, Prof. 
Moraes Rego Avenue, 1235 – Unversitary City, Recife, 
PE CEP: 50,670–901, Brazil

2	 Department of Parasitology, Aggeu Magalhães Research 
Center FIOCRUZ Pernambuco, Professor Moraes Rego 
Avenue, s/n—Campus da UFPE—Cidade Universitária, 
Recife, PE CEP: 50.740–465, Brazil

3	 Carlos Chagas Institute FIOCRUZ Paraná, Mass 
Spectrometry Facility P02-004, Professor Algacyr Munhoz 
Mader street, 3775 – Curitiba Industrial City, Curitiba, 
PR CEP: 81,350,010, Brazil

/ Published online: 18 October 2021

Parasitology Research (2021) 120:4023–4035

http://orcid.org/0000-0002-5392-857X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-021-07341-2&domain=pdf


1 3

The immune response of Biomphalaria to infection 
with S. mansoni is complex. The defense system of snails 
is translated into several molecular interactions through 
components such as immune receptors, immune effectors, 
reactive oxygen species (ROS), proteases, and antimicrobial 
proteins (Coustau et al. 2015). Some studies described a 
compatibility profile between the molecules expressed by 
the snail and the molecules expressed by the parasite (Mitta 
et al. 2012), which is responsible for different susceptibil-
ity profiles to the parasite infection depending on the snail 
species involved.

Expressed proteins by B. glabrata’s immune system dur-
ing interaction with S. mansoni are the purpose of several 
studies with different approaches, mainly transcriptomics 
and proteomics methods (Adema et al. 2010; Bouchut et al. 
2006; Vergote et al. 2005). Like in other organisms, the 
immune response of Biomphalaria to S. mansoni infection is 
divided into cellular and humoral responses (Negrão-Corrêa 
et al. 2012). The cellular response is based mainly on the 
sporocyst encapsulation by hemocytes in hemolymph and 
molecules that modulate that cellular response (Pila et al. 
2017). The humoral response in Biomphalaria sp. is com-
posed of a molecular variety like receptors, signalization, 
and effectors against pathogens.

In cell-free plasma, signal molecules, recognition recep-
tors, and effectors against pathogens can be found as part of 
the snail’s humoral response. Among such components, the 
most studied during the immune response to schistosome 
infection are lectins (Wu et al. 2017).

Some of these lectins are known as fibrinogen-related 
proteins (FREPs) and play an essential role during snails 
defense, where the FREP knockdown modifies the para-
site susceptibility phenotype (Hanington et al. 2012). In 
addition, some FREPs can form immunocomplexes with 
Thioester-containing proteins (TEPs) and aerolysin (biom-
phalysins) (Gordy et al. 2015; Li et al. 2020). C-type lec-
tin-related proteins (CREPs) and galectin-related proteins 
(GREPs), similar to FREPs, also have relevant functions in 
the snail mechanisms through the processes of opsonization 
and agglutination of the parasite (Tetreau et al. 2017; Wu 
et al. 2017).

Besides the classic innate immune response reported 
in the conventional investigations, there is a change in the 
response profile when these organisms are challenged to a 
second exposure to the parasite, which fostered the appear-
ance of hypotheses about memory or secondary response. 
Many studies have been carried out to clarify this more 
refined and specific response. The immune priming protocol 
is the most applied to evaluate this type of response during 
the parasite-host interaction in some invertebrates (Contre-
ras-Garduño et al. 2016; Portela et al. 2013). In B. glabrata, 
it was observed that snails previously exposed to parasite 
infection can acquire resistance to a second challenge, 

with differences in the transcriptomic and proteomic pro-
file between the primary and secondary responses (Pinaud 
et al. 2016).

Although S. mansoni can evolve in different Biompha-
laria species, there is a predominance of studies with B. 
glabrata. Few studies limited their work to only investigate 
the importance of other species such as B. straminea for 
maintaining the parasite’s life cycle. The ultrastructural 
characterization of B. straminea hemocytes showed a simi-
larity of cellular morphological pattern to B. glabrata hemo-
cytes. Despite that, the immune response patterns against 
S. mansoni infection differ in these two species, suggesting 
a relationship between resistance profile and differentially 
expressed molecules during the infection in B. straminea 
(Cavalcanti et al. 2012).

Analyzing gene expression of FREPs candidates, we can 
see these differences in the humoral response between the 
species B. glabrata and B. straminea during exposure to S. 
mansoni. Despite belonging to the same genus, it was not 
possible to detect some of these proteins in the species B. 
straminea yet, since these molecules are highly variable and 
may have different sequences between organisms (de Melo 
et al. 2019).

Despite having a more resistant phenotype than B. 
glabrata, B. straminea has a fundamental role in disseminat-
ing and maintaining the S. mansoni cycle in different niches 
(Lin et al. 2020). Epidemiological researches show that these 
snails inhabit tropical regions, being found mainly in the 
Americas and China, presenting patterns of habitat changes 
for regions with a subtropical climate, where such climatic 
adaptations provide a greater diffusion of the snail and, con-
sequently, greater risk of dispersal of the parasite (Scholte 
et al. 2012; Yang et al. 2018).

In this study, we aim to identify variations in the B. 
straminea proteome exposed to S. mansoni, with a particu-
lar focus on immune relevant proteins in the hemolymph. 
We performed a label-free proteomic analysis to identify 
the differentially expressed proteins in the primary and sec-
ondary response to the parasite, resulting in the identifica-
tion respectively of 39 and 35 proteins, contributing to a 
more comprehensive understanding of this species’ immune 
mechanisms.

Materials and methods

Biomphalaria straminea snails and Schistosoma 
mansoni miracidia

B. straminea snails were reared on Immunopathology Labo-
ratory Keizo Asami-LIKA/UFPE vivarium in 24 °C chlo-
rine-free water and fed with lettuce ad libitum.
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Mice were individually infected with 120 cercariae of the 
LE strain of S. mansoni and kept in an experimental animal 
facility, following the approval of the Ethics and Use of Ani-
mals Committee (CEUA) under protocol number 104/2016 
of the Aggeu Magalhães Institute—FIOCRUZ/PE. Feces 
obtained from infected mice were macerated in distilled 
water, filtered, and then exposed to artificial light and heat 
for 2 h, allowing the miracidia to hatch. After that, the mira-
cidia were separated, counted, and placed in 12-well plates.

Experimental exposition and “immune priming” 
protocol

Exposures to the parasite were performed by placing the 
snails in plates with individual wells where each snail was 
in contact with 10 S. mansoni miracidia for 1.5 h under arti-
ficial light. After exposure, confirmation of the penetration 
of miracidia in the B. straminea snails was carried out by 
certifying the absence of miracidia in the well, with the aid 
of a stereomicroscope.

To verify the immune priming process, a protocol 
described by Portela et al. (2013) was followed with some 
modifications. Briefly, the snails were individually exposed 

to 10 S. mansoni miracidia, and then 25 days later, were sub-
jected to a new exposure. The snails were divided into four 
experimental groups containing 5 snails per group (Fig. 1). 
All experiments were carried out in triplicate.

We used samples from the GC group (snails exposed only 
once to the parasite) to assess the primary response. That 
group corresponds to 1 day after primo exposure (1dpe) 
and 15 days after the primo response (15 dpe). To inves-
tigate the secondary immune response, we used GA group 
samples (snails exposed and reexposed) corresponding to 
1 dpr (1 day post-second exposition) and 15 dpr (15 days 
post-second exposure). The GB and CO groups represent-
ing snails exposed once at different times and snails never 
exposed (naive), respectively.

Hemolymph collection

The snails had their shells cleaned with 70% alcohol and 
dried with absorbent paper. We collected the hemolymph 
by cephalopodal puncture using 27G microneedles for drill-
ing and siliconized tips to prevent cell adhesion and packed 
in siliconized microtubes with a mix of protease inhibitors 

GA

GB

GC

CO

Infecction stimulus = S. mansoni miriacidia = hemolymph collected

25 days 1d 15d

25 days 1d 15d

25 days 1d 15d

25 days 1d 15d

= B. straminea snails

Fig. 1   Overview of experimental methodology. GA, individually 
exposed snails to 10 miracidia and 25  days after exposed in a sec-
ond time to 10 miracidia; GB, individually exposed snails to 10 mira-
cidia and 25 days after submitted only to infection stimulus without 
miracidia; GC, snails submitted only to infection stimulus without 

miracidia and 25 days after exposed to 10 miracidia; CO, snails sub-
mitted only to infection stimulus without miracidia and 25 days after 
exposed again to infection stimulus without miracidia; The infection 
stimulus is the same conditions of miracidia exposition without mira-
cidia. dpe = days post-exposure, dpr = days post-reinfection
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(Cytiva- GE Healthcare) and samples were stored at − 80 °C 
until use.

We collected the hemolymph at 1 day (GA1, GB1, GC1, 
and CO1) and 15 days (GA15, GB15, GC15, and CO15) 
after reexposure.

Protein extraction

B. straminea hemolymph was thawed and frozen twice in 
liquid nitrogen to assist the lysis of hemocytes, then protein 
extraction buffer (SDS 12%; 0.3 M DTT; 0.3 M Tris–HCl; 
pH 7.5) was added to hemolymph (1/2; v/v). The samples 
were heated for 5 min at 95 °C, mixed by vortex and placed 
in an ultrasonic bath for 1 h. The samples were centrifuged 
at 14000 g for 5 min, and the supernatant containing the 
proteins from each sample was stored separately. The protein 
quantification was performed in triplicate using 2D Quant-
Kit (Cytiva-GE Healthcare) following the manufacturer’s 
protocol.

Protein preparing

For proteomic analysis, 40 µg of protein extract from each 
experimental group were used and fractionated in SDS-
PAGE with 12% polyacrylamide gel and stained with 
Coomassie Blue R-250. The proteins were excised from 
the gel, bleached with 25  mM ammonium bicarbonate 
(NH4HCO3), 50% ethanol, followed by total dehydration 
with 100% ethanol, and dried in a vacuum concentrator. Pro-
teins were reduced with 10 mM DTT, 50 mM NH4 HCO3 for 
1 h at 56 °C, and then it was alkylated with 50 mM iodoacet-
amide, 50 mM NH4 HCO3 for 1 h at room temperature. Sam-
ples were washed in 50 mM NH4 HCO3 and dehydrated in 
100% ethanol, twice. Then, incubated in trypsin 12.5 ng/
ml, 50 mM NH4 HCO3 at 37 °C for 18 h. After digestion, 
the peptides were extracted from the gel matrix by washing 
twice in 30% MeCN, 3% trifluoroacetic acid, and at the end 
twice in 100% MeCN. The peptides were concentrated in a 
vacuum concentrator through evaporation of the MeCN and 
desalination using C18 columns made “in house.”

Label‑free LC‑MS/MS quantification

Peptides were analyzed in an Ultimate 3000 RSLCnano 
liquid chromatography, coupled to the Fusion Lumos mass 
spectrometer (Thermo Scientific) (mass spectrometry plat-
form RPT02H—Carlos Chagas Institute—FIOCRUZ PAR-
ANA). Initial chromatography was carried out in a 250nL/
min flow of 5 to 40% MeCN in 1% formic acid, 5% DMSO 
in a gradient of 120 min. The spectrometer was operated in 
a data-dependent (DDA) mode, changing from the acquisi-
tion of MS to MS/MS. MS1 spectra were acquired on the 
Orbitrap analyzer with a resolution of 120,000 at 200 m/z. 

The most intense ions were isolated with a target value of 
50,000, fragmented by HCD, and analyzed on Orbitrap with 
a resolution of 15,000 at 200 m/z. Each sample was analyzed 
in a technical duplicate.

Data analysis

Raw data were analyzed using the MaxQuant software (ver-
sion 1.5.5.1) (Cox and Mann 2008), using the Andromeda 
algorithm to search databases using a target-decoy approach 
(Cox et al. 2011). MS data were searched in a B. straminea 
assembled transcriptome (paper in preparation) contain-
ing 130,731 protein isoforms. The reversed sequences of 
the proteins were used as the decoy database. Carbamido-
methylation of cysteine was defined as fixed modification 
and methionine oxidation as a variable modification of the 
peptides. Only peptides containing at least seven amino 
acids were accepted, and an FDR of 0.01 was applied to 
both peptides and proteins. The protein groups identified by 
MaxQuant were analyzed in the Perseus software (version 
1.6.0.7) (Tyanova et al., 2016). The label-free quantification 
(LQF) intensities were transformed to log10 before obtain-
ing each protein ratio in the comparison between groups. 
Proteins were accepted that presented valid quantification 
data in at least three samples from each group and at least 
two unique peptides.

Differential expression analysis in the primary response 
was performed using Student’s t-test between two sam-
ples. Analysis of variance (ANOVA) was used to evalu-
ate innate immune memory between multiple groups to. 
A permutation-based FDR rate (FDR < 0.05) was used to 
correct p-values in all cases. Differentially expressed pro-
teins (DEPs) with a minimum fold change (s0) equal to 
0.5 and a q-value < 0.05 were considered upregulated and 
downregulated, respectively. The sequences of the identi-
fied proteins were annotated using INTERPROSCAN 5 and 
BLAST2GO® (BioBam) to analyze and predict a signal 
peptide, conserved domains, and transmembrane domains 
prediction of Gene Ontology (GO) and pathways.

Results

The primary immune response of Biomphalaria 
straminea exposed to Schistosoma mansoni

To investigate the differential protein expression of the 
primary immune response to the parasite, we used the 
GC and CO groups, while the GC group represents the 
immune response of snails exposed only once to the para-
site, with the GC1 samples representing the response of 
1 day post-exposure (1dpe) and GC15 the 15 day post-
exposure response (15 dpe). The CO1 and CO15 samples, 
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on the other hand, correspond to hemolymph of snails 
that have only undergone exposure stress, corresponding 
to naive snails (Fig. 1).

Respectively, groups 1 dpe and 15 dpe showed 43 and 
48 valid proteins to differential statistical analysis (Supple-
mentary 1). A total of 39 differentially expressed proteins 
(DEPs) were identified in the primary response; 8 exclusives 
to the 1 dpe samples; and 14 exclusives to the 15 dpe group 
(Fig. 2A) (Supplementary 1 and 2). Also, we identified 7 
unique proteins in the 1 dpe snail samples and 7 in the 15 
dpe samples (Fig. 2B) (Supplementary 2), suggesting that 
their respective abundances were higher after exposure, 
whereas in the control group, they are suppressed or unde-
tectable by the methodology used.

For the 1 dpe group, out of 43 valid proteins, 27 pro-
teins were found to be differentially expressed. Among 
them, 18 are upregulated and 7 downregulated (Table 1). 
To investigate the possible functions of these proteins, 
they were grouped according to their main GO terms. 
The main molecular functions (GO) upregulated were 
as follows: carbohydrate binding (GO: 0,030,246), 
ATP binding (GO: 0,005,524), and peroxidase activ-
ity (GO: 0,004,601), while a predominance of oxygen 
carrier activity (GO: 0,005,344) and signaling func-
tions of transmembrane receivers (GO: 0,004,888) were 
among downregulated proteins (Fig. 3A). Regarding the 

biological process (GO) in 1 dpe, the terms cell adhe-
sion (GO: 0,007,155) and response to oxidative stress 
(GO: 0,006,979), oxygen transport (GO: 0,015,671), iron 
ions transport (GO: 0,006,826), and transmembrane ion 
transport (GO: 0,034,220) were identified as upregulated 
while the term oxygen transport (GO: 0,015,671) was the 
most frequent in downregulated proteins (Supplementary 
2) (Fig. 3A).

In 15 dpe, out of 48 valid proteins, 31 proteins were dif-
ferentially expressed; 26 upregulated; and 5 downregulated 
proteins (Table 2). The most common molecular functions 
(GO) upregulated were oxygen binding (GO: 0,019,825), 
carbohydrate binding (GO: 0,030,246), nucleotide binding 
(GO: 0,005,524), and peroxidase activity (GO: 0,004,601), 
while in the downregulated were carbohydrate binding 
(GO: 0,030,246) and endopeptidase inhibitor activity 
(GO: 0,004,866). The most frequent biological process 
(GO) terms in upregulated proteins at 15 dpe were oxygen 
transport (GO: 0,015,671), pathogenesis (GO: 0,009,405), 
and response to oxidative stress (GO: 0,006,979); however, 
only the term cell adhesion (GO: 0,007,155) was identi-
fied among the downregulated proteins (Supplementary 
2) (Fig. 3B).

It is interesting to note that some proteins did not have 
their GO mapping properly completed, but their conserved 
domains were adequately identified. Such proteins belong 

Fig. 2   Venn diagrams of dif-
ferentially expressed proteins 
in primary response. Blue set 
represents the differentially 
expressed proteins exclusive 
1dpe and yellow set represents 
differentially expressed proteins 
exclusive 15dpe (A). Venn 
diagram of proteins identified in 
samples of 1dpe exposed, 1dpe 
control, 15dpe exposed, and 
15dpe control. Green set rep-
resents proteins only identified 
in 1dpe and pink set represents 
proteins only identified in 15dpe 
(B)
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mainly to the families of lectins, FREPs, clotting factors, 
and aerolysin, showing immunological relevance.

Proteomic analysis of immune primed Biomphalaria 
straminea challenged with Schistosoma mansoni

In 1 day post-reexposure (1dpr) group, we identified 55 
proteins out of which 35 were DEPs (q-value < 0.05) 
(Table  3, Supplementary 2). We grouped these DEPs 
according to the pattern of differential expression in 
cluster 1: proteins upregulated exclusively following sec-
ondary exposure (GA1); cluster: 2, proteins that showed 
upregulation during any primary exposure (GB1 or GC1) 
and increased expression following secondary exposure 
(GA1); cluster 3: proteins downregulated in the primary 

exposure (GC1 or GB1) and decreased expression after 
secondary exposure (GA1); and cluster 4: downregulated 
proteins exclusively following secondary exposure (GA1) 
(Fig. 4A).

In 15 days after reexposure (15 dpr), we identified 54 pro-
teins. Among these, 10 are DEPs in 15 dpr compared to the 
control group (Table 4). DEPs were grouped according to the 
differential expression pattern in cluster 1: proteins upregu-
lated exclusively following secondary exposure (GA15); clus-
ter 2: upregulated proteins on primary exposure and increased 
expression after secondary exposure; and cluster 3: down-
regulated proteins exclusively following secondary exposure 
(Fig. 4B).

Table 1   Differentially expressed proteins identified in B. straminea 1 day post-exposure

Notes: 1E-value referen to search in database; 2Sequence coverage (%) correspondent to Maxquant protein identification; FC values: ≥ 0.5 upreg-
ulated and ≤ 0.5 downregulated

Protein isoform ID Best match in search (accession number) E- value1 Seq. 
coverage 
(%)2

Unique pep FOLD CHANGE (FC)

BS_1552_c0_g1_i8 Perlucin-like (XP_013095831.1) 2.6e−57 54.5 15 2.57643
BS_20736_c1_g1_i4 Actin (Q964E0.1) 0.0 42.8 12 2.51
BS_46313_c1_g2_i1 H-type lectin domain-containing protein 

(XP_013096977.1)
1.7e−154 37.9 12 2.31

BS_39386_c0_g1_i1 Peroxidasin-like (XP_013088968.1) 1e−134 64.9 7 2.03
BS_GG_99659_c0_g1_i1 Uncharacterized protein LOC106080255 1.5e−77 17.2 6 1.88
BS_38421_c0_g1_i4 Collagen alpha-5(VI) chain-like (XP_013079619.1) 1.8e−128 34.5 2 1.41275
BS_68501_c4_g1_i1 Glutathione peroxidase-like (XP_013085877.1) 1.3e−47 72.3 6 1.32505
BS_14097_c0_g2_i1 Collagen alpha-1(XII) chain-like (XP_013064043.1) 0.0 49 18 1.26819
BS_3582_c0_g1_i6 Acetylcholine-binding protein-like isoform X2 

(XP_013067427.1)
2.7e−155 69.2 2 1.2347

BS_3524_c0_g1_i4 Hemagglutinin/amebocyte aggregation factor 
(XP_005099799.1)

1.6e−26 44.4 9 1.09761

BS_34478_c0_g1_i1 Haemoglobin type 2 (CAJ44467.1) 2.2e−68 85 4 0.908342
BS_4672_c0_g1_i6 Acetylcolin binding protein-like (XP_013067424.1) 1.3e−140 71.4 3 0.835713
BS_5323_c0_g1_i2 Hemocyanin1 (AYO86691.1) 0.0 45.4 75 0.797213
BS_1826_c0_g1_i4 Haemoglobin type 2 (CAJ44467.1) 0.0 88.2 5 0.692465
BS_29353_c0_g1_i1 Collagen alpha -6(VI) chain-like (XP_013064043.1) 0.0 44.1 20 0.65368
BS_8929_c0_g1_i4 Yolk snail ferrtin (P42578.1) 4.5e−126 60.6 17 0.626556
BS_GG_3742_c0_g1_i3 Haemoglobin type 1 (CAJ44466.1) 0.0 86.2 8 0.617395
BS_GG_34885_c0_g1_i4 Haemoglobin type 2, parcial (CAJ44467.1) 0.0 96.7 18 0.579042
BS_GG_55479_c0_g1_i1 Acetylcholine-binding protein-like isoform X2 

(XP_013067427.1)
5.5e−156 84.4 6  − 0.761223

BS_20810_c1_g1_i15 Haemoglobin type 1 (CAJ44466.1) 0.0 84.2 20  − 0.903029
BS_10165_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 0.0 87.1 53  − 1.0046
BS_GG_57393_c5_g1_i1 Haemoglobin type 1 (CAJ44466.1) 1.7e−95 91.7 6  − 1.56144
BS_3437_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 0.0 83.7 11  − 2.67949
BS_14877_c0_g2_i3 Haemoglobin type 1 (CAJ44466.1) 0.0 76.3 44  − 3.17788
BS_GG_17413_c1_g1_i1 Uncharacterized protein LOC106077292 

(XP_013093514.1)
0.0 85.5 17  − 3.72582
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Discussion

Proteins of the primary response of B. straminea 
exposed to S. mansoni

As in B. glabrata, B. straminea hemoglobins are the most 
abundant proteins in the hemolymph. Most of these elements 
showed upregulation in B. straminea after 1 and 15 days 
post-exposure to S. mansoni. In the first group (1 dpe), we 
observed a greater variety of super expressed isoforms cor-
responding to type 2 hemoglobin. In the second time post-
exposure (15 dpe), there is a change in the hemoglobin iso-
forms, where type 1 hemoglobin is more identified among 
upregulated proteins. Tetreau et al. (2017), using a proteomic 
approach in an investigation of the plasma of B. glabrata 
exposed in vitro to different pathogens, detected exclusively 
type 2 hemoglobin in the interaction with S. mansoni and 
Echinostoma caproni. The authors also referred to the pres-
ence of different molecular weights of these proteins, consid-
ered cleavage subproducts functionally actives, with unclear 
immune capacity this genus.

Hemocyanin is also another molecule that was found 
in high abundance in Biomphalaria’s hemolymph. Our 
results identified a significant increase in the abundance 
of this protein after exposure to S. mansoni. Hemocyanin 
functionality goes beyond carrying oxygen. This mole-
cule is part of the type 3 copper proteins superfamily that 
has an important enzymatic activity in the phenoloxidase 
and melanization pathways related to the innate immune 
response (Coates and Decker 2017; Coates and Nairn 

2014). Apparently, this is not its primary function in Biom-
phalaria snails, since in previous studies, it was not pos-
sible to detect a wide variation of phenoloxidase activity 
in B. straminea early response to S. mansoni infection, 
through the L-DOPA pathway (de Melo et al. 2019). In 
addition to the functions already described, hemocyanin 
still acts as a precursor to antimicrobial and antiviral pep-
tides (Dolashka and Voelter 2013; Peña and Adema 2016; 
Qin et al. 2018). These evidences and its post-exposure 
expression variations suggest a strong involvement in the 
primary immune response.

Other molecules differentially expressed were the 
enzymes peroxidase and glutathione peroxidase, which 
showed upregulation in both times post-exposure to the 
parasite. The innate immune response pathway by enzymes 
related to oxidative stress is described in different inver-
tebrate groups. It can be activated in following biotic and 
abiotic stress, being also precedents and synergists of other 
pathways such as cell adhesion and encapsulation (Refer-
ence). In B. glabrata, reactive oxygen species (ROS) can 
rapidly destroy the S. mansoni sporocyst when incubated in 
cell-free plasma, being produced mainly by strains with a 
resistant phenotype to infection by the parasite, showing that 
this pathway is quite efficient for trematodes (Bender et al. 
2005; Fogarty et al. 2019). In addition to the importance of 
ROS in B. glabrata, an increase in the production of these 
molecules was also observed in other relationships of mol-
lusk/trematode, such as Lymnaea stagnalis when exposed to 
Echinoparyphium aconiatum cercariae (Abbas et al. 2019; 
Buchmann 2014; Mitta et al. 2017).

Fig. 3   Principal GO terms of up regulated proteins in primary 
response. Molecular function, biological process, and cellular com-
ponent terms of upregulated proteins in hemolymph of Biomphalaria 

straminea 1-day post-exposure (1dpe) (A) and 15 days post exposure 
(15dpe) (B) to Schistosoma mansoni 
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One of the most relevant and studied proteins during 
the immune response of invertebrates is the lectin family. 
These molecules can bind to carbohydrates on the sur-
face of pathogens and act in a signaling and opsonizing 
manner against various agents (Fujita et al. 2004). C-type 
lectins (CTL) are relevant in the defense pathway against 
trematodes, such as S. mansoni (Coustau et al. 2015). The 
CTL domain confers this family the ability to recognize 
pathogen-associated molecular patterns (PAMPs), antimi-
crobial activity, and induce phagocytosis or encapsulation 
processes. The latter is through the connection and forma-
tion of complexes with other proteins, like integrins (Wang 
et al. 2011, 2014). Variations in the CTL expression were 

observed in the B. glabrata proteome 15 days after pri-
mary exposure (Pinaud et al. 2016), and it was expressed 
in the plasma of both the susceptible (NMRI) and resist-
ant (BS-90) strains of B. glabrata (Wu et al. 2017). Other 
studies show an increased expression of these lectins of 
B. glabrata in a few hours after infection by S. mansoni 
(Ittiprasert et al. 2010). In our results, we identified C-type 
lectins with increased expression in 1 dpe and 15 dpe in 
the primary response of B. straminea. These findings show 
a wide diversity of representatives of this protein fam-
ily between species, in addition to suggesting that the B. 
straminea recognition pathways are activated continuously 
after exposure to the parasite.

Table 2   Differentially expressed proteins identified B. straminea 15 days post-exposure

1 E-value referent to search in database; 2Sequence coverage (%) correspondent to Maxquant protein identification; FC values: ≥ 0.5 upregulated 
and ≤ 0.5 downregulated

Protein isoform ID Best match in search (accession number) E-value1 Seq. 
coverage 
(%)2

Unique 
peptides

Fold change

BS_5323_c0_g1_i2 Hemocianina 1 (AYO86691.1) 0.0 45.4 75 2.85026
BS_20736_c1_g1_i4 Cytoplasmatic actin (Q964E0.1) 0.0 42.8 12 2.61545
BS_GG_71186_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 0.0 60.1 7 2.06606
BS_14097_c0_g2_i1 Collagen alpha-1(XII) chain like (XP_013088320.1) 0.0 49 18 1.601
BS_46313_c1_g2_i1 H-type lectin domain-containing protein (XP_013096977.1) 1.70e−154 37.9 12 1.4285
BS_38421_c0_g1_i4 Collagen alpha-5(VI) chain-like (XP_013079619.1) 1.80e−128 34.5 2 1.34427
BS_14877_c0_g2_i3 Uncharacterized protein LOC106051763 (XP_013062423.1) 0.0 76.3 44 1.30086
BS_1552_c0_g1_i8 Perlucin-like (XP_013095831.1) 2.60e−57 54.5 15 1.29167
BS_GG_57393_c5_g1_i1 Haemoglobin type 1 (CAJ44466.1) 7.70e−92 91.7 6 1.22735
BS_981_c0_g1_i1 Angiopoietin-4-like (XP_013086539.1) 7.90e−97 34.5 5 1.20424
BS_42594_c0_g2_i1 Haemoglobin type 1 (CAJ44466.1) 1.30e−90 37 8 1.1389
BS_GG_55479_c0_g1_i1 Ach binding protein type 1 (AFQ55390.1) 2.50e−152 84.4 6 1.13741
BS_29353_c0_g1_i1 Collagen alpha-6(VI) chain-like, partial (XP_013064043.1) 0.0 44.1 20 1.08491
BS_GG_94580_c0_g1_i1 Haemoglobin type 2, partial (CAJ44467.1) 0.0 88.1 2 0.990344
BS_GG_17413_c1_g1_i1 Uncharacterized protein LOC106077292 (XP_013093514.1) 0.0 85.5 17 0.904803
BS_10165_c1_g1_i9 Haemoglobin type 1 (CAJ44466.1) 0.0 87.1 53 0.811852
BS_3437_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 0.0 83.7 11 0.771244
BS_3582_c0_g1_i6 Ach binding protein ACh (XP_013067424.1) 2.70e−155 69.2 2 0.750738
BS_1826_c0_g1_i4 Haemoglobin type 2, parcial (CAJ44467.1) 0.0 88.2 5 0.67669
BS_39386_c0_g1_i1 Peroxidasin-like, parcial (XP_013088968.1) 1.0e−134 64.9 7 0.664408
BS_GG_61688_c0_g1_i1 Mannose-binding protein C-like (XP_013076984.1) 2e−103 22 3 0.659289
BS_68501_c4_g1_i1 Gluthatione peroxidase-like isoforma X1 (XP_013085877.1) 2.8e−51 72.3 6 0.648669
BS_22496_c0_g1_i1 Angiopoietin-2-like (XP_013088362.1) 0.0 25.7 4 0.595484
BS_2731_c0_g1_i7 Uncharacterized protein LOC106073816 (XP_013089916.1) 3e−172 29 6 0.533352
BS_42769_c0_g2_i2 Haemoglobin type 1 (CAJ44466.1) 3.4e−103 94.6 5 0.474361
BS_7642_c0_g1_i9 Reelin-like (XP_013064208.1) 0.0 22.1 44 0.468365
BS_110_c0_g1_i11 HemagglutiniN/Amebocyte aggregation factor-like 

(XP_005099799.1)
3.4e−30 44.4 9  − 0.5032

BS_23811_c2_g1_i8 Fibrinogen related protein 12.1 precursor (AAO59918.1) 6.9e−103 43.4 2  − 0.52418
BS_31689_c0_g1_i1 Uncharacterized protein LOC106080264 (XP_013097064.1) 2.0e−159 48.7 8  − 0.76322
BS_3524_c0_g1_i4 Perlucin-like isoform X1 (XP_013093296.1) 2.5e−113 50.2 3  − 1.00992
BS_933_c0_g1_i1 Thioester-containing protein 1.4 (ADE45341.1) 0.0 35.5 2  − 1.40
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Curiously, we identified upregulated H-type lectins 
in 1 and 15 dpe samples. There are few descriptions of 
this family among studies involving invertebrate immune 
response, being first described in snails Helix pomatia 
as H. pomatia agglutinin (HPA), with relationship to 
immunoprotective and reproductive aspects in the species 
(Sanchez et al. 2006). The H-type lectin domain can bind 

with high specificity to galactose (Gal) or N-acetylgalac-
tosamine (GalNAc) carbohydrates, types expressed par-
ticularly on the surface of cancer cells, being the target of 
possible biomedical applications (Pietrzyk-Brzezinska and 
Bujacz 2020). In B. straminea-S. mansoni relationship, 
the expression of this specific lectin during the immune 
response may be evidence of a different recognition 

Table 3   Differentially expressed proteins in Biomphalaria straminea 1 day post-reexposure

1 E-value referente to search in database; 2Sequence coverage (%) correspondent to Maxquant protein identification. FC values: ≥ 0.5 upregulated 
and ≤ 0.5 downregulated

Protein isoform ID Best match in search (Accession number) E-value1 Seq. cover-
age (%)2

Unique 
peptides

Fold change

BS_10165_c3_g2_i1 Haemoglobin type 2 (CAJ44467.1) 0.0 84.4 12 1.6669
BS_1552_c0_g1_i8 Perlucin-like (XP_013095831.1) 2e−58 54.5 15 6.63814
BS_1826_c0_g1_i4 Haemoglobin type 2(CAJ44467.1) 0.0 88.2 5 3.36735
BS_3582_c0_g1_i6 Acetylcholine-binding protein-like (XP_013067424.1) 2e−156 69.2 2 1.74817
BS_3524_c0_g1_i4 HemagglutiniN/Amebocyte aggregation factor-like 

(XP_005099799.1)
1e−27 44.4 9 1.84368

BS_46313_c1_g2_i1 Uncharacterized protein (XP_013096977.1) 8e−156 37.9 12 1.5976
BS_GG_34885_c0_g1_i4 Haemoglobin type 2 (CAJ44467.1) 0.0 96.7 18 2.64429
BS_10165_c1_g1_i9 Haemoglobin type 1 (CAJ44466.1) 0.0 87.1 12  − 2.26564
BS_3437_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 0.0 83.7 11  − 1.76042
BS_42769_c0_g2_i2 Haemoglobin type 1 (CAJ44466.1) 1e−92 94.6 5  − 1.55682
BS_20810_c1_g1_i15 Haemoglobin type 1 (CAJ44466.1) 0.0 84.2 20  − 5.19961
BS_GG_17413_c1_g1_i1 Haemoglobin type 1 (CAJ44466.1) 5e−141 85.5 17  − 4.6187
BS_GG_57393_c5_g1_i1 Haemoglobin type 1 (CAJ44466.1) 7e−93 91.7 6  − 1.997
BS_2683_c0_g1_i2 Apolipoprotein B-100-like (XP_013087403.1) 0.0 28.6 49  − 2.71839

BA

Fig. 4   Heatmap of differentially expressed proteins in secondary 
response. A Proteins classified by family domain in Biomphalaria 
straminea 1  day after a secondary exposition to Schistosoma man-
soni. Yellow to blue-scaled indicate the ratio of fold change value 
from lowest to higher. Four clusters are identified: cluster 1 (upreg-
ulated proteins related exclusively to secondary response); cluster 2 
(upregulated proteins in primary exposition and increased in second-
ary challenge); cluster 3 (downregulated proteins in primary response 
and decreased in secondary challenge); cluster 4 (downregulated 

proteins exclusively in secondary response). B Proteins classified by 
family domain in Biomphalaria straminea 15 days after a secondary 
exposition to Schistosoma mansoni. Yellow to blue-scaled indicate 
the ratio of fold change value from lowest to higher. Three clusters 
are identified: cluster 1 (upregulated proteins related exclusively to 
secondary response); cluster 2 (upregulated proteins in primary expo-
sition and increased in secondary challenge); and cluster 3 (downreg-
ulated proteins exclusively in secondary response)
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pathways used by this snail comparing with the model 
specie B. glabrata.

Some peculiarities were identified regarding the FREPs 
in B. straminea, a critical protein family in the B. glabrata-
S. mansoni relationship. We detected homologs to FREPs 
in naive 1 dpe snail samples. In contrast, we also identified 
some other corresponding FREP isoforms exclusively in 
exposed snails and 15 dpe control samples (Supplementary 
2). Portet et al. (2017), also using a label-free proteomics 
approach with B. glabrata, justified the absence of FREPs 
due to the ability of FREPs to bind to parasite antigens and 
precipitate being lost during the process of obtaining pro-
teins. Our data corroborate in part with this hypothesis, con-
sidering we identified, in the 15 dpe group, the downgrade of 
a protein homolog to FREP12, present in the exposed snails, 
but with less abundance.

Immune primed Biomphalaria straminea proteomic 
response to Schistosoma mansoni

The secondary response, also called the innate immune 
response of memory, gives invertebrates success during 
the second contact with pathogens. The ability of some 
invertebrate clades to be exposed to a first challenge and 
then reshape their immune response in the face of a sec-
ond challenge makes immune priming a relevant leap in 
the evolutionary process of these organisms (Sheehan et al. 
2020). This issue has been studied for more than a decade 
in different types of pathogen-host interaction. It is evalu-
ated from mechanisms such as microbiota interference in the 
Anopheles-Plasmodium relationship (Rodrigues et al. 2010), 
through the change in the type of immune response of the 
species B. glabrata with the presence of essential recogni-
tion molecules such as FREPs (Pinaud et al. 2016), until the 
discovery of extremely effector components presents in the 

secondary memory response, such as Biomphalysins (Galin-
ier et al. 2013; Tetreau et al. 2017). To investigate the innate 
immune response of memory in the species B. straminea, we 
used an adapted method proposed by Portela et al. (2013), 
based on two-round of exposure with the parasite, together 
with several control groups (Fig. 1).

C-type and H-type lectins (Fig. 4A) are components that 
appear with high abundance in the primary response and 
increase their expression following secondary challenge in 
B. straminea. In 1 and 15 days after second exposure (GA1 
and GA15), C-type lectins showed high expression (Fig. 4A 
and Fig. 4B). In proteomics and transcriptome approaches 
to evaluate B. glabrata snails’ secondary response, vari-
ous isoforms of C-type lectins are found differentially 
expressed after the immune priming process (Pinaud et al. 
2016; Tetreau et al. 2017). Likewise, transcripts related to 
this protein family are found upregulated in heterologous 
parasite infections, challenging B. glabrata to exposure and 
reexposure with different strains of S. mansoni (Pinaud et al. 
2019). In B. straminea snails, CTLs seem to play an essential 
role during the innate and memory immune responses since 
they are detected in greater abundance during all times after 
exposure to the parasite.

Concerning H-type lectin, it has not been reported with 
differential expression in previous studies involving B. 
glabrata and S. mansoni, being identified during the pri-
mary and secondary response of B. straminea. The pres-
ence of this protein suggests that B. straminea uses different 
recognition molecules during the process of exposure to the 
parasite, which could be a key factor for the less susceptible 
phenotype of the species.

The change in the expression pattern of apolipoprotein 
B-100-like, downregulated 1 day after secondary chal-
lenge (Fig. 3A) and upregulated in 15 days after second-
ary challenge (Fig. 3B), suggests its relationship with 

Table 4   Differentially expressed proteins in Biomphalaria straminea 15 days post-reexposure

1 E-value referente to search in database; 2Sequence coverage (%) correspondent to Maxquant protein identification. FC values ≥ 0.5 upregulated 
and ≤ 0.5 downregulated

Protein isoform ID Best match in search (Accession number) E-value1 Seq cover-
age (%)

Unique 
peptides

Fold change

BS_2683_c0_g1_i2 Apolipoprotein B-100-like (XP_013087403.1) 0.0 28.6 49 2.57
BS_3524_c0_g1_i4 HemagglutiniN (XP_005099799.1) 1e−27 44.4 9 5.46
BS_671_c1_g1_i2 Fibrinogen-related protein 3.1 (AEO50745.1) 6e-159 25.2 3 4.16
BS_7642_c0_g1_i9 Reelin-like (XP_013064208.1) 0.0 22.1 44 2.40
BS_1826_c0_g1_i11 Haemoglobin type 1 (CAJ44466.1) 0.0 86.2 4 2.45
BS_1552_c0_g1_i8 Perlucin-like (XP_013095831.1) 2e−58 54.5 15 9.62
BS_11914_c0_g1_i7 Cu/Zn-superoxide dismutase (XP_013076718.1) 0.0 22 14 7.15
BS_GG_54424 _c0_g1_i1 Biomphalysin (AGG38744.1) 0.0 84.4 5 12.28
BS_14097_c0_g2_i1 Collagen alpha-1(XII) chain-like (XP_013088320.1) 0.0 49 18 11.09
BS_34478_c0_g1_i1 Haemoglobin type 2 (CAJ44467.1) 3e−69 85 4  − 2.
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the late secondary response. This protein was also found 
with decreased abundance in hemocytes from a suscep-
tible strain of B. glabrata in primary interaction with S. 
mansoni sporocysts (Dinguirard et al. 2018). In addition 
to Biomphalaria snails, other studies describe the par-
ticipation of apolipoprotein-like in other invertebrates 
such as insects and mollusks both in the primary immune 
response, as well as in secondary exposures to pathogens 
(Castillo et al. 2019; Rey-Campos et al. 2019; Stączek 
et al. 2018; Wu et al. 2017).

Regarding the humoral response profile, we noted in 15 
dpe snails (GA15), mainly the presence of pathogen rec-
ognition receptors (lectins and FREP) and cytolytic agents 
(biomphalysin) (Fig. 4B). In this context, FREPs seem to 
play a critical role in the secondary response of B. straminea, 
once was upregulated only in samples of reexposed snails 
(Fig. 3B). FREP3 has a strong relationship with the pheno-
type of resistance of B. glabrata to trematodes (Hanington 
et al. 2012; Pila et al. 2017). This molecule may also be 
associated with the more resistant profile of the species B. 
straminea. Furthermore, the relevant increase in abundance 
only in B. straminea 15 dpe reinforces the idea of FREPs 
playing a key role during the secondary response.

We also highlight the expression pattern of biomphalysin 
in the secondary response in B. straminea, which was differ-
ent from the profile previously described in B. glabrata. We 
observed an increase in the abundance of biomphalysin in 
the 15 dpr samples. However, Pinaud et al. (2016) reported 
that, in B. glabrata, this protein was not detected in the 
15 days after the second challenged proteome. The authors 
justified that this component can be consumed quickly 
after exercising its role in the immune response. The differ-
ent expression patterns of these immune relevant compo-
nents’ give evidence of greater efficiency of innate immune 
response and secondary response in B. straminea.

The immunocomplexes formations between BgFREP3 
and biomphalysin with other components, mainly BgTEP1, 
result in an efficiency of plasma-mediated response against 
S. mansoni by Biomphalaria (Li et al. 2020). The presence 
of two of the main proteins involved in these immunocom-
plexes in our data corroborates with the more significant 
responsiveness of B. straminea and can be the target of 
future studies for a better understanding of these specific 
mechanisms.

Although the knowledge about the immune response of 
B. straminea is limited, this work provides for the first time 
a proteomic overview of the host-parasite interaction during 
the primary and secondary immune response against S. man-
soni. Several proteins identified in this study are homologous 
to those of the model species B. glabrata. However, other 
proteins, such as H-type lectins, need further elucidation 
of their structures and functions in B. straminea. Such data 
reinforce the necessity for additional studies involving this 

species using complementary strategies to add knowledge 
to the present work results.
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