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a role in gland functioning and venom
production
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Abstract

Venom production has evolved independently many times in the animal kingdom, although it is rare among
mammals. Venomous shrews produce venom in their submandibular salivary glands and use it for food acquisition.
Only a few toxins have been identified in shrew venoms thus far, and their modes of action require investigation.
The biological and molecular processes relating to venom production and gland functioning also remain unknown.
To address this gap, we investigated protein content in extracts from venom glands of two shrew species, Neomys
fodiens and Sorex araneus, and interpreted their biological functions. Applying a proteomic approach coupled with
Gene Ontology enrichment analysis, we identified 313 and 187 putative proteins in venom glands of N. fodiens and
S. araneus, respectively. A search of the UniProt database revealed that most of the proteins found in both shrew
species were involved in metabolic processes and stress response, while GO enrichment analysis revealed more
stress-related proteins in the glands of S. araneus. Molecules that regulate molecule synthesis, cell cycles, and cell
divisions are necessary to enable venom regeneration and ensure its effectiveness in predation and food hoarding.
The presence of proteins involved in stress response may be the result of shrews'high metabolic rate and the costs
of venom replenishment. Some proteins are likely to promote toxin spreading during envenomation and, due to
their proteolytic action, reinforce venom toxicity. Finally, finding numerous proteins involved in immune response
suggests a potential role of shrew venom gland secretions in protection against pathogens. These findings open
up new perspectives for studying biological functions of molecules from shrew venom glands and extend our
knowledge on the functioning of eulipotyphlan venom systems. Because the majority of existing and putative
venomous mammals use oral venom systems to inject venom into target species, the methods presented here
provide a promising avenue for confirming or discovering new taxa of venomous mammals.
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Background

Venom production is a complex functional trait that has
evolved independently on many occasions in the animal
kingdom, although it is rare among mammals [1-3]. Ven-
omous mammals have been found in only four orders
to date : monotremes (platypus), eulipotyphlans (solen-
odons and shrews), chiropterans (vampire bats), and
primates (lorises) [3—6]. Most confirmed and putatively
venomous mammal species are eulipotyphlans [3, 7].

Intriguingly, despite eulipotyphlans occupying broad
trophic niches, their venoms seem to have relatively
simple composition, with only a few toxins participating
in food acquisition and storage [3, 7-9]. Blarina toxin
(BLTX), Blarina paralytic peptides (BPPs) 1 and 2, sori-
cidin (SOR), kallikrein 1 serine proteases (KLK1s), phos-
pholipase A, (PLA,), antileukoproteinase (SLPI), tissue
factor pathway inhibitor 2 protein, proenkephalin A,
lysozyme C, disintegrin and metalloproteinase domain-
containing proteins (ADAMs), [-defensins, BQTX
and non-toxic blarinasin and hyaluronidase, have been
recently found in eulipotyphlan venoms [7-15]. These
components are linked to the toxic activities of these
venoms, such as paralysis and convulsions, irregular
respiration, inhibition of heart rate, increase in vascular
permeability, decrease in blood pressure, haemolysis,
and death [7, 9, 10, 14]. Hyaluronidase commonly occurs
in venoms of various animal taxa, but is devoid of toxic
activity [16, 17]. Instead, due to its ability to hydrolyse
connective tissue, it promotes the spreading of toxins
after envenomation [8, 18]. It is noteworthy that SOR and
BPP2 from the venom of the short-tailed shrew, Blarina
brevicauda, are the only eulipotyphlan toxins for which
the molecular mechanisms of action have been estab-
lished. SOR inhibits the transient receptor potential of
vanilloid type 6 (TRPV®6) calcium channels [12], while
BPP2 causes a hyperpolarisation of human T-type Ca
channel hCa, 3.2 activation [15]. Modes of action of other
eulipotyphlan toxins still wait to be revealed.

Most studies dealing with eulipotyphlan venoms have
focused on biochemical and pathophysiological aspects
of venoms [3, 14, 19, 20]. Little is known about the func-
tioning of the submandibular salivary glands in which
toxic saliva is produced. The processes involved in venom
production and excretion also remain unknown. Particu-
larly, molecular mechanisms that regulate the function
of venom glands and toxin synthesis remain to be ascer-
tained. The first attempts to characterise components of
mammalian saliva were made by Dufton [4]. Amylase,
DNAase, peptidase, lysozyme and epidermal growth fac-
tor were found in the extracts from parotid and submax-
illary glands of eulipotyphlans, mainly shrews. Recently,
Kowalski et al. [7] identified 194 proteins in the extract
from venom glands of the Eurasian water shrew (Neo-
mys fodiens) (Fig. 1A) and 112 proteins in the common
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shrew (Sorex araneus) (Fig. 1B). However, no in-depth
functional or molecular analyses have been performed to
ascertain the biological or molecular functions of these
proteins. To address this gap and better understand the
role of molecules in gland functioning, toxin synthesis,
and venom production and secretion, we aimed to inves-
tigate protein content in extracts from venom glands of
two shrew species, N. fodiens and S. araneus (Fig. 1C and
D), and describe their biological and molecular func-
tions, applying a proteomic approach coupled with Gene
Ontology enrichment analysis.

We report here 313 and 187 putative proteins in the
venom glands of N. fodiens and S. araneus, respectively.
Most of the proteins identified in N. fodiens are linked to
metabolic processes and cellular stress response, while
in S. araneus principally to the latter. Numerous proteins
are also involved in immune response indicating a poten-
tial role of shrew venom gland secretions in protection
against pathogens.

Results

Proteins from the venom glands of N. fodiens link to cell
metabolism, stress, immune response and oxidation-
reduction processes

We identified 313 proteins in the extract from venom
glands of the water shrew (Additional file 1: Table Al),
including four putative toxins: proenkephalin A, phos-
pholipase A, (PLA,), lysozyme C and disintegrin and
metalloproteinase domain-containing protein (ADAM)
(Table 1), and hyaluronidase, a toxin spreading factor
that commonly occurs in the venoms of various animal
taxa. For each identified protein, at least one biological
function was assigned by searching UniProt database. All
functions identified were assigned to one of 14 categories
(Additional file 2: Table A2 and Additional file 3: Table
A3). Searching UniProt database revealed that most pro-
teins were involved in cell metabolism (29.4%), signal
transduction (10.5%), transport (10.2%), stress response
(7.4%), cell structure maintenance (7.4%), cell division
and cell cycle regulation (7.4%), cell differentiation and
tissue development (7.4%), and immune response (7.1%)
(Fig. 1E). The most abundant (i.e., those with the highest
emPAI) were proteins related to cell metabolism, stress
response, immune response, signal transduction and
transport (Additional file 1: Table A1).

STRING protein-protein interaction network predicted
for proteins identified in the extract from venom glands
of N. fodiens confirmed the results obtained by search-
ing the UniProt database. Most proteins were related to
metabolic and oxidation-reduction processes (Fig. 2A).
Similarly, the results of GO enrichment and KEGG analy-
ses are consistent with previous findings showing that
identified proteins were involved in metabolic pathways
and cell stress response (PPI enrichment p-value: 0.0007;
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Fig. 1 Functional assessments of extracts from shrews' venom glands reveal putative proteins involved in cell metabolism, epithelial cell turnover, stress
response, immune response and venom gland functioning. (A) The Eurasian water shrew (Neomys fodiens) hunting a frog, and (B) the common shrew
(Sorex araneus) devouring an earthworm. Photos by Marc Mounier (A) and Sophie von Merten (B). Photos A and B were first published in Kowalski et al.
[7]. (Cand D) The submandibular (venom) glands (marked with asterisks). Photos by Krzysztof Kowalski. (E and F) Biological functions of proteins identified
in the extracts from venom glands. Functions were determined through homology to other venomous animals (including eulipotyphlans) and nonven-
omous mammals by searching the UniProt database. Values in parentheses show percentage of proteins classified into each function category. Detailed
functions of particular proteins are provided in Additional file 3: Table A3 and Additional file 5: Table A5

Fig. 3A). All identified proteins were localised within the
cell (Fig. 3C).

Proteins from the venom glands of S. araneus are involved
in stress response

We identified 187 proteins in the extract from venom
glands of the common shrew (Additional file 4: Table
A4), including five toxins: proenkephalin A, disinteg-
rin and metalloproteinase domain-containing protein
(ADAM), kallikrein 1-related peptidase (KLK1), lyso-
zyme C and beta-defensin-7 (Table 1). As in the case of

N. fodiens, for each identified protein at least one biologi-
cal function was assigned by searching UniProt database.
Next, all functions were assigned to one of 14 categories
(Additional file 2: Table A2 and Additional file 5: Table
A5). Searching UniProt database revealed that most pro-
teins were involved in cell metabolism (27.0%), signal
transduction (9.1%), transport (8.9%), immune response
(8.5%) and cell differentiation and tissue development
(8.5%) (Fig. 1F). The most abundant (with the highest
emPAI) were proteins related to cell metabolism, signal
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Table 1 Toxins identified in extracts from venom glands of the Eurasian water shrew (Neomys fodiens) and the common shrew (Sorex

araneus)
Shrew species Accession code Matched Protein sequence Identified peptides Protein name
peptides coverage [%]
Neomys fodiens  P01211 6 9 K.LPSLKTWETCK.E Proenkephalin-A
KKYGGFMKR
KYGGFMKR
KRYGGFLK.R
P14422 6 6 FAKFLSYK Phospholipase A,
Q9Z0F8 12 9 SEDIKDFSR Disintegrin and metalloprotein-
ase domain-containing protein
17
P12067 6 8 YWCNDGK Lysozyme C
gi[521,028,001 14 11 KDIEFYIPK Hyaluronidase PH-20°
Sorex araneus PO1211 6 8 YGGFMK+ Oxidation (M) Proenkephalin-A
Q61754 11 7 DKSNDLMLLR Kallikrein 1-related peptidase b24
Q91V70 9 13 FQIPEK Beta-defensin 7
Q10741 9 11 LYSDGKK Disintegrin and metalloprotein-
ase domain-containing protein
10
P12067 10 19 AWVAWR Lysozyme C

?Hyaluronidase is devoid of toxic activity and acts as a toxin spreading factor commonly found in animal venoms

transduction, transport, stress response and immune
response (Additional file 4: Table A4).

The STRING protein-protein interaction network pre-
dicted for proteins identified in the extracts from venom
glands of S. araneus revealed that most proteins were
related to stress response (Fig. 2B). Moreover, the results
of GO enrichment and KEGG analyses are consistent
with this finding (PPI enrichment p-value: 0.04; Fig. 3B).
Similar to the case in the venom glands of N. fodiens, all
identified proteins were localised within the cell (Fig. 3D).

Discussion

Eulipotyphlan venoms have largely gone unstudied, with
only a few toxins being characterised thus far [7-10, 12,
14, 15]; their modes of action also remain unexplored.
Similarly, the mechanisms that drive processes related
to venom production and secretion still require inves-
tigation. Our research is the first comprehensive work
providing a list of putative molecules that control func-
tioning of shrew venom glands. Applying a proteomic
approach coupled with GO enrichment analysis, we
found 313 and 187 proteins in venom glands of N. fodiens
and S. araneus, respectively. Some of these compounds
have been previously reported in extracts from venom
glands of these two shrew species [7].

Proteins from the venom glands of N. fodiens are involved
in venom gland functioning and epithelial cell turnover
Searching UniProt database alongside GO enrichment
analysis showed that most proteins in the venom glands
of N. fodiens are related to metabolism, especially mol-
ecules synthesis and glycolysis. It must be emphasized
that proteins identified by us have more interactions

among themselves than would be expected for a random
set of proteins of the same size and degree of distribution
drawn from the genome (observed number of edges: 364
vs. expected number of edges: 296). Such an enrichment
indicates that our proteins are at least partially biologi-
cally connected, as a group [21]. We found the same for
proteins identified in the venom glands of S. araneus
(observed number of edges: 187 vs. expected number of
edges: 164).

Proteins extracted from submandibular glands of N.
fodiens being involved in molecule synthesis, cell division
and differentiation may be indicative of a high epithelial
cell turnover. Such an intense cell turnover in venom
glands should require well-developed protein machinery
that regulates cell cycles and cell divisions to enable quick
replenishment of toxins and thus increase the effective-
ness of venom in prey hunting and food storing [22-26].
Additionally, two proteins, transforming growth factor
beta-3 and protein-glutamine gamma-glutamyltrans-
ferase 2, are noteworthy, as they are involved in salivary
gland morphogenesis (Additional file 3: Table A3).

Proteins from the venom glands of S. araneus participate in
stress response

In S. araneus, according to searches in UniProt database,
most proteins also participate in metabolic processes.
Contrary, GO enrichment and STRING protein-protein
interaction network analyses revealed that the most fre-
quent are proteins involved in stress response. Shrews are
known to have high metabolic rates due to their very high
energy demands [27, 28], which creates the need for con-
stant feeding and hoarding prey items for later consump-
tion [3, 23, 26]. Venom that paralyses prey and enables
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Fig. 2 Assessment of protein association in shrews’ venom glands reveals proteins involved in metabolism processes and stress response. (A) STRING
protein-protein interaction network predicted for proteins identified in the extract from venom glands of the water shrew (Neomys fodiens) based on
homology to the common shrew (Sorex araneus). Red balls represent proteins involved in metabolic processes, blue in cellular metabolic processes, green
in small molecule metabolic processes and yellow in oxidation-reduction processes. Lines show interactions between proteins. Abbreviations next to the
balls represent protein labels. Full protein names and their labels are provided in Additional file 1: Table A1. (B) STRING protein-protein interaction network
predicted for proteins identified in the extract from venom glands of the common shrew (Sorex araneus). Red and blue balls represent proteins involved
in stress response. Lines show interactions between proteins. Abbreviations next to the balls represent protein labels. Full protein names and their labels
are provided in Additional file 4: Table A4
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Fig. 3 Gene Ontology (GO) enrichment analysis of proteins from shrews’ venom glands reveals proteins involved in metabolism processes and stress
response. (A and B) Number of proteins involved in biological processes predicted based on the GO enrichment analysis of proteins identified in the
extracts from venom glands of the Eurasian water shrew (Neomys fodiens) (A) and the common shrew (Sorex araneus) (B). Abbreviations on the panel
A: a - Small molecule metabolic process; b — Purine nucleotide metabolic process; ¢ — Organophosphate metabolic process; d — Purine ribonucleotide
metabolic process; e — Cellular metabolic process; f — Metabolic process; g — Generation of precursor metabolites and energy; h — Oxidation-reduction
process; i — IMP metabolic process. (C and D) Localisation of proteins identified in the extracts from venom glands of the water shrew (C) and the common
shrew (D) within the cell based on the Gene Ontology component analysis. Abbreviations on the panel D: j — Cytoplasm; k — Intracellular; | — Organelle;
m - Intracellular organelle; n - Membrane-bounded organelle; o — Intracellular membrane-bounded organelle; p — Cellular anatomical entity

gathering it in a comatose state is a very important evolu-
tionary trait that helps shrews to maximise foraging gain,
meet their high energy requirements and thus maintain
body mass and eventually survive [3, 9, 23]. However,
according to the venom optimisation hypothesis [29, 30],
venom production is metabolically costly [31, 32]. There-
fore, the need to regenerate venom rapidly, together with
the fast pace of life [33], may generate chronic stress in
shrews [34—37]. Molecular mechanisms that regulate
stress responses are thus expected to be well-developed
in such tiny and fast-lived mammal species as shrews.
Interestingly, we confirmed the presence of more pro-
teins related to stress response in the glands of S. ara-
neus than in the water shrew. Smaller shrews have higher
basic metabolic rates than larger ones [28], and therefore
must consume and store larger amounts of food [26, 27].
Indeed, common shrews are known for gathering many,
usually smaller, prey items [23]. Frequent hunting and
gathering prey requires more energy for food foraging
and multiple transport of prey items to the shelter. Chew-
ing and food digestion also affect the energy budgets of
shrews, and chewing may induce stress response in sali-
vary duct cells [38]. Frequent hunting creates a need to
leave the shelter more often. Outside the shelter, shrews

are at higher risk of predation, and competition for food
resources between shrews increases [3, 23]. Common
shrews usually occur in higher population densities than
do water shrews [27, 39], and in near-water areas they
often coexist with larger N. fodiens (this was the case with
the animals used in this study), which dominate common
shrews behaviourally [40]. Therefore, social and inter-
species interactions may be more frequent and intense
in populations of S. araneus than in N. fodiens, which in
turn may provoke more frequent conflicts and thus may
induce higher stress levels.

Water shrews are semiaquatic and well-adapted for
swimming and diving under water [27]. They hunt both
terrestrial and aquatic prey, which they eat in approxi-
mately equal proportions, making their diet more diverse
than that of S. araneus, which feeds almost exclusively
on terrestrial prey [41-43]. Thus, eating aquatic prey
may require an extra set of proteins and enzymes in their
saliva to enable them to effectively digest aquatic prey
items. It has been also shown that semiaquatic shrews
have larger brains than terrestrial ones, because during
diving and hunting under water they must coordinate
their movements in three dimensions, while terrestrial
shrews move only in two dimensions [44—46]. Therefore,
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the larger number of proteins related to metabolism in N.
fodiens may result from the greater energy expenditure
during swimming and diving. Moreover, frequent hunt-
ing and exposure to (usually cold) water expose water
shrews to greater heat loss [27, 47, 48]. Therefore, many
metabolism-related proteins may help to increase the
metabolic rate quickly and thus replenish heat loss.

Finally, costs of venom production, especially those
related to toxin synthesis, epithelial cell turnover in the
salivary glands, and toxins release, may be higher in
smaller (S. araneus) than larger shrews (N. fodiens). Such
a considerable impact on the energy budget may induce
acute and/or chronic stress in shrews, and smaller shrews
may experience higher stress levels than larger ones. All
the factors mentioned above may explain why smaller
shrews, such as S. araneus, have well-developed protein
machinery that enables them to effectively cope with dif-
ferent stressors and helps them to maintain homeostasis,
also in the salivary glands.

Here, we identified many molecules (e.g., superoxide
dismutase, thioredoxin, peroxiredoxin-1, glutathione
S-transferase P, glutathione peroxidase 1, carboxylester-
ase 3A, and heat shock proteins (HSPs)) that are involved
in cellular stress response in shrew venom glands. Per-
oxidases are widely distributed within different families
of mammals. For instance, they were confirmed in the
submandibular glands of rats, mice, guinea pigs, goats,
cows, pigs, cats and humans [49, 50]. Glutathione per-
oxidase, superoxide dismutase and glutathione S-trans-
ferase have been reported for rats and vampire bats [51].
Peroxidases catalyse many important reactions for the
metabolic regulation of the cell as well as for the defence
mechanism that they may be regarded as one of the most
important members of the oxidoreductase system of the
cell [49]. Salivary peroxidases protect the cells of the sali-
vary glands and the mucosal cells of the oral epithelium
from hydrogen peroxide toxicity. The most important
part of the intracellular defence against oxygen toxic-
ity is the action of the following enzymes: superoxide
dismutase, catalase and glutathione peroxidase [50]. If
these enzymes work efficiently, hydroxyl radicals will not
be formed, which in turn prevents the cell from damage
[50]. Finally, because salivary peroxidases are able to kill
bacteria that might grow in mouth, their primary func-
tion in salivary glands is to maintain the oral hygiene [49].

Intriguingly, glutathione S-transferase P (here found
in venom glands of S. araenus) that participates in cellu-
lar response to amino acids, reactive oxygen species and
toxic substances (Additional file 4: Table A4), as well as
phospatidylethanolamine-binding protein 1 identified in
N. fodiens, may be likely to protect the cell against self-
toxification. Further research is required to confirm if
these molecules are involved in this process, what their
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mechanisms of action are and how they could prevent
self-toxification in shrews.

Heat shock proteins (HSPs), for instance found in
rodent saliva [52, 53], can modify functions and den-
sity of other proteins, and thus play an important role
in numerous physiological processes. In general, they
serve as house-keeping proteins in the cell, but are
also involved in immunity. It has been shown that the
immune system adopted certain HSPs for its own partic-
ular processes [54], and that HSPs may exhibit both pro-
and anti-inflammatory properties [54, 55]. Finally, HSPs
serve as important antigens of infectious agents, and per-
haps, of transformed cells [54]. Indeed, mammalian cells
express increased HSP levels after infection with a variety
of viral pathogens, and it has been suggested that it adds
to resistance at an early stage of infection. For instance,
HSP70 and HSP60 represent major targets for antibod-
ies in many infections with helminths, protozoa and bac-
teria, including Plasmodium falciparum, Trypanosoma
cruzi, Leishmania donovanii or Borrelia burgdorferi [54].
Because shrews are known to be reservoir hosts for dif-
ferent parasites (e.g., Trypanosoma sp., B. burgdorferi,
cestodes, nematodes, arthropods) [56—62], HSPs present
in their salivary glands’ cells may serve as an important
mechanism that helps to cope with pathogen infections,
and consequently to reduce stress. Similar mechanisms
have been found in the submandibular glands of rodents
[52-54].

Nerve growth factors (NGFs), here identified in venom
of N. fodiens, among others participate in cell growth and
apoptosis, signalling pathways and nerve development.
These proteins have been found in submandibular glands
of other nonvenomous shrews such as Suncus murinus
and Crocidura horsfieldi [63, 64], and in rodents (rats,
mice, hamsters, and voles) [64—66]. NGFs are also impor-
tant components of snake venoms [67]. NGF expression
is increased in mice submandibular salivary glands in
response to chronic stress. Such an elevated expression of
NGF helps to cope with stress and maintain homeostasis
in the salivary glands [38].

Our findings show that proteins linked to stress
response are major components of shrews’ venom glands,
especially in S. araneus, which may result from high
energy demands of these tiny mammals. Alternatively,
venom replenishment, toxin synthesis and secretion are
supposed to induce cellular stress response. Thus, well-
developed stress response mechanisms in venom glands
are expected to prevent glands from cell damage [68]. A
range of different stressors, such as heat, cold, viral infec-
tions, cytokines, oxidative stress, ionization, UV radia-
tion, exposure to toxins and certain metals, may induce
the expression of proteins in the salivary glands and
thus affect their functioning [55]. Other factors, such as
sex, age or dietary habits of studied animals, should be
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considered in research aiming to determine protein pro-
files of venom and salivary glands [69]. In this work, to
successfully perform chromatographic separation of
shrews’ venoms, we had to combine extracts from sub-
mandibular glands of 10 individuals, which made it diffi-
cult to determine the effects of shrew’s sex and age on the
protein content in their venom glands. Therefore, we sug-
gest using more animals in the future research to investi-
gate the differences in protein profiles between males and
females as well as juvenile and adult shrews, keeping in
mind that sample sizes of captured and killed mammals
(especially those under protection) for this research will
be limited. Moreover, shrews do not hibernate and are
active during winter. Due to seasonal differences in food
availability, their diet composition might differ depend-
ing on the season [47, 70, 71]. Therefore, seasonal varia-
tion in toxin and protein content in the salivary glands
should be taken into consideration as well.

Proteins from shrews’ venom glands may contribute to
protection against bacteria and viruses

Particularly noteworthy is the presence of well-developed
protein networks related to immune response in venom
glands of both shrew species. Shrew venom glands are
modified submandibular salivary glands [4, 72-74], and
saliva of many mammalian species is known to have
antiseptic properties to prevent the growth of disease-
causing microorganisms effectively [75]. In this work, we
found many proteins that participate in defence response
against bacteria and viruses. For instance, interleukin-12
(IL-12), lipopolysaccharide-binding protein, interferon
alpha-B, and MHC class I antigen are known to dis-
play antimicrobial effects. Also, lysozyme is known to
exert such activity [76, 77]. The latter has been already
reported for shrew saliva [4, 7, 9]. Other proteins, such
as macrophage migration inhibitory factor, peroxisome
proliferator-activated receptor alpha, interferon-activable
protein 202 or signalling lymphocytic activation molecule
trigger inflammatory responses (Additional file 5: Table
A5). Some venom components from saliva of Blarina and
Neomys have been previously suggested to exhibit antimi-
crobial activity [7, 9], but their role in protection against
pathogens and maintaining oral hygiene is unclear and
still requires examination. These results indicate that
some molecules produced in shrew venom glands are
likely to contribute to the protection against bacteria and
viruses. Further studies are required to investigate how
they, and consequently the venom itself, may help shrews
and other eulipotyphlans in maintenance of oral hygiene
and development of immune response.
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Proteins from shrews’ venom glands link to toxin secretion
and venom toxicity

In both shrew species we found many proteins related to
protein secretion and transport. The latter account for
10.2 and 8.9% of the total proteins identified in venom
glands of N. fodiens and S. araneus, respectively. Among
molecules involved in transport, we found e.g., hae-
moglobin subunit alpha and kinesin-like protein KIF17
in venom glands of N. fodiens, while secretogranin-1,
here reported for S. araneus, promotes secretion. Some
proteins, like anthrax toxin receptor 2 and 78 kDa glu-
cose-regulated protein, are known to transport toxins
(Additional file 3: Table A3). Further research should
clarify if these proteins may promote spreading toxins
into prey species during envenomation.

Because salivary glands act as venom glands in shrews,
their secretions (and toxic saliva itself) are expected to
contain proteins with enzymatic activities. Previously,
Dufton [4] reported amylase, peptidase and DNAase in
eulipotyphlan saliva. Here, we found alpha-amylase 1 in
venom glands of S. araneus that participates in carbo-
hydrate metabolism and cell defence in response to bac-
teria. Cathepsin Z, prolyl endopeptidase (both found in
venom glands of N. fodiens), and cathepsin D and mast
cell protease 4 (both found in venom glands of S. ara-
neus) cause proteolysis (Additional file 3: Table A3 and
Additional file 5: Table A5). Thus, due to their proteolytic
actions, these molecules are likely to reinforce the toxic-
ity of venoms of both shrew species.

Apart from structural and functional proteins, we
also identified a few putative toxins in the extracts from
venom glands of both shrew species. In N. fodiens venom
we found four toxins, including proenkephalin A, PLA,,
lysozyme C and ADAM (Table 1), while in S. araneus
venom we found five toxins: proenkephalin A, KLK1,
ADAM, lysozyme C, and beta-defensin (Table 1). Proen-
kephalin, which contains the known toxin peptide sori-
cidin, and KLK1 have recently been characterized in the
venom of B. brevicauda [8]. PLA,, here found only in N.
fodiens venom, is widely distributed among elapid and
viperid snake venoms [78, 79], and is known for various
toxic activities, including neuro- and cytotoxicity [78,
79]. Metalloproteinases (ADAMSs) commonly occur in
venoms of different animal taxa, including snakes, scor-
pions and jellyfish [80-83]. They display cytotoxicity [18,
84, 85] and have recently been reported in venoms of N.
fodiens and S. araneus [7]. All these toxins are respon-
sible for shrew venom toxicity, but the mechanisms of
their action still require investigation. In the extract from
venom glands of N. fodiens, we also found a hyaluroni-
dase that is devoid of toxic activity but is able to hydro-
lyse connective tissue [18]. Therefore, hyaluronidase acts
as toxin spreading factor facilitating the action of other
venom components during envenomation [18].
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Structure and functions of the mammalian salivary glands
Salivary glands are complex because they are structurally
diverse, evolve rapidly, and clearly have several biologi-
cal roles. Additionally, they undergo phenotypic plastic-
ity [86]. On the basis of size and their distance from the
oral mucosa, salivary glands are classified as either major
or minor. Nearly all mammals have three paired sets of
major salivary glands (the parotid, submandibular, and
sublingual glands) as well as hundreds of minor salivary
glands that underlie all the oral mucosa with the excep-
tion of the gingiva, anterior part of the hard palate and
the dorsum of the body of the tongue [86, 87]. Some
carnivores (e.g., ferrets, minks, domestic dogs and cats),
lagomorphs and some ruminants have two additional
major salivary glands: molar and zygomatic [87, 88]. In
some mammals (especially in many bat species), the
submandibular glands exist in a tandem form compris-
ing principal and accessory glands; in a few species, the
parotid gland also may have a binary structure [86].

Histologically, salivary glands are composed of secre-
tory cells (serous or mucous) grouped into larger units,
the so-called lobules. The content from individual units
moves to the intralobular ducts and flows successively
through ducts of increasingly larger diameter, until the
main exit duct ending in the oral cavity [87, 89]. Secre-
tory endpieces may assume several different shapes,
depending on the gland and the nature of the secretory
product. The most common configurations are globular
(also called acini) or they may be in the form of tubules.
In some glands, the endpieces may be an amalgam of
the two shapes. In many animals, the endpieces may be
capped by a second type of secretory cell in the form of
demilunes [86]. The cells that compose the endpieces are
classified according to their secretory products. Serous
cells, which produce a protein-rich secretion that may
include enzymes, are basophilic and contain many dense
secretory granules. Mucous cells produce a secretion rich
in glycoconjugates, and their granules tending to fuse
into a single mass. The third category of secretory end-
piece cells, seromucous cells, share some of the features
of each of the other two types [86].

Originally, the structure of the salivary gland complex
in vertebrates was thought to be related primarily to the
type of food consumed. For example, the proportion of
serous secretion is larger where food is bulky, as in the
plant-eaters [90]. However, in many mammals the phe-
notypic variation of salivary gland cannot be explained
simply by diet [86]. The gland structure varies also with
the way of life. For example, in aquatic mammals, where
soaking the food is not needed, gland structures are ves-
tigial. Their structure may also vary considerably with the
age of individual [90].

Reptiles do not have the large salivary glands seen
in mammals, but they possess glands of the serous and
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mucous types. Three pairs of salivary glands are present
in the monotremes, echidnas, and at least some of the
marsupials. The echidna and the platypus have no acid-
secreting cells in the stomach, so salivary glands secret-
ing digestive enzymes seem necessary to them [90]. The
parotid of the echidna, Tachyglossus aculeatus, is a typi-
cal serous gland with tubulo-acinar secretory endpieces
and a well-developed system of striated ducts. Histo-
logically, the gland is lobulated. The mandibular gland,
although resembling a mucous gland, secretes very little
glycoprotein. Its cells are packed instead with serous
granules, resembling those in the mandibular gland of the
European hedgehog (Erinaceus europaeus). The sublin-
gual glands secrete an extremely viscous mucous saliva.
Expulsion of this saliva through the narrow ducts is prob-
ably aided by contraction of the extensive myoepithelial
sheaths surrounding the secretory tubules [91].

In the Xenarthra, the submaxillary glands are usually
large and the parotid glands are small. In the anteaters,
which have very long tongues profusely covered with
saliva for taking their prey, the submaxillary gland has an
additional bladder-like receptacle functioning as “reser-
voir” to hold saliva in readiness individual [90].

Among the rodents, those species that are exclusively
herbivorous (e.g. the beaver) have large parotid glands,
but in rats, parotid and submaxillary glands are of nearly
equal size. The ruminants, which require a large amount
of watery fluid to mix with their often relatively dry food,
have very well-developed glands. The ungulates have
parotid glands about four times the size of the submaxil-
lary glands. The secretion mixed with the food to form
the “cud” is a highly watery one [90]. Certain breeds of
sheep (and possibly cattle) have a unique type of salivary
gland, situated at the base of the tongue, which has a very
high concentration of lipase [90].

Bats (Chiroptera) have a larger parotid gland in the
frugivorous forms and smaller ones in the insectivorous
forms. Blood-sucking bats have anticoagulants in their
saliva [90]. The luminal surface of endpiece cells usually
bears a few stubby microvilli, but these are extremely
abundant in submandibular glands of the common
vampire bat (Desmodus rotundus). The basal surfaces
of endpiece cells, especially those that are either serous
or seromucous, exhibit considerable interspecific varia-
tion. In frugivorous bats, these surfaces are smooth,
whereas in insectivorous and carnivorous bats they have
an elaborate array of slender basal folds that intermesh
with similar folds from adjacent cells [86]. The Neotropi-
cal fringe-lipped bat (Trachops cirrhosus) feeds on frogs,
many of which have toxins in their skin. Probably for
this reason, T. cirrhosus has a distinctly modified addi-
tional submandibular salivary gland, in which the secre-
tory ends have a follicular architecture. The accessory
submandibular glands of frog-eating bats from Asia and
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Africa have a similar structure, although they evolved
independently of Trachops [86].

The main and most common functions of saliva and
salivary glands include: (1) production of digestive
enzymes that serve to pre-digest food; (2) saliva moistur-
izes (lubricates) the food and dissolves it, making it easier
to swallow; (3) it moisturizes the inside of the mouth and
throat; (4) it maintains appropriate pH in the oral cav-
ity; (5) it has a bactericidal effect (thanks to such anti-
microbial agents as immunoglobulin A, lysozyme and
lactoperoxidase), which protects the oral mucosa against
various potentially harmful factors; (6) protects teeth
against bacterial attack which prevents tooth decay; (7)
it cleans the oral cavity by flushing away food debris; (8)
allows taste perception by solubilizing food chemicals, an
essential step for the stimulation of receptor cells of the
taste buds [87, 89, 90, 92, 93]. There are also more spe-
cific functions that may apply only to some mammal spe-
cies. Some mammals use saliva as a territorial marker. In
others, saliva affects social and sexual behaviour, and thus
reproduction. Saliva helps in maintaining the integument
of newborn and infant offspring, as well as ensures the
therapeutic effects of wound licking [93]. Vampire bats
secrete a strong plasminogen activator in their saliva,
which breaks down fibrin during its formation, thanks to
which blood continues to flow freely from bite wounds.
Several species of mammals have toxic saliva, which they
use to increase the virulence of the bite. Saliva may neu-
tralize toxins (e.g., from the skin glands of some frogs)
[92]. The echidna may use saliva to prevent ants from
stinging (lending an additional protective function of
saliva) [90].

In addition to these functions based on exocrine phe-
nomena, the salivary glands secrete a number of growth
factors and vasoactive substances that are released indi-
rectly into the bloodstream rather than into the oral cav-
ity. In addition, many hormones secreted by other glands
(endocrine) may appear in saliva [86, 87, 92].

Link between protein functions and morphology of shrew
submandibular glands

All of the extant venomous eulipotyphlans produce
venom in submandibular glands [3, 7, 9, 19, 20, 94]. His-
tological studies on glands of B. brevicauda, N. fodiens
and Solenodon paradoxus revealed unusual and enlarged
segments of granule-filled cells in the tubes between the
intralobular ducts and the terminal acini [95]. A granu-
lar segment in the gland of N. fodiens is clearly similar to
that described in Blarina, but the granule-filled cells are
not as enlarged and the secretory granules are smaller.
In Solenodon the submandibular glands are propor-
tionally larger than in shrews, and their secretory ducts
contain large cells with acidophilic granules [94], which
are considered the source of venom [96]. Similar but
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less fully developed segments have been also found in
other shrew species in which no venom is produced. For
instance, submandibular glands of Sorex fumeus, S. paci-
ficus, S. palustris, S. sinuosus, S. trowbridgii, S. vagrans,
and Cryptotis parva contain a granular segment simi-
lar to that described in Blarina and Neomys. No granu-
lar segments were found in Sorex alpinus, S. cinereus, S.
bendirii and S. araneus [95]. Intriguingly, the common
shrew, despite the absence of this granular segment in
its glands, has been recently proven to be venomous, as
its saliva produces haemolysis in frogs’ erythrocytes [7].
Thus, it is likely that granule-filled cells are not the only
source of venom that can lead to discovery of more ven-
omous shrew species in the future. Also, the European
mole (Talpa europaea) is known to have enlarged and
granular submandibular glands [4], no toxicological stud-
ies on its saliva have been performed so far. In contrast,
no granular segments were found in the eastern mole
(Scalopus aquaticus) and the shrew mole (Neurotrichus
gibbsii). Similarly, Pacific marten (Martes caurina), the
white-footed mouse (Peromyscus leucopus), the eastern
meadow vole (Microtus pennsylvanicus), the woodland
vole (Pitimys pinetorum), the common muskrat (Onda-
tra zibethicus), and albino house mouse (Mus musculus)
do not possess such enlarged and granular glands [95].
This indicates that the submandibular glands with a con-
spicuous segment containing granule-filled cells seem
to be unique to the Eulipotyphla, a group of mammals
where most venomous and putatively venomous species
have been discovered thus far [3]. However, as shown in
the common shrew example, possession of enlarged and
granular glands is not obligatory to the production of
toxic saliva.

While the morphology of submandibular glands of
venomous eulipotyphlans is similar, the venom delivery
apparatus (grooved teeth connected to the glands) var-
ies considerably between species, as well as compared to
those of other venomous animal taxa (e.g. snakes). Solen-
odons have enlarged caniniform second lower incisors
with a deep tubular channel on the anterolingual surface
that widens and opens at the base of tooth [3]. These
channelled teeth enable administration of venom into the
prey’s body. In contrast, in venomous shrews such as Bla-
rina and Neomys the enlarged first lower incisors act as a
venom delivery apparatus. However, they are not chan-
nelled but have concave inner surfaces along the lingual
side [94]. These elongated and forward-facing incisors
form a concave trough [3], which is used to administer
venom into the body of prey. A similar shallow groove
in the first lower incisors is also present in S. araneus
and some presumably venomous shrews (e.g. Crocidula
canariensis) [3].

As mentioned above, the submandibular glands are
one of the few glands (apart from the parotids, sublingual
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glands, and hundreds of minor salivary glands that
underlie all the oral mucosa) that form the salivary sys-
tem in mammals [65]. Thus, in venomous eulipotyphlans
they play two basic roles: they produce and secrete saliva
and produce venom. Both, functions of saliva and venom,
are realized by many proteins (recruited to act as tox-
ins in venom) produced and stored in those glands [65].
Interestingly, Caswell et al. [13] observed distinct pro-
tein profiles between the collected saliva and venom of
solenodon. The majority (10 proteins) of venom proteins
detected were also found in saliva, although solenodon
saliva contained additional 48 proteins with diverse func-
tional annotations. This may be indicative of spatial sepa-
ration of gland functions. Spatial differentiation of snake
toxins has been recently revealed in the cobra venom
system [67]. This requires further investigation, to deter-
mine whether a similar spatial separation of toxins and
gland functions occurs in shrews’ submandibular glands.

Mammalian saliva has cleansing, lubricating, demul-
cent, and antimicrobial actions, and additionally medi-
ates taste and facilitates swallowing. It is also essential
for effective sucking and has digestive functions [65].
These particular functions are achieved by a large set of
proteins produced in salivary glands. Many putative pro-
teins identified by us in this work belong to the shrew
salivary system and thus contribute to the saliva actions.
For instance, lysozyme, due to its antimicrobial proper-
ties [76, 77], serves as protection of oral mucosa and
teeth against bacteria. It has been found in saliva of many
mammals such as shrews and mice [97], and was also
confirmed in venom of common vampire bats (D. rotun-
dus) [76]. Amylase, here found only in glands of S. ara-
neus, is a major digestive enzyme. It commonly occurs in
mammalian saliva including human, rodents (rats, mice,
hamsters, guinea pigs, squirrels), rabbits, and other euli-
potyphlans such as hedgehogs and moles [4, 65, 97, 98],
where it begins the process of digestion.

Some of the proteins identified by us have been pre-
viously reported in venoms of other eulipotyphlans,
vampire bats, and platypus [13, 76]. B-defensins, here
detected only in S. araneus, have been identified in platy-
pus venom [99]. Serum albumins, S100 proteins, Ig kappa
chain, cathepsins, histones, annexins, cystatins, actin
cytoplasmic were found in venom and saliva of S. para-
doxus [13], while carbonic anhydrase 6, glutathione per-
oxidase, haemoglobin subunit beta, keratin, lysozyme c,
and semaphorins were confirmed for venom of D. rotun-
dus [76]. Kallikreins (KLKs) and bactericidal permea-
bility-increasing (BPI) proteins were found in venoms
of solenodon and vampire bats [13, 76]. KLKs were also
detected in B. brevicauda venom [8, 10]. Glutathione
peroxidase, S100 proteins and particularly KLKs are also
present in submandibular glands of nonvenomous mam-
mals (e.g., rats and mice) [51, 65, 66].
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Kallikreins deserve special attention as they are ser-
ine proteases and can have diverse functions including
cleaving kininogens to kinins, and thus increasing vas-
cular permeability and lowering blood pressure [10]. As
mentioned above, these proteins have been recently iden-
tified in venoms of Blarina and Solenodon [13], but are
also diverse in nonvenomous mammals (e.g., rats, mice,
hamsters, and even cats) [65, 66], consisting of up to 15
paralogs. In solenodon KLK1-like proteins are present
in both, saliva and venom, but being much more abun-
dant in venom. These findings indicate that KLKs are
the major functional components of solenodon venom
[13]. BLTX identified in Blarina venom also presents
kallikrein-like activity [10]. Recently, more KLKs para-
logs were detected in Blarina venom by Hanf and Chavez
[8]. Thus, KLKs are also considered to be important
components of shrews’ venoms that were recruited into
their venoms to effectively hunt and store prey items. In
turn, paralytic activity of N. fodiens venom is expected to
be related to the presence of PLA, in venom. PLA,s are
common among mammals, but are predominantly pro-
duced in other tissues such as pancreas and kidney [100].
Thus, the presence of PLA, in shrews’ submandibular
glands may indicate the strong need to provide a para-
lytic action of venom for rapid immobilization of larger
prey and gathering it in a comatose state [3, 23].

Venom evolution in eulipotyphlans

Animal venoms have evolved at least 101 times [101].
Within the order Eulipotyphla, few shrew species and
solenodons possess oral venom system, and most remain
almost completely unexplored. Recent studies of solen-
odon genome revealed that its venom consists of multiple
KLK1 paralogs which have been independently co-opted
into the venoms of shrews and solenodons following their
divergence during the late Cretaceous [13, 102]. Thus,
eulipotyphlan venom systems and their toxins evolved at
least twice via the process of convergent evolution. KLKs
occur in many mammals, usually as single-copy ortho-
logs, while the solenodon genome revealed the pres-
ence of at least 15 KLK paralogs. Few KLK copies were
also independently recruited for a predatory role in Bla-
rina venom [8, 10, 11] and one putative copy in venom
of S. araneus (present study). However, in the common
shrew, functional assays must be performed to confirm
the pathophysiological effects of kallikreins. Similar to
shrews and solenodons, hematophagous vampire bats
(e.g., D. rotundus) also have an oral venom system con-
sisting of the submandibular glands in which toxins are
produced and sharp incisors that deliver venom in the
target species [3—6]. Interestingly, KLKs have been pre-
viously identified in their venom/saliva, alongside other
serine proteases activating plasminogen [76, 103]. These
findings represent a fascinating example of molecular
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and functional venom convergence with their distant
eulipotyphlan relatives [13].

Although many proteins related to stress response have
been detected in saliva of nonvenomous mammals [51—
53], it is intriguing that so many putative proteins linked
to stress and cellular stress response are present in S. ara-
neus venom, and to a lesser extent in N. fodiens venom.
On the one hand, high energy demands and the fast pace
of shrew life may lead to stress responses [34—37] and
thus require efficient mechanisms to minimize stress. On
the other hand, venom production and replenishment
are metabolically costly [31, 32]. Therefore, allocation of
energy in toxin synthesis may lead to homeostasis disrup-
tion and thus induce stress response. To cope with stress
and prevent epithelial cells from damage, effective stress
mechanisms should be developed in venom glands. Our
findings show that some proteins can be co-opted into
the shrew venom to act as anti-stress molecules. Future
work is required to assess what molecular functions dis-
play these proteins in shrew venoms (especially in N.
fodiens and S. araneus) and what are their evolutionary
trajectories, as comparative molecular data are currently
unavailable for those species.

Finally, it is intriguing to consider whether molecules
present in saliva may be recruited into shrew venom to
exert antimicrobial properties and thus provide protec-
tion against pathogens. This new venom function has
been recently proposed by few authors [3, 101, 104], but
no empirical data have been provided to confirm it. Our
results show that some proteins are likely to contribute
to defence against bacteria, viruses, and parasites, but
they are rather the components of shrew salivary sys-
tem which aims to ensure the protection of oral mucosa
and teeth against microorganisms. Future molecular and
microbiological research should clarify if any proteins
from shrew venom glands evolved to serve antimicrobial
functions or if they are simply one element of their sali-
vary system.

Conclusions

We report here structural and functional putative pro-
teins in the extracts from venom glands of two shrew
species: N. fodiens and S. araneus. Applying a proteomic
approach coupled with GO enrichment analysis enabled
us to obtain new findings on the homologous molecules
that are involved in venom gland functioning. Most iden-
tified proteins participate in metabolic processes (in N.
fodiens) and cellular stress response (N. fodiens and S.
araneus). The presence of molecules involved in synthe-
sis, cell division and differentiation may indicate high
epithelial cell turnover in shrew venom glands. Well-
developed protein machinery that regulates cell cycles
and cell divisions is necessary to enable quick venom
regeneration and thus ensure the effectiveness of venom
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in prey hunting and food hoarding. A large share of pro-
teins responsible for stress reactions may be related to the
high metabolic rate of shrews and costs of venom pro-
duction. This result suggests that shrews require effective
mechanisms to cope with various stressors (e.g., venom
replenishment), also at the cell level. Some proteins
may promote toxins spreading during envenomation,
while others, due to their proteolytic action, are likely
to reinforce venom toxicity. Finally, a vast array of pro-
teins involved in immune response and defence against
bacteria, viruses and parasites indicates a potential role
of secretions from shrew venom glands in protection
against pathogens. This work opens up new perspectives
for studying biological activity and functions of molecules
from shrews’ venom glands. Applying de novo peptide
sequencing coupled with transcriptomic and genomic
approaches and cross checking with various databases
will provide new protein datasets in shrew venom/saliva
and extend our knowledge on the functioning of eulipo-
typhlan venom systems. Although venom production is
not common in mammals, the majority of existing and
putative venomous mammals use oral venom systems to
inject venom into target species. The methods presented
here provide a promising avenue for confirming or dis-
covering new taxa of venomous mammals.

Materials and methods

Shrew trapping and housing

Trapping sessions were performed in the suburbs of
Poznan (western Poland) from July to September 2017.
In total, we captured 10 water shrews and 10 common
shrews. The captured animals were transported to labo-
ratory and placed separately into large (39x21x28 cm;
23 1) terraria equipped with bedding (a mixture of peat,
moss, and sand). Each terrarium contained a shelter
(upturned clay flowerpot) and a bowl with water. Food
(minced beef and live mealworms, earthworms and
snails) and water were provided ad libitum. Shrews were
kept in the animal room under controlled conditions
(temperature: 21+1 °C; humidity: 65—-70%; artificial pho-
toperiod: 12L:12D). After a week, they were killed using
approved methods to obtain their submandibular salivary
glands in which toxins are produced [7, 9].

Extraction of shrews’ submandibular glands and sample
preparation

Shrews were killed by cervical vertebrae dislocation,
and their submandibular salivary (venom) glands were
dissected (Fig. 1C and D) [9]. Then, 10 pairs of glands
from each shrew species were transferred into 600 pl of
methanol. Tissues were next homogenized, and samples
were centrifuged at 10,000 X g and 4 °C for 30 min. The
supernatants were collected, and the protein content was
determined using a Direct Detect spectrometer (MERCK
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Millipore, Warsaw, Poland). Due to low protein concen-
tration in the extracts from glands collected from a single
specimen, particularly of the common shrew, all 10 pairs
of glands collected from each shrew species were com-
bined together [7, 9, 10]. Thus, two samples (one from N.
fodiens and one from S. araneus) were used for the fur-
ther processing.

Protein identification

Supernatants suspended in methanol were used for sepa-
ration before peptide analysis by reverse phase high-per-
formance liquid chromatography (RP-HPLC). Separation
was performed using a Dionex Ultimate 3000 chromato-
graphic system comprising a dual pump programmable
solvent module. Supernatants were analysed using a Bio-
Basic-18 analytical column (5 pm, 150x4.6 mm; Thermo
Scientific). The samples were eluted with a gradient of
5-60% acetonitrile (ACN)/0.1% TFA with a flow rate
of 0.5 ml/min for 55 min. The eluent was monitored at
214 nm, and fractions (Fig. 4) were collected into 1.5-ml
tubes.

Peptides from the whole extracts and separated frac-
tions (that were proved to be the most active [9] and
with the highest protein content) of N. fodiens and S.
araneus venom glands (Fig. 4) were analysed by liquid
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Fig. 4 Chromatograms displaying separation of the methanolic extracts
from venom glands of Neomys fodiens (A) and Sorex araneus (B). Numbers
above the peaks indicate analysed fractions
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chromatography coupled to tandem mass spectrometry
(LC-MS/MS) using a Nano-Acquity LC system (Waters,
Milford, Massachusetts, USA) and an OrbitrapVelos mass
spectrometer (Thermo Electron Corp., San Jose, CA).
Before performing the analysis, the proteins were sub-
jected to an ion-solution digestion procedure. Proteins
were: (1) reduced with 50 mM TCEP for 30 min at 60 °C,
(2) alkylated with 200 mM MMTA for 30 min at room
temperature and (3) digested overnight with trypsin
(sequencing Grade Modified Trypsin - Promega V5111).
Next, the samples were applied to an RP-18 precolumn
(nanoACQUITY Symmetry® C18 - Waters 186,003,514)
using water containing 0.1% TFA as a mobile phase and
were transferred to a nano-HPLC RP-18 column (nano-
ACQUITY BEH C18 - Waters 186,003,545). The samples
were eluted with a gradient of 0-35% acetonitrile in the
presence of 0.05% formic acid with a flow rate of 250 nl/
min for 180 min. The column was directly coupled to
the ion source of the spectrometer working within data
dependent on the MS to MS/MS switch. To ensure a
lack of cross contamination from previous samples, each
analysis was preceded by a blank run.

The proteins were identified by a Mascot Search
(Matrix Science, London, UK) against the SwissProt and
NCBInr databases. Because only a few toxins have been
identified in shrew venoms so far, we also searched for
homologous toxin/protein sequences detected in unre-
lated venomous animal taxa (toxins) and other nonven-
omous mammals (nontoxic/housekeeping proteins) [7].
The search parameters were as follows: type of search:
MS/MS Ion Search; enzyme specificity: trypsin; fixed
methylthio modification of cysteine; variable modifica-
tions: methionine oxidation; mass values: monoisotopic;
protein mass: unrestricted; peptide mass tolerance: 20
ppm; fragment mass tolerance: 0.1 D; number of missed
cleavage sites allowed: 1; instrument type: HCD. Pep-
tides with Mascot scores exceeding the threshold value of
p<0.05 were considered positively identified. The protein
content was calculated based on the Exponentially Modi-
fied Protein Abundance Index (emPAI) [105].

Analysis of biological functions of proteins from shrews’
venom glands

The biological functions of the identified proteins were
determined by searching the UniProt database (https://
www.uniprot.org/). They were compared through homol-
ogy to other venomous animals (including eulipotyph-
lans) and nonvenomous mammals [7]. All functions were
then classified into 14 categories (Additional file 2: Table
A2). The percentage of proteins displaying particular
functions from each category was calculated (each per-
centage represents here single data points). To under-
stand the cellular processes in shrews’ venom glands,
protein-protein interaction networks were built using
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STRING database (https://string-db.org/) [21, 106]. Pre-
dicted interactions between proteins identified in this
work were analysed based on homology to the common
shrew Sorex araneus (the only shrew species for which
the genome has been sequenced). Then, Gene Ontol-
ogy (GO) enrichment analysis and KEGG analysis were
performed to predict in which biological processes the
identified proteins are involved, and to determine their
molecular functions (GO molecular function analysis).
Finally, GO component analysis was performed to pre-
dict the localisation of particular proteins within the cell.

Abbreviations

ACN Acetonitrile

ADAM(s) Disintegrin and metalloproteinase domain-containing
protein(s)

BLTX Blarina toxin

BQTX Toxin identified in venom of Blarinella quadraticauda

emPAl The Expotentially Modified Protein Abundance Index

GO Gene Ontology enrichment analysis

HSP(s) Heat shock protein(s)

IL-12 Interleukin-12

KEGG Kyoto Encyclopedia of Genes and Genomes

KLK1(s) Kallikrein-1 serine protease(s)

LC-MS/MS  Liquid chromatography coupled to tandem mass spectrometry

PLA, Phospholipase A,

RP-HPLC Reverse phase high-performance liquid chromatography

STRING Search Tool for the Retrieval of Interacting Genes/Proteins
(database)

TRPV6 Transient receptor potential of vanilloid type 6 calcium channel

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540851-024-00236-x.

Additional file 1: table A1: Protein identification in the extract from
venom glands of the Eurasian water shrew Neomys fodiens based on
tandem mass spectrometry analysis. Toxins are shown in bold. Peptide
sequences unique to a specific protein are marked in red

Additional file 2: table A2: Categories of biological functions and num-
ber of proteins identified in the extracts from venom glands of Neomys fo-
diens (NF) and Sorex araneus (SA) displaying particular functions. Note that
because most proteins display more than one function, the total number
of proteins do not sum up to 313 and 187 in NF and SA, respectively

Additional file 3: table A3: Biological functions of proteins identified

in the extract from venom glands of the Eurasian water shrew Neomys
fodiens based on tandem mass spectrometry analysis. Toxins are shown in
bold. Function categories: 1 - Cell division & cell cycle regulation, 2 — Cell
differentiation & tissue development, 3 — Cell migration, 4 — Cell structure
maintenance, 5 - Cell aging & apoptosis, 6 - Signal transduction, 7 — Me-
tabolism, 8 — Transport, 9 — Stress response, 10 — Immune response, 11 —
DNA repair, 12 — Behaviour, 13 - Sensory function, 14 — unknown/not clear

Additional file 4: table A4: Protein identification in the extract from
venom glands of the common shrew Sorex araneus based on tandem
mass spectrometry analysis. Toxins are shown in bold. Peptide sequences
unique to a specific protein are marked in red

Additional file 5: table A5: Biological functions of proteins identified in
the extract from venom glands of the common shrew Sorex araneus based
on tandem mass spectrometry analysis. Toxins are shown in bold. Function
categories: 1 - Cell division & cell cycle regulation, 2 — Cell differentiation
& tissue development, 3 — Cell migration, 4 — Cell structure maintenance,

5 - Cell aging & apoptosis, 6 — Signal transduction, 7 - Metabolism, 8 -
Transport, 9 — Stress response, 10 — Immune response, 11 — DNA repair, 12
- Behaviour, 13 - Sensory function, 14 — unknown/not clear

Page 14 of 16

Acknowledgements
We are very grateful to Urszula Eichert for help in the field work.

Author contributions

All authors conceived and designed the experiments. KK received the funding.
KK and LR obtained the required permits and captured experimental animals.
KK and PM performed the experiments. KK analysed the data and wrote the
first draft of the paper. All authors revised and edited the manuscript. All
authors read and approved the final manuscript.

Funding

The research was financially supported by a grant from the National Science
Centre, Poland (no. 2015/17/N/NZ8/01567 to KK) and, in part, by the budgets
of the Department of Systematic Zoology and Department of Animal
Physiology and Developmental Biology (Faculty of Biology, Adam Mickiewicz
University, Poznan).

Data availability
All data are available in the main text and the supplementary information files.

Declarations

Ethics approval and consent to participate

Trapping procedure, handling, housing of animals and all measurements were
done in accordance with relevant guidelines and regulations. All experimental
protocols were approved by licensing committee: the Regional Directorate for
Environmental Protection in Poznan, Poland (decision # WPN-I1.6401.249.2017.
AC). The study was carried out in compliance with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 February 2024 / Accepted: 25 June 2024
Published online: 15 July 2024

References

1. Blcherl W, Buckley EE, Deulofeu V. Venomous animals and their venoms, vol.
. Venomous vertebrates. London: Academic; 1968.

2. Zhang Y.Why do we study animal toxins? Zool Res. 2015;36(4):183-222.

3. Kowalski K, Rychlik L. Venom use in eulipotyphlans: an evolutionary and
ecological approach. Toxins. 2021;13(3):231.

4. Dufton MJ. Venomous mammals. Pharmacol Ther. 1992;53(2):199-215.

5. Ligabue-Braun R, Verli H, Carlini CR. Venomous mammals: a review. Toxicon.
2012;59(7-8):680-95.

6. Rode-Margono JE, Nekaris KAI. Cabinet of curiosities: venom systems and
their ecological function in mammals, with a focus on primates. Toxins.
2015;7(7):2639-58.

7. Kowalski K, Marciniak P, Rychlik L. A new, widespread venomous mammal
species: hemolytic activity of Sorex araneus venom is similar to that of Neomys
fodiens venom. Zool Lett. 2022,8.7.

8. HanfZR, Chavez AS. A comprehensive multi-omic approach reveals a
relatively simple venom in a diet generalist, the Northern short-tailed shrew,
Blarina brevicauda. Genome Biol Evol. 2020;12(7):1148-66.

9. Kowalski K, Marciniak P, Rosinski G, Rychlik L. Evaluation of the physiological
activity of venom from the Eurasian water shrew Neomys fodiens. Front Zool.
2017:4:46.

10.  Kita M, Nakamura Y, Okumura Y, Ohdachi SD, Oba Y, Yoshikuni M, et al. Blarina
toxin, a mammalian lethal venom from the short-tailed shrew Blarina brevi-
cauda: isolation and characterization. PNAS. 2004;101(20):7542-47.

11. Kita M, Okumura Y, Ohdachi SD, Oba Y, Yoshikuni M, Nakamura Y, et al. Purifi-
cation and characterisation of blarinasin, a new tissue kallikrein-like protease
from the short-tailed shrew Blarina brevicauda: comparative studies with
blarina toxin. Biol Chem. 2005;386(2):177-82.

12. Bowen CV, DeBay D, Ewart HS, Gallant P, Gormley S, llenchuk TT et al. (2013).
In vivo detection of human TRPV6-rich tumors with anti-cancer peptides
derived from soricidin. PLoS ONE. 2013;8(3):e58866.


https://string-db.org/
https://doi.org/10.1186/s40851-024-00236-x
https://doi.org/10.1186/s40851-024-00236-x

Kowalski et al. Zoological Letters

22.

23.

24,

25.
26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

(2024) 10:12

Casewell NR, Petras D, Card DC, Suranse V, Mychajliw AM, Richards D, et al.
Solenodon genome reveals convergent evolution of venom in eulipotyphlan
mammals. PNAS. 2019;116(51):25745-55.

Liao Z, Tang X, Chen W, Jiang X, Chen Z, He K; et al. Shrew’s venom quickly
causes circulation disorder, analgesia and hypokinesia. Cell Mol Life Sci.
2022;79:35.

YanoY, Fukuoka R, Maturana AD, Ohdachi SD, Kita M. Mammalian neurotox-
ins, Blarina paralytic peptides, cause hyperpolarization of human T-type ca
channel hCav3.2 activation. J Biol Chem. 2023;299(9):105066.

Schmidt JO, Blum MS. A harvester ant venom: chemistry and pharmacology.
Science. 1978;200(4345):1064-66.

Gowda R, Rajaiah R, Angaswamy N, Krishna S, Sannanayak VB. Biochemi-

cal and pharmacological characterization of Trimersurus malabaricus snake
venom. J Cell Biochem. 2018;119(7):5904-12.

Lee H, Jung E, Kang C, Yoon WD, Kim JS, Kim E. Scyphozoan jellyfish

venom metalloproteinases and their role in the cytotoxicity. Toxicon.
2011;58(3):277-84.

Pucek M. The effect of the venom of the European water shrew (Neomys
fodiens fodiens Pennant) on certain experimental animals. Acta Theriol.
1959;3(6):93-108.

Pucek M. Neomys anomalus Cabrera, 1907 — a venomous mammal. Bull Acad
Pol Sci. 1969;17:569-73.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
STRING v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets.
Nucleic Acids Res. 2019;47:607-13.

Haberl W. Food storage, prey remains and notes on occasional verte-

brates in the diet of the Eurasian water shrew, Neomys fodiens. Folia Zool.
2002,51(2):93-102.

Kowalski K, Rychlik L. The role of venom in the hunting and hoarding of prey

differing in body size by the Eurasian water shrew, Neomys fodiens. } Mammal.

2018;99(2):351-62.

Rychlik L. Changes in prey size preferences during successive stages of
foraging in the Mediterranean water shrew Neomys anomalus. Behaviour.
1999;136(3):345-65.

Rychlik L. Food handling by the gregarious Mediterranean water shrew
Neomys anomalus. Folia Zool. 1999;48(3):161-72.

Rychlik L, Jancewicz E. Prey size, prey nutrition, and food handling by shrews
of different body sizes. Behav Ecol. 2002;13(2):216-23.

Churchfield S. The natural history of shrews. 1st ed. London: Christopher
Helm/A & C Black; 1990.

Taylor JRE. Evolution of energetic strategies in shrews. In: Wjcik JM, Wolsan
M, editors. Evolution of shrews. Biatowieza, Poland: Mammal Research Insti-
tute of the Polish Academy of Sciences; 1998. pp. 309-46.

Wigger E, Kuhn-Nentwig L, Nentwig W. The venom optimisation hypothesis:
a spider injects large venom quantities only into difficult prey types. Toxicon.
2002;40:749-52.

Morgenstern D, King GF. The venom optimization hypothesis revisited.
Toxicon. 2013;63:120-8.

McCue MD. Cost of producing venom in three North American pitviper spe-
cies. Copeia. 2006;2006(4):818-25.

Nisani Z, Dunbar SG, Hayes WK. Cost of venom regeneration in Para-

buthus transvaalicus (Arachnida: Buthidae). Comp Biochem Physiol A.
2007;147:509-13.

von Merten S, Dingermanse NJ, da Luz Mathias M, Rychlik L. Individual
behavior, behavioral stability, and pace of life within and among five shrew
species. Behav Ecol Sociobiol. 2020;74:15.

Badyaev AV, Foresman KR, Fernandes MV. Stress and developmental stability.
Vegetation removal causes increased fluctuating asymmetry in shrews. Ecol-
0gy. 2000;81(2):336-45.

Foresman KR, Badyaev AV. Developmental instability and the environment:
why are some species of shrews better indicators of stress than others?

In: Merritt JF, Churchfield S, Hutterer R, Sheftel Bl, editors. Advances in the
biology of the Soricidae II. New York: Special Publication of the International
Society of Shrew Biologists (ISSB); 2005. pp. 265-72.

Rychlik L, Ramalhinho G, Polly PD. Response to environmental factors and
competition: skull, mandible and tooth shapes in Polish water shrews (Neo-
mys, Soricidae, Mammalia). J Zool Syst Evol Res. 2006;44(4):339-51.

Oliveira FG, Mathias LM, Rychlik L, Tapisso JT, von Merten S. Metabolic and
behavioral adaptations of greater white-toothed shrews to urban conditions.
Behav Ecol. 2020;31(6):1334-43.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.
50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 15 of 16

Saruta J, To M, Sakaguchi W, Kondo Y, Tsukinoki K. Brain-derived neurotrophic
factor is related to stress and chewing in saliva and salivary glands. Jon Dent
Sci Rev. 2020;56:43-9.

Shchipanov NA, Kasatkin MV. Coexistence of the water shrew (Neomys
fodiens) and the common shrew (Sorex araneus), competing species, in a
fluctuating environment: sociability and space use in a dry habitat. Bi Bull.
2023;50(2):222-35.

Rychlik L, Zwolak R. Interspecific aggression and behavioural domination
among four sympatric species of shrews. Can J Zool. 2006;84(3):434-48.
Churchfield S. Dietary separation in three species of shrew inhabiting water-
cress beds. J Zool (Lond). 1984;204:211-28.

DuPasquier A, Cantoni D. Shifts in benthic macroinvertebrate community
and food habits of water shrew, Neomys fodiens (Soricidae, Insectivora). Acta
Oecol. 1992;13:81-99.

Rychlik L. Differences in foraging behaviour between water shrews: Neomys
anomalus and Neomys fodiens. Acta Theriol. 1997;42:351-86.

Eisenberg JF. The mammalian radiations. Chicago: University of Chicago;
1981.

Hutterer R. Anatomical adaptations of shrews. Mammal Rev.
1985;15(1):43-55.

McNab BK, Eisenberg JF. 1989. Brain size and its relation to the rate of
metabolism in mammals. Am Nat. 1989;133(2):157-167.

Wotk K. The winter food of the European water-shrew. Acta Theriol.
1976;21(6):117-29.

Hutterer R, Hurter T. Adaptive Haarstrukturen Bei Wasserspitzmausen (Insec-
tivora, Soricinae). Z Sdugetierk. 1981;46:1-11.

Banerjee RK, Datta AG. Salivary peroxidases. Mol Cell Biochem. 1986;70:21-9.
Carlsson J. Salivary peroxidase: an important part of our defense against
oxygen toxicity. J Oral Pathol. 1987;16:412-6.

Morita M, Kudo H, Doi Y, Hirano T, lkemura K, Fujimoto S. Enhanced immuno-
cytochemical expression of antioxidant enzymes in rat submandibular gland
after normobaric oxygenation. Anat Rec. 2002;268:371-80.

Amano O, Kudo 'Y, Shimada M, Wakayama T, Yamamoto M, Iseki S. Transient
occurrence of 27 kDa heat-shock protein in the terminal tubule cells

during postnatal development of the rat submandibular gland. Anat Rec.
2001;264:358-66.

Tomisaki H, Sekine J, Inokuchi T, Izumi S, Takano K. Immunohistochemical
identification of HSP47 and type | procollagen-expressing cells in Mongolian
gerbil salivary glands: correlation with age-related fibrotic changes. Oral Med
Pathol. 2004;9:141-8.

Kaufmann SHE. Heat shock proteins and the immune response. Immunol
Today. 1990;11(4):129-36.

Pockley G, Henderson B. Extracellular cell stress (heat shock) pro-

teins — immune responses and disease: an overview. Phil Trans R Soc B.
2017;373:20160522.

Telford I1ISR, Mather TN, Adler GH, Spielman A. Short-tailed shrews as
reservoirs of the agents of Lyme disease and human babesiosis. J Parasitol.
1990;76(5):681-3.

Bray DP, Bown KJ, Stockley P, Hurst JL, Bennett M, Birtles RJ. Haemoparasites
of common shrews (Sorex araneus) in Northwest England. Parasitology.
2007;134:819-26.

Krol N, Obiegala A, Imholt C, Arz C, Schmidt E, Jeske K, et al. Diversity of
Borrelia burgdorferi sensu lato in ticks and small mammals from different
habitats. Parasit Vectors. 2022;15:195.

HaukisalmiV, Henttonen H. Distribution patterns and microhabitat segrega-
tion in gastrointestinal helminths of Sorex shrews. Oecologia. 1994;97:236-42.
Karbowiak G, Rychlik L, Nowakowski W, Wita |. Natural infections of small
mammals with blood parasites on the borderland of boreal and temperate
forest zones. Acta Theriol. 2005;50(1):31-42.

Kowalski K, Eichert U, Bogdziewicz M, Rychlik L. Differentiation of flea com-
munities infesting small mammals across selected habitats of the baltic
coast, central lowlands and southern mountains of Poland. Parasitol Res.
2014;113:1725-34.

Karbowiak G, Stanko M, Smahol K, Werszko J, Rychlik L. Parasitic arthropods of
Soricinae shrews in north-eastern Poland. Animals. 2023;13(18):2960.
Nishiyama N, Saito H, Hayashi K, Satoyoshi E, Furukawa S. Purification and
some properties of a new nerve growth factor from the submandibular
gland of male Suncus murinus. Biomed Res. 1982;3(4):457-60.

Nishiyama N, Saito H. Distribution of nerve growth factor activity in subman-
dibular and prostate glands of various mammals. Biomed Res. 1987,8(1):61-5.
Young JA, Schneyer CA. Composition of saliva in Mammalia. Aust J exp Biol
Med Sci. 1981,59:1-53.



Kowalski et al. Zoological Letters

66.

67.

68.

69.

70.

71
72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

(2024) 10:12

Mori M, Takai Y, Kunikata M, Review. Biologically active peptides in the sub-
mandibular glands - role of the granular convoluted tubule. Acta Histochem
Cytochem. 1992;25:325-41.

Hempel BF, Damm M, Petras D, Kazandjian TD, Szentiks CA, Fritsch G, Nebrich
G, Casewell NR, Klein O, Stissmuth RD. Spatial venomics cobra venom system
reveals spatial differentiation of snake toxins by mass spectrometry imaging.
J Proteome Res. 2023;22(1):26-35.

Zancolli G, Reijnders M, Waterhouse RM, Robinson-Rechavi M. Conver-

gent evolution of venom gland transcriptomes across Metazoan. PNAS.
2022;119(1):22111392119.

Amado F, Jodo Calheiros Lobo M, Domingues P, Duarte JA, Vitorino R. Salivary
peptidomics. Expert Rev Proteomic. 2010;7(5):709-21.

Churchfield S, Rychlik L, Taylor JRE. Food resources and foraging habits of the
common shrew, Sorex araneus: does winter food shortage explain Dehnel’s
phenomenon? Oikos. 2012;121:1593-602.

Churchfield S. Food availability and the diet of the common shrew, Sorex
araneus, in Britain. J Anim Ecol. 1982;51(1):15-28.

Pearson OP. On the cause and nature of a poisonous action produced by the
bite of a shrew (Blarina brevicauda). ) Mammal. 1942;23:159-66.

Ellis S, Krayer O. Properties of a toxin from the salivary gland of the shrew
Blarina brevicauda. J Pharmac Exp Ther. 1955;114:127-37.

Pucek M. Chemistry and pharmacology of insectivore venoms. In: Biicherl W,
Buckley EE, Deulofeu V, editors. Venomous animals and their venoms. New
York: Academic; 1968. pp. 43-50.

Lakshmanan MD, Swapna MN, Swathi Prabhu BR. Mammalian antimicrobial
peptides. In: Ajesh K, Sreejith K, editors. Antimicrobial peptides. Challenges
and Future perspectives. Elsevier: Academic; 2023. pp. 171-95.

Low DHW, Sunagar K, Undheim EAB, Ali SA, Alagon AC, Ruder T, et al.
Dracula’s children: molecular evolution of vampire bat venom. J Proteome.
2013;89:95-111.

van Hoek ML. Antimicrobial peptides in reptiles. Pharmaceuticals.
2014,7:723-53.

Doley R, Zhou X, Kini RM. Snake venom phospholipase A, enzymes. In:
Mackessy SP, editor. Handbook of venoms and toxins of reptiles. New York:
CRC; 2010. pp. 173-98.

Harris JB, Scott-Davey T. Secreted phospholipases A, of snake venoms: effects
on the peripheral neuromuscular system with comments on the role of
phospholipases A, in disorders of the CNS and their uses in industry. Toxins.
2013;5(12):2533-71.

Soto JG, Perez JC, Minton SA. Proteolytic, hemorrhagic and hemolytic activi-
ties of snake venoms. Toxicon. 1988;26(9):875-82.

Fox JW, Serrano SMT. Timeline of key events in snake venom metalloprotein-
ase research. J Proteom. 2009;72(2):200-9.

Choudhary |, Hwang DH, Lee H, Yoon WD, Chae J, Han CH, et al. Proteomic
analysis of novel components of Nemopilema nomurai jellyfish venom: deci-
phering the mode of action. Toxins. 2019;11(3):153.

Rojas-Azofeifa D, Sasa M, Lomonte B, Diego-Garcia E, Ortiz N, Bonilla F, et al.
Biochemical characterization of the venom of central American scorpion
Didymocentrus krausi Francke, 1978 (Diplocentridae) and its toxic effects in
vivo and in vitro. Comp Biochem Physiol C. 2019,217:54-67.

Burin SM, Menaldo DL, Sampaio SV, Frantz FG. An overview of the immune
modulating effects of enzymatic toxins from snake venoms. Int J Biol Macro-
mol. 2005;109:664-71.

Olaoba OT, Karina Dos Santos P, Selistre-de-Araujo HS, Ferreira de Souza

DH. Snake venom metalloproteinases (SVMPs): a structure-function update.
Toxicon: X. 2020;7:100052.

Tandler B, Phillips CJ. Microstructure of mammalian salivary glands and its
relationship to diet. Glandular Mech Salivary Secret. 1998;10:21-35.

Miletich I. Introduction to salivary glands: structure, function and embryonic
development. In: Tucker AS, Miletich |, editors. Salivary glands. Development,

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

104.

Page 16 of 16

adaptations and disease. Frontiers of Oral Biology. Volume 14. Karger; 2010.
pp. 1-20.

Poddar S, Jacob S. (1977). Gross and microscopic anatomy of the major
salivary glands of the ferret. Acta Anat. 1997,98(4):434-443.

Bochenek A, Reicher M. Anatomia cztowieka, Tom Il [Human anatomy. Vol-
ume Il]. Warszawa: Wydawnictwo Lekarskie PZWL; 2006. [in Polish].

Andrew W. Comparative aspects of structure and function of the salivary
glands. In: Screebny LM, Meyer J, editors. Glands and their secretions. New
York: Macmillan; 1964. pp. 3-11.

Van Lennep EW, Kennerson AR, Young JA, Hales JRS. Morphology, histochem-
istry and physiology of the major salivary glands in the echidna Tachyglossus
aculeatus (Monotremata). J Morphol. 1979;159(2):205-19.

Tandler B. Introduction to mammalian salivary glands. Microsc Res Tech.
1993:26(1):1-4.

Tandler B, Gresik EW, Nagato T, Phillips CJ. Secretion by striated ducts of mam-
malian major salivary glands: review from an ultrastructural, functional, and
evolutionary perspective. Anat Rec. 2001,264(2):121-45.

Pournelle GH. Classification, biology, and description of the venom apparatus
of insectivores of the genera Solenodon, Neomys, and Blarina. In: Bucherl W,
Buckley EE, Deulofeu V, editors. Venomous animals and their venoms. New
York: Academic; 1968. pp. 31-42.

Pearson OP. The submaxillary glands of shrews. Anat Record. 1950;107:161-5.
Pearson OP. A toxic substance from the salivary glands of a mammal
(short-tailed shrew). In: Buckley EE, Porges N, editors. Venoms. Washington:
American Association for the Advancement of Science; 1956. pp. 55-8.
Marchetti L, Gabrielli MG, Materazzi G, Menghi G. Cellular compartmenta-
tion of lysozyme and a-amylase in the mouse salivary glands. Immunogold
approaches at light and electron microscopy level. Histol Histopathol.
2000;15:337-46.

Mebs D. Studies on biological and enzymatic activities of salivary glands from
the European hedgehog (Erinaceus europaeus). Toxicon. 1999,37:1635-8.
Torres AM, de Plater GM, Doverskog M, Birinyi-Strachan LC, Nicholson GM,
Gallagher CH, Kuchel PW. Defensin-like peptide-2 from platypus venom:
member of a class of peptides with a distinct structural Fold. Biochem J.
2000;348:649-56.

Six DA, Dennis EA. The expanding superfamily of phospholipase A, enzymes:
classification and characterization. Biochim Biophys Acta. 2000;1488:1-19.
Schendel V, Rash LD, Jenner RA, Undheim EAB. The diversity of venom: the
importance of behavior and venom system morphology in understanding its
ecology and evolution. Toxins. 2019;11:666.

. Barua A, Koludarov |, Mikheyev AS. Co-option of the same ancestral gene

family gave rise to mammalian and reptilian toxins. BMC Biol. 2021;19:268.

. Gardell SJ, Duong LT, Diehl RE, York JD, Hare TR, Register RB, et al. Isolation,

characterization, and cDNA cloning of a vampire bat salivary plasminogen
activator. J Biol Chem. 1989;264:17947-52.

Nekaris K, Moore R, Rode E, Fry B. Mad, bad and dangerous to know: the bio-
chemistry, ecology and evolution of slow loris venom. JVenom Anim Toxins
Incl Trop Dis. 2013;19:21.

. Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, et al. Exponentially

modified protein abundance index (emPAl) for estimation of absolute protein
amount in proteomics by the number of sequenced peptides per protein.
Mol Cell Proteom. 2005;4:1265-72.

. Kowalski K, Marciniak P, Rychlik L. Proteins from toad’s parotoid macroglands:

do they play a role in gland functioning and chemical defence? Front Zool.
2023;20:21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Proteins from shrews’ venom glands play a role in gland functioning and venom production
	﻿Abstract
	﻿Background
	﻿Results
	﻿Proteins from the venom glands of ﻿N. fodiens﻿ link to cell metabolism, stress, immune response and oxidation-reduction processes
	﻿Proteins from the venom glands of ﻿S. araneus﻿ are involved in stress response

	﻿Discussion
	﻿Proteins from the venom glands of ﻿N. fodiens﻿ are involved in venom gland functioning and epithelial cell turnover
	﻿Proteins from the venom glands of ﻿S. araneus﻿ participate in stress response
	﻿Proteins from shrews’ venom glands may contribute to protection against bacteria and viruses
	﻿Proteins from shrews’ venom glands link to toxin secretion and venom toxicity
	﻿Structure and functions of the mammalian salivary glands
	﻿Link between protein functions and morphology of shrew submandibular glands
	﻿Venom evolution in eulipotyphlans

	﻿Conclusions
	﻿Materials and methods
	﻿Shrew trapping and housing
	﻿Extraction of shrews’ submandibular glands and sample preparation
	﻿Protein identification
	﻿Analysis of biological functions of proteins from shrews’ venom glands

	﻿References


