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Abstract 

The antimicrobial properties of spider silk have been a topic of scientific intrigue since ancient times. Despite exten‑
sive research, the question remains unresolved due to conflicting findings and methodological challenges. This 
work revisits and synthesizes current knowledge, proposing that spider cocoons, rather than other spider products, 
serve as a particularly promising focus for investigating antimicrobial factors. This emphasis arises from their critical 
role in parental investment and reproductive success, as the maternal care associated with spider egg sacs sug‑
gests the necessity for enhanced antimicrobial protection to safeguard offspring. By investigating existing research, 
we propose that the protective properties of spider egg sacs may derive not only from the silk itself, but also from 
the eggs contained within, as supported by previous hypotheses. Furthermore, drawing on the body of knowledge, 
we suggest that potential antimicrobial defense mechanisms may extend beyond intrinsic factors, encompass‑
ing interactions with microorganisms, plants, and other possible environmental elements that remain unexplored 
but may likely be interconnected. This review highlights that the potential interplay of these factors may be complex 
and possibly influenced by ecological and biological contexts. Unraveling these dynamics requires an interdiscipli‑
nary approach, incorporating diverse methodologies and perspectives to address the gaps in current knowledge. By 
refining the focus and embracing a broader conceptual framework, future research can provide definitive insights 
into the antimicrobial properties of spider cocoons. Resolving this long-standing question will not only clarify the sci‑
entific debate but also deepen our understanding of spider biology and the adaptive strategies that have evolved 
to ensure reproductive success.
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Introduction
Since the ancient times antimicrobial properties have 
been attributed to spider silk. Spider silk was supposed 
materia medica animalis (a medicine of animal origin) 
and was used in a number of treatments. Depending on 
the assumed therapy an external or internal supply was 
envisaged. For external treatment purposes spider silk 
was used to address i.a., dermatologic, ocular or rheu-
matological conditions, while internally it was used to 
i.a., stop hemorrhages, treat asthma or as a tooth filling. 
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In addition, the spider web was used as an ingredient in 
the preparation of medicinal concoctions or as a patch 
to hold the administered medicine in place. It was also 
believed that spider web coming only from particular 
tree species have treatment capabilities [22, 46, 113, 137]. 
It was unknown whether spider silk actually had cur-
ing potential or it was a mere placebo, so an effect one 
wanted to believe in. In 1995 a term called “Arachnicillin” 
emerged [44] followed by a several articles and forums 
using this word in the upcoming years, showing that 
dilemma around spider silk continues to persist in con-
temporary times and has not been fully resolved.

Throughout the years, this area of research has become 
an apple of discord, as various studies yield differing, 
often contradicting conclusions. Most of the reports are 
fairly recent [5, 15, 92], some [61] present inconsistent 
results, others [100] require methodological clarity due 
to the usage of solvents without considering their antimi-
crobial activity [37]—Table 2), or exhibit lack of control 
groups for contamination [6, 164, 165]. Some and other 
of these contradictions and methodological limitations 
have been summed up and evaluated by another research 
group studying spider silk [40]—Table 1). Their findings 
challenge the hypothesis that spider silk possesses anti-
microbial properties, though even then, the authors do 
not fully exclude this possibility, suggesting that other, 
as yet untested spider species may exhibit such proper-
ties or that spider silk could be effective against microbes 
not examined in the studies. It is important to note, that 
by identifying and synthesizing key methodological chal-
lenges, Fruergaard et al. have significantly advanced this 
area of research, underscoring the need for further meth-
odological refinement and exploration across diverse 
species and microbial targets. The last issue is especially 
important. Careful consideration of the specific types of 
microorganisms used in experimental design is essen-
tial in this area of research. Microorganisms include 
both prokaryotic and eukaryotic forms, yet to date, most 
studies have primarily focused on prokaryotic microor-
ganisms, particularly Gram-positive and Gram-negative 
bacteria. Even within a single bacterial species, strain-
level differences can lead to significantly different out-
comes. The use of standardized microbiological reference 
numbers (e.g., National Collection of Type Cultures—
NCTC) should represent the best practice—especially 
in antimicrobial susceptibility testing—yet it was often 
omitted. Beyond prokaryotes, there are also eukaryotic 
microorganisms, such as fungi, which have received com-
paratively less attention, despite their likely significance, 
as even greater environmental challengers for developing 
spider embryos within the cocoon.

Research has demonstrated that spiders produce 
various types of silk, each derived from distinct glands 

specialized for specific functions. Notably, cocoon silk, 
which is used to enclose and protect a cluster of eggs, 
results from the combined secretions of two specialized 
gland types. This silk plays a crucial role in safeguard-
ing spider embryos, which are rich in energy-dense 
compounds that can serve as a substrate for potential 
pathogenic bacteria and fungi. Given their protective 
function, spider cocoons—often referred to as egg sacs 
or egg cases—represent a promising material for further 
studies [15, 39, 40]. There is still little known about the 
diverse types of cocoons among spiders. Numerous spe-
cies build different types of cocoons, in various habitats, 
each exhibiting diverging macro- and microscopic char-
acteristics in their silk thread [158]. It is currently unclear 
whether cocoons serve not only as physical barriers due 
to their dense silk structure and hydrophobic properties 
[15, 92, 159], but also as biological barriers through the 
potential presence of antimicrobial agents.

If antimicrobial agents are indeed present in spider 
cocoons, do they localize exclusively on the silk threads, 
or are they also found on the energy-rich eggs within the 
cocoon? Moreover, do they exhibit variability in their 
distribution or efficacy (e.g., different on the cocoon’s 
silk and different on the cocoon’s eggs)? Furthermore, is 
there a volatilome (i.e., a compound cloud) encompass-
ing the cocoon silk, akin to the phenomenon described 
by Lammers et al. [77], where the scientists documented 
the existence of an antimicrobial volatile cloud around 
communal silk in social spider species. If so, could this 
be linked to the cocoon’s potential microbiome? Finally, 
could the habitat and life history of spider species signifi-
cantly influence their antimicrobial potential? At present, 
there appear to be no studies providing a comprehensive 
view on this matter, current understanding is primar-
ily derived from fragmented findings. The broad scope 
of the question posed in the title necessitates a multi-
layered analysis, which we are motivated to provide. We 
acknowledge, however, that additional dimensions of 
this topic may emerge beyond those explicitly addressed. 
Nonetheless, we think that advancing research in this 
area remains imperative, particularly given the grow-
ing challenge posed by the phenomenon of antibiotic 
resistance.

The global explosion of broadly antibiotic-resistant 
bacterial pathogens is a relatively recent event [7, 122]. 
It occurred as a side effect of several overlapping factors 
from which, the most significant are: (i) the widespread 
production of antibiotics, (ii) extensive use of antibiot-
ics across various domains of human activity, including 
clinical medicine, veterinary medicine, agriculture, aqua-
culture, horticulture, (iii) microbial adaptability, includ-
ing horizontal gene transfer [7]. This issue is worsened 
by a lack of new drug development by pharmaceutical 
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companies and research institutions, a situation driven 
by diminished financial incentives and stringent regula-
tory requirements. There is a pressing need for coor-
dinated efforts to establish new policies, reinvigorate 
research, and take measures to manage the antimicrobial 
resistance crisis [156]. Furthermore, an increasing body 
of research suggests a correlation between the rate of 
emergence of antibiotic resistance and the rise in global 
temperatures [26, 85, 94], which suggests that the crisis 
will be further amplified by another set of emerging and 
progressing factors regarding climate change. In addi-
tion, the term “silent pandemic” has gained attention in 
the context of the SARS-CoV-2 virus, referring to a quick 
global increase in pathogens’ resistance to antibiotics due 
to irresponsible antibiotic prescriptions for viral infec-
tions and improper usage during worldwide lockdown 
[79, 90, 98]. Discussion about this problem seems to 
extend beyond multidrug resistance (MDR and encom-
pass extensively drug-resistant (XDR and pan-drug 
resistant (PDR microorganisms (Magiorakos et  al. 2012 
[118]).

In response to the current drug resistance crisis, 
exploring new sources of antibiotics has become a press-
ing necessity. Among the underexplored sources, animal-
derived compounds have attracted particular interest due 
to their unique bioactive properties. Within this realm, 
special attention is being given to fatty acids (FAs), and 
antimicrobial peptides (AMPs). Apart from that, animal 
microbiomes (AMBs) have recently emerged as another 
critical focus of research due to their pivotal roles in 
shaping immune system functionality and bolstering 
microbial defense mechanisms in animals [16, 111, 125, 
153, 161].

FAs are a class of lipids that have been known for their 
antimicrobial properties since the late 1880s [145, 169], 
which, due to the discovery and the development of tra-
ditional antibiotic drugs, were neglected for a long time 
[161]. Among others within this group caprylic acid (8:0), 
capric acid (10:0), lauric acid (12:0), myristic acid (14:0), 
palmitoleic acid (16:1), oleic acid (18:1) were documented 
to effectively cause the reduction of colony and inclusion-
forming units in vitro [145].

FAs possess the ability to penetrate cell walls and dis-
rupt the integrity of cell membranes, leading to the 
release of membrane-associated proteins. This disruption 
interferes with electron transport chains, uncouples oxi-
dative phosphorylation, and inhibits key enzymatic activ-
ities, collectively resulting in impaired nutrient uptake 
and respiratory function, ultimately inhibiting microbial 
growth [29, 76]. Additionally, FAs have been shown to 
downregulate genes associated with biofilm formation 
[161]. It has also been observed that microbial cells in 
the logarithmic growth phase are particularly sensitive 

to FAs compared to cells in other growth phases, which 
only supports their role in reducing microbial cell num-
bers [145]. FAs at lower concentrations exhibit a primar-
ily reversible bacteriostatic effect, however, at higher 
concentrations, their detergent-like action exerts an irre-
versible bactericidal effect [76]. Moreover, FAs are said 
not to exist in a free state, due to their high affinity to a 
number of proteins [49] and synergistic effects with other 
compounds like antimicrobials [23, 120, 140, 169] or 
emulsifying agents, which further increase their antimi-
crobial potential [145]. Some of the previously mentioned 
examples of fatty acids were discovered both in hunting 
(i.a., capric, lauric, myristic, palmitic, stearic) [171] and 
cocoon silk (i.a., stearic, palmitic, oleic) [132]. In the lat-
ter case, the authors pointed out that these agents tended 
to dissipate in the later post-embryonic period [132]. This 
observation raises important questions regarding the 
functional role of FAs during the early stages of embry-
onic development, as well as the temporal dynamics of 
cocoon silk composition and its potential adaptive ben-
efits in offspring protection.

Antimicrobial peptides (AMPs) are low molecular 
weight proteins that play a critical role in host innate 
immunity, providing defense against a broad spectrum of 
microorganisms [170]. AMPs exhibit two primary mech-
anisms of action: membrane-mediated and membrane-
independent. In the membrane-mediated mechanism, 
AMPs disrupt membrane permeability, compromising 
cell integrity. In the membrane-independent mecha-
nism, AMPs translocate across the membrane to target 
intracellular processes. There, they can inhibit the syn-
thesis of nucleic acid, proteins, alter enzymatic activity, 
or interfere with proteolytic processes. They can activate 
autolysins, phospholipases, and inhibit septum and cell 
wall formation by interfering with peptidoglycan syn-
thesis [3]. The wide influence of AMPs on essential cel-
lular processes cumulatively leads to cytotoxic effects and 
either microbial inhibition or death. In addition to their 
antimicrobial effects, AMPs exhibit a broad spectrum of 
activities, including immune regulation, angiogenesis, 
wound healing, and antitumor properties [3, 138, 170]. 
A comprehensive collection of AMPs can be explored in 
the Antimicrobial Peptide Database (APD) (https://​aps.​
unmc.​edu/​home), which, as of November 2024, includes 
42 spider-derived AMPs. While the majority of entries 
focus on peptides derived from venom glands, a prelimi-
nary study by Molenda et al. [103] documented the pres-
ence of AMPs, including lysozymes and defensins, in the 
cocoon eggs of Parasteatoda and Pardosa spiders. Nota-
bly, in their studies, protein levels increased progressively 
with embryonic development, suggesting a temporal 
dynamic in the cocoon’s adaptive protective mechanisms, 
akin to those observed for fatty acids. Additionally, the 

https://aps.unmc.edu/home
https://aps.unmc.edu/home
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authors mentioned other low-molecular-weight proteins 
within the cocoon, which may contribute further to its 
defense.

Microorganisms can inhabit animal surfaces, whether 
external or internal, forming intricate and dynamic eco-
systems. Given the metabolic richness of microorganisms 
and their diverse biosynthetic pathways, AMBs may rep-
resent a prolific and largely unmined source of not only 
novel antibiotics but also other bioactive compounds, 
which may alter the growth of microorganisms [2]. 
Despite their ubiquity, the nature and specificity of many 
microorganism-animal host associations remain poorly 
characterized, underscoring the need for further investi-
gations. In this context, the most extensively studied sys-
tems seem to be those of the human gut, which have also 
led to the discovery of new antibiotic compounds [43, 
148]. In spiders, however, comprehensive metabolic pro-
filing of microbial communities remains limited, leaving 
their functional potential largely uncharted. Theoretically, 
such relationships involve the animal host supplying the 
microbial community with nutrients and maintaining rel-
atively stable environmental conditions, while the micro-
organisms, in return, provide the host with enhanced 
protection against pathogen invasions [16]. In the con-
text of spiders’ egg sacs, an intriguing question is whether 
land-dwelling spiders (e.g., Pardosa) recruit soil microor-
ganisms to their egg sacs to harness their antibiotic prop-
erties, potentially bolstering offspring protection while 
simultaneously offering these microorganisms a nutrient-
rich, stable environment within the cocoon. Another crit-
ical area of inquiry is the potential existence of obligate 
symbionts—microorganisms strictly associated with the 
cocoon that are incapable of surviving outside of it. Fur-
thermore, the role of ecological niches and climatic fac-
tors in shaping the antimicrobial potential of spider egg 
sacs remains poorly understood, as do the mechanisms 
that might drive interspecies variations. Currently, there 
is a lack of detailed studies addressing these questions in 
the context of spider cocoons. Investigating the microbial 
communities associated with egg sacs offers an oppor-
tunity to unravel the intricate ecological relationships 
between microorganisms and their hosts. It is important 
to note that studying these interactions may be compli-
cated due to the presence of both cultivable and uncul-
tivable microorganisms within the cocoon. Thus, genetic 
approaches such as metagenomics or 16S rRNA sequenc-
ing could provide a more comprehensive insight into the 
microbial diversity associated with egg sacs. These meth-
ods should allow for detailed exploration of the full range 
of microorganisms present, including those that cannot 
be cultured in vitro, and help to clarify the composition 
and functional roles of microbial communities in these 
complex host-microbe interactions. Such research could 

also pave the way for the discovery and characterization 
of novel bioactive compounds. By identifying the micro-
bial species present and elucidating their roles as either 
symbionts or pathogens, these studies may provide sig-
nificant insights into the resistome of spider egg sacs [16, 
63, 88, 119].

Building on the outlined considerations, we pro-
pose that spiders and their cocoons constitute an excel-
lent model for exploratory research, with many topics 
remaining unresolved. Whether the ultimate findings 
of this "apple of discord" confirm or refute the presence 
or absence of antimicrobial compounds, either outcome 
stands to significantly deepen our understanding of spi-
der biology. This dual potential underscores the value of 
such investigations, presenting an opportunity to expand 
knowledge regardless of the conclusion. As for the fol-
lowing sections, we aim to consolidate existing infor-
mation and offer a distinct perspective on the topic by 
incorporating often omitted ecological aspects. Whether 
spider cocoons can or cannot be equipped with antimi-
crobial factors is a question requiring taking into account 
ecological interactions that spider species face with in a 
coevolutionary arms race. Finally, by addressing some of 
the complexities in this field, we hope to lay a more pro-
found framework, which will inform and further guide 
the research in this still unresolved topic.

Spider egg sacs
Parental investment and maternal care
Parental investment as defined by Trivers [151], encom-
passes any allocation of resources or effort by a procre-
ating organism to enhance the survival and reproductive 
prospects of their offspring, even at costs to the parent 
[130]. In spiders, this investment predominantly falls on 
the females rather than males, leading to females exhib-
iting greater selectivity towards males, which is con-
sistent with the theory of mate choice [25, 38]. Shortly 
after insemination, females retreat to or organize their 
hideout, where they start to construct and manage their 
cocoons [18, 39]. Spider maternal care consists of two 
components: constructing behavior (CB) and manage-
ment behavior (MB) occurring consecutively [39, 62, 
131]. CB consists of several stages, where females create a 
basal plate, cylindrical walls, deposit eggs inside, and coat 
the egg sac chamber with a cover plate. Following this 
initial assembly, a series of finishing steps occur, which 
include adding additional loops of threads to the top of 
the cover plate or creating suspension threads to attach 
the cocoon to the nearby elements of the environment 
(e.g., leaves, twigs). Occasionally, an intricate network 
of camouflage may be interwoven, further enhancing 
the cocoon’s adaptive properties within its surround-
ings [39]. Interestingly, the camouflaging pigments were 



Page 5 of 17Glenszczyk et al. Frontiers in Zoology            (2025) 22:9 	

hypothesized by authors of another study to play a pro-
tective role against external microorganisms [17, 32, 
131]. We find this is especially interesting, as in Pardosa 
genus (which contains 534 species), there are species that 
seem to not produce cocoon pigments at all (e.g., Pardosa 
bifasciata), and in such cases the egg sac remains white/
ivory in color, while typical egg sac of other species in 
this genus varies from yellowish brown to dark bluish. 
It is believed that females are able to perceive and judge 
the condition of their cocoons, which results with add-
ing repairs to severed threads or even eating the egg sac 
if it is abnormal [65, 66], which could probably function 
as a way of cessation of further parental expenditure and 
regaining part of the already allocated resources. In addi-
tion, certain spider species (e.g., Cyrtophora citricola, 
Cupiennius salei) seem to demonstrate a higher degree 
of adaptability of CB, exhibiting the capacity to modify 
their activities in response to changes in environmen-
tal conditions, which may be exhibited by resuming the 
construction after a pause or adjusting position accord-
ingly to the alterations of cocoon’s angle [70, 97]. Con-
versely, other species appear less adaptable, and when 
confronted with such changes, they tend to start the CB 
all over focusing on a new cocoon [39]. After completion 
of cocoon construction, MB occurs, during which female 
spiders typically nurture and protect the cocoon until the 
emergence of juvenile spiders. Notably, in certain genera 
(e.g., Pardosa) females travel with cocoons and perforate 
them to allow the offspring to emerge [131]. Further-
more, MB may extend beyond cocoon protection, when 
females continue to provide resources to their offspring 
after their emergence and up until their dispersal. These 
strategies are usually very costly to the female [17, 39, 62, 
168]. In extreme cases, a matriphagy is observed, where 
the female is consumed by her offspring in order to pro-
vide a massive amount of nutrition to the juveniles [68, 
149].

Eggs and their protection.
Eggs are provided with rich nutritional resources of 
organic compounds, including proteins, lipids, carbo-
hydrates, vitamins, and minerals, existing in various 
proportions. They act as precursors for the formation 
of lipovitellins, which serve as essential nutrients for 
developing embryos [71, 73, 74]. The number of eggs 
inside of spider cocoon differs from genus to genus. For 
comparison, Pardosa spiders lay about 25–45 eggs [150], 
while Parasteatoda can lay up to 400 eggs [54, 95, 101]. 
Besides, females will lay an additional number of trophic 
eggs into the egg sacs, which serve as an extra source of 
nutrients for the juveniles [67].

Embryonic development within spider egg sacs can be 
broadly divided into two principal stages: the embryonic 

period (EP) and the post-embryonic period (PEP). In wolf 
spiders, each stage lasts for up to 15  days [150], which 
means that the entire cycle from egg deposition to the 
emergence of juveniles in this spider group takes approxi-
mately one month. These stages appear, to some extent, 
correspond with the previously mentioned CB and MB, 
with EP paralleling with CB period and PEP with MB. 
It is important to emphasize that there are significant 
developmental differences across all spider species. Gen-
erally, spiders inhabiting warmer environments exhibit 
slower development at lower temperatures, whereas 
those from colder habitats show delayed development at 
higher temperatures [82]. Moreover, embryos in certain 
genera (e.g., Linyphiidae) require an additional period 
of diapause (i.e., developmental dormancy), which fur-
ther influences the span of whole developmental cycle 
[53, 136]. Climatic factors, particularly temperature, in 
relation to species-specific life history traits, ecological 
strategies, and microhabitat conditions, have been docu-
mented to exert a significant impact on the rate of devel-
opment of spiders [82, 110]. Currently, it remains unclear 
though, how these factors would influence possible anti-
microbial potential, as studies addressing and describing 
the biochemical and metabolic processes associated with 
spider development and reproduction are limited [128]. 
It could be suspected, however, that irrespective of the 
absolute duration of ontogenesis, the most critical fac-
tor for antimicrobial activity could be the actual devel-
opmental stage at which the embryo is, as it will dictate 
the levels and management of energetic and regulatory 
substrates, including those with immunological role and 
potential antimicrobial properties [128, 150].

In the cocoon the eggs form a clutch, which is held 
together by a milky-white mucus also called oviposition 
fluid which disappears within a short time after oviposi-
tion, after that the eggs retain softly bonded together by 
the remaining residues of the mentioned secretion mixed 
with inner cocoon’s silk threads [31]—Fig. A). We refer to 
this structure as “cocoon’s silk core”. Based on our obser-
vations (Fig. 1), the core is clearly distinguishable in some 
genera, such as Eratigena or Parasteatoda, as the inner 
silk threads that envelop it usually differ in color and 
other properties from the rest of the cocoon. For exam-
ple, in Eratigena the cocoon’s silk core is created by yel-
lowish, tight-knitted silk threads which differ from the 
cottony white threads that surround it. In Parasteatoda 
the core is created by grayish cottony threads, which are 
distinguishable as the rest of the cocoon threads remain 
fawn. In some genera like Pardosa, the cocoon’s silk core 
is absent, and the eggs are easily accessible after unseal-
ing the pronounced seam running around the cocoon.

Cocoon’s eggs are typically spheroid in shape, and come 
in various colors depending on species. From orange, 
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through yellow to white (Fig.  2). Typically, they are ala-
baster/ivory [31]. In addition, we have observed that eggs 
change their color with time, with alabaster/ivory color 
shortly after oviposition, and yellowish/orange during 
later stages of development. Other than that, the eggs 
were documented to be thin-layered within a relatively 
stiff parchment-like cocoon [14].

Eggs are coated with a layer of chorion, which is 
formed in the genital tract. Chorion can be differenti-
ated further into: exochorion, with characteristic granu-
lar structures, which come in different sizes and form 
sparsely or aggregated arrangements without any par-
ticular order, and an endochorion, a layer that lies under 
the exochorion, which covers the vitelline membrane 
(Fig. 3) [31]. Morishita et al. [108] have documented that 
the granules of the chorion are produced within the ovi-
duct and are later mixed with lustrous material within 
the uterus. Contrary to that, Michalik et  al. [99] have 

pointed towards the uteral production of these struc-
tures, and Humphreys [60] did not find chorion gran-
ules within the spider’s oviducts. Given that, we show a 
favorable stance toward the notion that the very possible 
differences in place of production, together with discrep-
ancies in size and density of chorion granules may repre-
sent of what is known as a “fingerprint” of species [31, 47, 
48, 60]. Granular structures of exochorion are hypoth-
esized to play a protective role towards the egg, similar 
to what was documented in many insect species [35, 87]. 
Interestingly, no other arachnid shows similar character-
istics, meaning that this phenomenon is exceptional and 
remains evolutionary conservative to Araneae only and is 
an attribute of some importance [59]. Yet it is essential to 
note that there is limited data about this matter, exclu-
sively for spiders. Conti et al. [31] suspect that granules of 
exochorion help to absorb water needed for development 
of the embryos, while the endochorion beneath prevents 
dehydration and serves a mechanical function. Makover 
et  al. [92] noted that granules are, in fact, superhydro-
philic, while the rest of the egg surface is hydrophobic in 
nature. In this study it was also documented that spheres 
bear a positive charge, which should reduce the surface 
adherence ability of bacteria and consist of low molecular 
weight proteins which could point towards the existence 
of potential antimicrobial peptides (AMPs). Humphreys 
[59] noted that spheres bear the ability to adhere to the 
parasites emerging from the cocoon eggs. These studies 
point towards the confirmation of hypotheses that exo-
chorion granules may play a defense role for the eggs.

Eggs of certain spider species have been documented 
to contain proteins with broad-spectrum antimicrobial 
activity against both Gram-negative and Gram-positive 
bacteria. Buffkin et  al. [24] investigated the toxicity of 
black widow spider (Latrodectus hesperus) eggs. Their 
findings indicated that toxicity was present only in the 
eggs of Latrodectus species, whereas eggs from Loxosceles 

Fig. 1  Photographs of opened spider cocoons. Parasteatoda, Eratigena, Pardosa. In the first two—cocoon’s silk core present; in the last one—
cocoon’s core absent. Photographs by Mateusz Glenszczyk (Author)

Fig. 2  Pardosa sp. cocoon’s eggs shortly after oviposition. 
Photograph by Mateusz Glenszczyk (Author)
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and Araneus showed no toxic effects. The study also 
quantified lethal doses (mg/kg) for egg sacs of varying 
ages. Interestingly, Buffkin et  al. referenced [69], who 
reported the presence of toxic compounds also in the 
unhatched eggs. Buffkin et al. concluded that the "poison" 
found in eggs differs from venom. This claim is supported 
by [4], who demonstrated that extracts from Latrodectus 

tredecimguttatus eggs contained toxins immunologi-
cally distinct from venom gland-derived toxins. Yan et al. 
[167] further elucidated that these egg-derived toxins are 
proteinaceous, comprising both high-molecular-weight 
(> 10  kDa) and low-molecular-weight (< 10  kDa) pep-
tides. Li et al. [83] observed that eggs contain more pro-
teins with the catalytic activity and binding functionality 

Fig. 3  Scanning electron micrographs (SEMs) of spider eggs (material from salticidae, theridiidae): intact egg; surface structure displaying 
the granular membrane; granular membrane after removal; regions of granular formation on the membrane, together with regions after granular 
fall off. Top photographs by Mateusz Glenszczyk (Author). Bottom photographs by Izabela Potocka, used with author’s permission
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than venom, showing distinct, more complex toxicity 
mechanisms. Subsequent studies by Li et  al. [84] led to 
the isolation of novel toxic proteins from Latrodectus 
tredecimguttatus eggs, designated Latroeggtoxin-I and 
Latroeggtoxin-II. In later work, Lei et  al. [81] expanded 
this repertoire by isolating Latroeggtoxin-III and Latro-
eggtoxin-IV, which were evaluated for antimicrobial 
properties. The latter demonstrated significant inhibitory 
activity against a range of bacterial pathogens, including 
Staphylococcus aureus, Salmonella typhimurium, Bacil-
lus subtilis, Escherichia coli, and Pseudomonas aerugi-
nosa. Antimicrobial assays utilized protein-coated discs 
alongside ampicillin as a positive control, highlighting the 
potential of these compounds as broad-spectrum antimi-
crobial agents. Last but not least, the authors conducted 
transcriptome and protein database search, and observed 
that Latroeggtoxin-III shows high homology to that of 
vitellogenin. The observation of this team shows that in 
the case of black widow spider, the eggs are equipped 
with their own individual defense mechanisms.

Silk
Modern studies have documented silks in spiders are 
produced by seven different glands depending on their 
intended usage: aciniform (prey cache cocoons, egg sac 
internal layer—basal plate); aggregate (sticky coating on a 
capture frame of web); major ampullate—MA (web outer 
frame, dragline); minor ampullate—MI (web reinforce-
ments); flagelliform (web capture frame); piriform (web-
substrate attachments) and tubuliform also known as 
cylindriform (egg sac external layer—cover plate) [19, 39, 
42, 52, 57]. Research conducted in molecular science have 
documented that a single silk fibre is made of protein 
building blocks coming from one family called spidroins 
[13]. Typical spider silk fibre is made from MA spidroin 
nanofibrils, which are wrapped up together and coated 
by a MI spidroin layer (also described as “Skin”), form-
ing an inner covering which is topped by a glycoprotein 
layer covered by a lipid coating forming an outer cover-
ing. This outer covering is thought to function as sericin, 
which in insects was documented to have antimicrobial 
properties [127]. It is important to highlight that most of 
studies researching spider silk are focused mostly on Ara-
noidea spider superfamily, which functions as a model 
example, but comprises only about quarter of spider 
species. The amount of data about the diversity of gland 
morphologies and properties of the silk in other spiders 
is scarce. Fortunately, recent research slowly changes 
the state of current knowledge in this area (e.g., [141]). 
Moreover, there also seems to be a rising awareness in 
this matter with new projects undertaking to catalog spi-
der silkomes (https://​spider-​silko​me.​org/) [9], but as for 
now, they are not focused around investigating possible 

antimicrobial properties. Spider silk is thought to be anti-
microbial, meaning it is presumed to exhibit both anti-
bacterial and antifungal properties. There are multiple 
studies, that document this effect or oppose this notion, 
showing no antimicrobial resistance [5]. This, unfortu-
nately, makes this subject problematic and challenging 
to navigate through. This topic, together with methodo-
logical limitations, was already described in Fruergaard 
et al. [40], and further reviewed by Schwenck et al. [137]. 
To avoid unnecessary redundancy, we will refrain from 
exploring it further here. So far, there seems to be no sci-
entific consensus on this matter. As mentioned before, 
spider egg sacs are mainly composed of aciniform and 
cylidriform types of silk. Zortea and Fischer [172] have 
observed delayed prey decomposition in prey cache 
cocoons (i.e., cocoons encapsulating victims), which 
are mainly composed of aciniform type of silk. While it 
shows rather a microstatic than an antimicrobial effect, 
this observation opens a question about similar potential 
in egg sacs, given the fact that they too are composed of 
this type of silk. It has been proposed that the silk of the 
cocoon serves to shield the eggs from a range of threats, 
both abiotic (e.g., temperature fluctuations, humidity) 
and biotic (predators, parasites) [11, 12, 39]. Babczyńska 
et al. [15] suggested that it acts as a microbiological sieve 
preventing potential pathogens from getting through, 
and Vetter et al. [159] have documented that water-based 
pesticides cannot effectively penetrate the cocoons due 
to the hydrophobic nature of thevtightly knit egg sac’s 
silk. Ruhland et  al. [131] discuss the pigments depos-
ited on egg sacs silks by female spiders, hypothesizing 
that they may play a protective role against microorgan-
isms. As for now, it was documented that silk pigments 
contain quionones, phenols, porphyrins, carotenoids, 
and xanthuric acid [21, 41, 55, 56, 123]. Quinones and 
their derivatives are a large family of natural compounds 
showing certain colors such as yellow, orange, brown, 
red, and others. They are documented for a broad range 
of bioactivity, including antimicrobial capability [36, 135]. 
The identified mechanisms include irreversible bind-
ing with nucleophilic amino acids in proteins, leading to 
their functional modification or inactivation,disrupting 
ribosomal machinery by inhibiting S4 protein synthesis; 
impairing surface-exposed adhesins, cell wall polypep-
tides, and membrane-bound enzymes; and depriving 
microorganisms of essential substrates [135]. Moreover, 
these compounds have been observed to inhibit biofilm 
formation, in a process believed to rely on the genera-
tion of reactive oxygen species (ROS) [34, 72, 129]. Phe-
nols (sometimes called phenolics), a class of compounds 
found in various essential oils, have been shown to 
exhibit inhibitory, microbicidal, and anti-biofilm prop-
erties against a wide spectrum of microbial species. 

https://spider-silkome.org/
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This includes fungal genera (e.g., Aspergillus, Fusarium, 
Penicillium, Trichophyton, Microsporum, Cryptococcus), 
bacterial genera (e.g., Bacillus, Staphylococcus, Strepto-
coccus, Escherichia, Pseudomonas, Listeria, Enterobac-
ter, Proteus), and yeast genera (e.g., Candida) [135, 155, 
160]. The antimicrobial mechanisms of phenols include: 
(1) alteration of membrane function and structure by 
interacting with membrane lipids and proteins disrupt-
ing their integrity and function, which leads to modifi-
cations in membrane potential and leakage of cellular 
content, (2) intracellular acidification and coagulation of 
cytoplasmic constituents, causing disturbances in cellular 
activities (e.g., ATP production); (3) inhibiting/inactivat-
ing important enzymes (e.g. DNA-gyrase) which causes 
disturbances in replication and transcription of DNA; (4) 
disturbing biofilm formation by affecting bacterial adher-
ence mechanisms through the generation of ROS [117, 
160]. Porphyrins exhibit antiviral and antimicrobial activ-
ity, primarily due to their high affinity to bind to cellular 
structures like membranes, proteins, and DNA, mixed 
with their ability to induce photosensitization and gen-
erate ROS [8, 143]. Carotenoids have been documented 
for their antimicrobial properties [102]. However, it is 
important to note that spiders lack the ability to synthe-
size carotenoids de novo [21], making them dependent 
on dietary sources to obtain these compounds. Lastly, 
xanthurenic acid, acquired from T. clavata golden dra-
gline silk was shown to have a slight antibacterial effect 
against both Gram-negative (Escherichia coli) and Gram-
positive (Bacillus subtilis) bacteria. This inhibitory effect 
was documented based on OD600 measurements in 
a LB broth medium tests [41]. No other studies show-
ing antimicrobial activity for this compound could be 
found. However, xanthurenic acid has been documented 
to inhibit human glioma cells, as reported by Nayak and 
Buttar [112].

Taking all of that into account, most of the compound 
families present in silk pigments have demonstrated 
antimicrobial potential in other studies. The synthesis of 
these pigments likely involves a considerable metabolic 
cost, indicating that they serve crucial functions. None-
theless, it is important to note that not all spider species 
produce pigments in their silk [32]. We propose that the 
protective role of cocoon pigments against insects may 
also involve an additional sensory ecology aspect. The 
color of the egg sac, which often appears conspicuous 
to the human eye, might instead blend with the back-
ground from the perspective of potential predators, 
thereby reducing predation pressure. Exploring these and 
other spectral properties of spider cocoons in order to 
understand how their parasitoids perceive them presents 
another intriguing research opportunity [17, 32] add-
ing next bits of possible knowledge to the spider cocoon 

topic, which could be investigated in the research based 
on methods and ideas presented in Glenszczyk et al. [45].

Furthermore, Lammers et  al. [77] documented the 
existence of agents with both insecticidal and antimicro-
bial properties in the volatilome (i.e., compound cloud) of 
the communal silk in social spider Stegodyphus dumicola. 
The authors noted that most of the identified substances 
were well-known in the literature, having been previously 
reported in the essential oils of plants, insects, and, nota-
bly, in microorganisms such as fungi, bacteria, and algae. 
This finding raises questions not only about the potential 
composition of compounds in spider cocoon silk but also 
about the structure of its potentially unexplored micro-
biome, which could be responsible for producing them.

Ecological interactions
Life history theory provides an evolutionary framework 
for understanding how organisms allocate their limited 
resources across different stages of their life cycle, includ-
ing growth, reproduction, and survival. The associated 
traits, such as brood size, offspring viability, reproductive 
effort, and parental investment, evolve under a constant 
natural selection to address specific ecological challenges 
determined by a changing environment [114, 142, 163]. 
Microorganisms are ubiquitous throughout the bio-
sphere, influencing other organisms in a variety of ways, 
from imperceptible to beneficial, or even harmful. When 
these interactions are detrimental, they present a biotic 
ecological challenge that also drives the evolution of life 
history traits in other organisms to counteract or miti-
gate their effects [115, 124].

An animal’s ability to mount an adaptive and effective 
immune response against pathogenic microorganisms 
is known as immunocompetence [115]. This response 
usually comes with a range of trade-offs, as the available 
resources that can be allocated are often limited [80, 96, 
107, 139, 157]. Measuring immunocompetence comes 
as problematic. For some groups of animals like spiders, 
the number of commercially available associated tests, 
assays, tools, etc., is very limited, and thus a scientist is 
constrained to products that are evolutionary conserva-
tive [33, 91]. Moreover, the assessments must always be 
done for a range of components, ideally within a sin-
gle experiment [115], which not only increases the cost 
of such a venture but may also be difficult to achieve 
methodologically and requires good planning ahead. In 
some animals, the scope of immunological response for 
each of the developmental stages is largely unknown, 
which makes this issue even more difficult to navigate, 
but it does not mean that the scientists are not trying to 
understand it better [33]. It is important to acknowledge 
that while immunocompetence is connected to physiol-
ogy and may be measured through tracking biological 
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markers, it is also related to morphology and behavior in 
animals [139], which was proven in multiple studies [96, 
133, 134, 157]. Last but not least, immunocompetence 
must be regarded from the perspective of a particular 
population and a habitat, rather than the whole species. 
Nevertheless, the ability to generate an immunologi-
cal response by a given population also provides us with 
information about the capabilities of species as a whole 
during the evolutionary arms race [80].

The concept of immunocompetence is also relevant 
to spider cocoons, as they too are susceptible to envi-
ronmental factors, which may disrupt the development 
and survival chances of juvenile spiders, thus negatively 
impacting the parental investment made by female spi-
ders. Humphreys [60] discussed three levels of protection 
for the egg sac, which counter these environmental chal-
lenges. The first two—the dense webbing of the cocoon, 
and the granule coating of the eggs are hypothesized to 
serve both abiotic and biotic defense. In addition, they 
are supported by the third, behavioral level, which is 
maternal guarding of the egg sac. These levels seem to 
correspond with the outlined morphological, physiologi-
cal, and behavioral domains of immunocompetence, and 
all of them seem to show a great variance across different 
species of spiders.

Microbial dynamics
Spider cocoons are formed in environments and habitats 
that are far from sterile, which could explain the evolu-
tionary necessity of equipping them with antimicrobial 
properties. Furthermore, different spider species occupy 
distinct ecological niches, which may influence the level 
of exposure their cocoons may have to microorganisms. 
For instance, the model genera Parasteatoda sp. (Theridi-
idae) and Pardosa sp. (Lycosidae) exhibit different strate-
gies in cocoon management, shaped by their respective 
habitats. Pardosa sp. (ground-dwellers) spiders transport 
their cocoons across the substrate, whereas Parasteatoda 
sp (web-builders) suspend their cocoons away from the 
ground on pre-spun webs. Given that the substrate is a 
known reservoir of pathogenic microorganisms [78], 
one could hypothesize that Pardosa sp. cocoons, due 
to their more frequent contact with the substrate and 
the associated increased risks of mechanical damage 
and pathogenic exposure, might exhibit higher immu-
nocompetence compared to those of Parasteatoda sp., 
whose cocoons, suspended on webs, face different eco-
logical challenges. Another important matter concerns 
the microbial communities associated with egg sacs. Are 
there notable differences between individual spiders of 
the same species, or is the composition of microorgan-
isms relatively consistent within a species, reflecting a 
unique fingerprint? Additionally, how much do microbial 

communities vary between different spider species, and 
are there taxa that are consistently present on the egg 
sacs of every spider species?

Currently, there is compelling evidence that spider 
silk is not sterile and can host microorganisms [40]. Liu 
[86] conducted a taxonomic analysis of possible bacte-
ria on egg sac silk of Lactrodectus hesperus using next-
generation sequencing (NGS), and found the presence 
of genera such as: Bacillus, Delftia, Enterococcus, Ery-
sipelotrichaceae, Gilliamella, Lactobacillus, Lactococcus, 
Mycobacterium, Pelomonas, Pseudomonas, Sporosarcina, 
Staphylococcus. The study further highlights the capacity 
of bacteria to adhere to silk fiber surfaces and establish 
biofilm formation within a few hours. Notably, the study 
also reveals a significant inhibition of Bacillus megate-
rium growth by egg sac silk in microbial culturing experi-
ments. This finding aligns with observations by Wright 
and Goodacre [165], who reported that silk from Tege-
naria domestica (Agelenidae) inhibited Bacillus subtilis 
growth, and suggested the presence of antibacterial com-
pounds on spider silks. Recently, Tsiareshyna et al. [152] 
reported the presence of other bacteria, namely Novo-
sphingobium sp. and Microbacterium sp., on Trichoneph-
ila clavata (Nephilidae) spider webs. These bacteria are 
believed to enhance silk properties by depositing bacte-
rial EPS (exopolysaccharides) onto the silk’s surface. Both 
species have been associated with soil, and previous stud-
ies have demonstrated that Microbacterium sp. exhib-
its antifungal activity [166]. Other known interactions 
between microorganisms and spider silk have been docu-
mented in the social spider Mallos gregalis, where yeast 
colonies residing on the silk produce a sweet odor that 
attracts additional prey. Microorganisms associated with 
the silk are thought to arise from prey remnants incorpo-
rated into the silk matrix, with partially consumed prey 
serving as a nutrient-rich medium for microbial growth. 
This phenomenon underscores a unique and intricate 
interspecific relationship. Notably, researchers have 
observed that the sweet odor transitions to an ammonia-
like scent prior to spider colony collapse or mass emi-
gration, suggesting that the silk-associated microbiome 
represents a dynamic and temporally variable system 
[146].

Conversely, several studies [1, 28, 53] have reported 
fungal infestations of spider cocoons. Horel and Guner-
mann [1] have observed that the presence of female 
spider prevented cocoon’s molding, but were uncertain 
towards the protection mechanism that ensured this. 
They hypothesized that it could be via additional weave 
of silk fibres [121] or “some antiseptic fluid” injected 
through the egg sac’s envelopes [30]. Mongkolsamrit 
et al. [103–106] identified fungi genera such as Gibellula, 
Hevansia, Jenniferia, Polystromomyces, and Bhushaniella, 
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which display morphological adaptations enabling them 
to infiltrate egg sacs. For documented instances, there 
was a visible growth of mycelium covering the cocoon, 
which seemed to be a clear indicator showcasing a repro-
ductive failure, as the eggs from such a cocoon were 
unlikely to develop. These fungi species could be pre-
dominantly found in leaf litter, on the ground, beneath 
leaves, or on plant stems, meaning their occurrence was 
rather abundant in spiders’ habitat. Notably, the authors 
emphasized that fungal attacks on cocoons are relatively 
uncommon, with both juvenile and adult spiders being 
particularly vulnerable to fungal parasitism. Nyffeler and 
Hywel-Jones [116] have documented ongoing discover-
ies and descriptions of new species of spider-pathogenic 
fungi. Despite difficulties in estimating their true diver-
sity, it was argued that the number of yet undescribed 
species could easily exceed one thousand. This obser-
vation, however, raises intriguing questions about the 
notable absence of comprehensive reports of mutualistic 
relationships between spiders and fungi. Does this sug-
gest that, in most cases, fungi predominantly form para-
sitic or opportunistic associations with spiders? In other 
invertebrates, such as insects, fungi are known to form 
mutualisms in which antimicrobial protection is a wide-
spread phenomenon, especially if one of developmental 
stages include frequent contact with soil or plants [20]. 
In addition, authors point out that the mutualistic sys-
tems often overlap, arguing that fungi species which par-
ticipate in protective mutualism providing antimicrobial 
defense often also partake in nutritional mutualism pro-
viding sustenance.

Other recent studies [109] have documented the pres-
ence of maternally inherited endosymbiotic bacterial 
species, including Rhabdochlamydia, Wolbachia, and 
Spiroplasma, in the eggs of the brown widow spider, 
Latrodectus geometricus (Theridiidae). Additional endo-
symbionts, such as Rickettsia and Cardinium, have also 
been reported in other spiders [154]. Endosymbionts are 
known to impact their hosts in various ways, including 
modulating sexual reproduction, influencing nutritional 
processes, or enhancing resistance to pathogens [51, 
162]. Masson and Lemaitre [93] have shown that in most 
cases they remain difficult to culture via traditional meth-
ods, and in invertebrates may be transmitted both hori-
zontally and vertically. The vertical transmission includes 
deposition through transovarial transfer, milk glands, egg 
smearing, egg capsules, egg jelly, and brood smearing. 
The ways of transmission of these endosymbionts open 
another question regarding spider eggs, which remains in 
a close proximity to the considerations we have provided 
in Eggs and Their Protection. Could the Humphreys [60] 
second level of protection be further enhanced by poten-
tial endosymbiotic deposits? Mowery et al. [109] propose 

that some endosymbiont strains may confer benefits to 
their spider hosts. This hypothesis is supported by the 
observations of high vertical transmission and significant 
prevalence rates, which speak against strong pathogenic 
roles in spider populations. Studies in other arthropods 
suggest that certain endosymbionts, such as Wolbachia, 
may enhance immune priming, meaning that the pres-
ence of this endosymbiotic bacteria elevates the basal 
immune status of the infected host, which results with 
strong responses whenever the host is subsequently 
infected with other pathogens [147].

The microbial dynamics associated with spider egg 
sacs appear to be strongly influenced by environmen-
tal factors, although the precise role and nature of these 
interactions remain poorly understood. Efforts have been 
made to elucidate some of the potential functional con-
tributions via comparative genomics, particularly in rela-
tion to endosymbionts, which have been implicated in 
the biosynthesis of essential amino acids and vitamins 
[51]. These findings suggest that endosymbionts can 
play multifaceted roles in supporting spider physiology 
and ecology. However, considering other types of micro-
organisms, the vast diversity of spider species and the 
range of habitats they inhabit, this area of research still 
represents a relatively small component of the broader 
picture, as the potential ecological relationships that 
microorganisms could form with spider webs, and most 
importantly—cocoon silk and cocoon eggs—remain 
insufficiently characterized. More research employing 
biochemical, metabolic and metagenomic analyses and 
related methods could help to know better about the 
microbiome of spider cocoons.

This approach could help to address previously men-
tioned key questions, such as the structure and possible 
variations in microbial communities between individuals, 
populations, and species, and whether certain microor-
ganisms are consistently associated with spider cocoons. 
On top of that, additional studies of the microbial com-
munities [63] from the natural spider habitats could 
further offer valuable insights into whether certain 
microorganisms can transfer from the habitat onto the 
cocoon. The research in this area could also uncover 
uncultivable microorganisms and determine whether 
other symbionts capable of producing antimicrobial or 
other compounds are present, as well as identify poten-
tially unknown or pathobiontic species.

Environmental dynamics
The presumed antimicrobial properties of spider cocoons 
represent a significant and underexplored immunologi-
cal aspect, yet equally intriguing are the spider habitats 
themselves, which often highlight the existence of a 
broader scale of ecological strategies, which come into 
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play regarding spider cocoon protection. Each habitat 
inherently imposes interactions between spiders and 
microorganisms, as microorganisms are ubiquitous 
across all environments. The composition and character-
istics of the microbiome may vary significantly depending 
on environmental conditions resulting in the emergence 
of specialized groups adapted to distinct ecological 
niches. There are no known environments inhabited by 
spiders, which would lack interactions with microorgan-
isms. In response to these persistent pressures, spiders 
have evolved a range of defense strategies, many of which 
remain to be described. Among these is the egg sac, nota-
ble for its unique protective properties. There are, how-
ever, other evolutionary defense mechanisms that have 
emerged, some of which involve the incorporation of 
environmental elements, which were noted to enhance 
microbial resistance. These revelations also can pave the 
way for the discovery of novel antimicrobial compounds.

In a study by Tedore and Johnsen [144], the plant-dwell-
ing spider Lyssomanes viridis (Salticidae) was observed 
to preferentially construct its egg sacs on the leaves of 
the Liquidambar styraciflua tree (commonly known as 
Sweetgum), a species known for producing a volatilome 
rich in broad-spectrum antimicrobial compounds. The 
researchers noted that L. viridis constructs lightly woven 
egg sacs with eggs spaced relatively far apart, potentially 
increasing eggs exposure to antimicrobial volatiles emit-
ted by the leaves (Fig.  4). The study demonstrated that 
hatching success was significantly reduced when egg sacs 
were built on other sympatric plant species or on plastic 
controls, suggesting a potential immuno-ecological adap-
tation in which the antimicrobial properties of L. styracif-
lua enhance reproductive success in a spider species.

There are species of spiders that engage into mutu-
alistic symbiosis with carnivorous pitcher plants 
(Nepenthaeae), (e.g., Misumenops nepenthicola, Syn-
ema obscuripes, Thomsidae). Misunemops nepenthicola 
exhibits a marked preference for Nepenthes gracialis over 
Nepenthes rafflesiana, while Synema obscuripes forms a 

relationship with Nepenthes madagascarensis. Both spi-
der species attach their cocoons to the inner side wall of a 
pitcher, and are noted to aggressively guard their cocoons 
[64, 75, 126]. Digestive fluid of pitcher plants serves as 
a reservoir for diverse bacterial communities spanning 
multiple phyla [27]. Observations by Karl and Bauer [64] 
reveal that female spiders frequently come into direct 
contact with both the pitcher’s digestive fluid and the 
carcass. These interactions present intriguing avenues 
for exploration, particularly regarding the complex inter-
relationships between the cocoon, the female spider, and 
the microbiota within this ecological niche, as well as the 
adaptive traits of the cocoons and the underlying factors 
influencing plant selection preferences in these spiders.

There are genera that produce poor or even absent silk 
cocoons, as observed in the Pholcidae family (Fig.  5), 
where the egg sacs are usually wrapped in only a few thin 
threads of silk. These cocoons are consistently carried 
by the chelicerae, with a slightly denser, circular mat of 
silk formed at the point where the egg sac is held [58]—
Fig. 1). Hajer et al. [50] pointed out that silk does not play 
any true protective role in those spiders, and it is rather 
the strong thick chorion, which protects developing 
embryos. The scientists also observed that the low diver-
sity and number of the spinning glands in a given spider 
species may be connected to the structure of its cocoon.

Huber  and Eberle [58], beyond documenting pholcid 
egg sacs, have uncovered key morphogenetic patterns, 
including a relationship between egg number, egg size, 
and female body size, with smaller pholcid species tend-
ing to produce larger eggs. They also identified a subtle 
correlation between environment and egg characteristics, 

Fig. 4  Lyssomanes viridis with her egg sac. Photography by Amanda 
Carta (@MnMCarta). Used with the author’s permission

Fig. 5  Pholcus phalangioides female with egg sac. Photography 
by Adam Poledníček. Used with the author’s permission. Other 
photographic documentation of pholcid egg sacs available at: 
(http://​www.​pholc​idae.​de/)

http://www.pholcidae.de/
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noting that ground-dwelling species, relative to their 
body size, had smaller eggs than leaf-dwelling species. 
Other than that, their findings suggest that clutch size is 
influenced by both body shape and microhabitat, further 
advancing the knowledge of pholcid reproductive strat-
egies. Authors have shown that body size, body shape 
(particularly the length of the abdomen), and preferred 
microhabitat can interact in complex ways. While their 
analyses provide additional evidence of a multifaceted 
network of variables and relationships in life history 
traits, the defense mechanisms of these egg sacs still 
remain a great unknown. Given the substantial energetic 
costs associated with the production of defense mecha-
nisms [10], we could suppose that the pholcid egg sacs 
may result from a trade-off among three levels of cocoon 
protection described by Humphreys [60], in which biotic 
and behavioral strategies are prioritized over abiotic pro-
tection in order to maximize survival of the offspring. 
On the other hand, there are other possible explanations 
including differences in energy allocations for growth and 
development, which obviously cannot be ruled out.

Conclusion
The presumed antimicrobial properties of spider cocoons 
remain a debatable scientific issue, which we refer to in 
the title as an ‘apple of discord’. It means that for now this 
topic lacks a definitive answer, as research in this field 
frequently yields conflicting results. Numerous questions 
remain unresolved, overlooked, or unexplored, highlight-
ing the significant potential for this area to generate new 
knowledge.

Given the vast diversity of spiders, the answer to this 
question likely varies depending on ecological, evolu-
tionary, and environmental factors. For instance, some 
species may not exhibit antimicrobial properties in their 
cocoons due to mutualistic relationships that negate the 
need for additional resource investment in such defenses. 
Others might not require these antimicrobial adaptations 
due to the abiotic protective qualities of silk itself and the 
absence of specialized threats (e.g., fungal species) able 
to target and penetrate the cocoons. Conversely, certain 
spider species may indeed demonstrate antimicrobial 
properties, driven by ecological pressures that necessi-
tate equipping cocoons with such defensive mechanisms. 
Even further complicating the exploration of this topic 
are methodological challenges, which must be addressed 
to achieve more clearer insights.

We hope that our efforts to consolidate existing knowl-
edge and provide a comprehensive overview of this topic, 
combined with our more ecological perspective, will con-
tribute to advancing research and investigations in this 
field. At the same time, we acknowledge that, despite our 
best efforts to address the most critical aspects, certain 

dimensions of this subject may not have been fully cap-
tured. We view this as an encouraging sign, as it opens 
additional opportunities for dialogue, inspiration, and, 
most importantly, the further findings in the domains of 
this research.

Acknowledgements
We extend our heartfelt gratitude to Dr Izabela Potocka for her invaluable con‑
tribution to the SEM analysis, conducted using the Hitachi SU8010 field emis‑
sion scanning electron microscope at the Institute of Biology, Biotechnology, 
and Environmental Protection, Faculty of Natural Sciences, University of Silesia 
in Katowice. Our sincere thanks go to RNDr. Petr Dolejš, Ph.D., for granting us 
access to the spider cocoon collections at the Národní Muzeum in Prague, 
Czech Republic. His inspiring discussion and generous sharing of literature 
significantly enriched our observations and deepened our knowledge. We 
are deeply grateful to Amanda Carta (@MnMCarta) for providing a stunning 
photograph of a Lyssomanes viridis female with her cocoon, which greatly 
enhanced the visual dimension of our work. Last but not least, we offer our 
warmest thanks to Adam Poledníček for providing us with an exceptional and 
detailed photograph of a Pholcus phalangioides female with her egg sac.

Author contributions
Conceptualization: MG, Investigation: MG, AL, WP Management: AB, MPP, 
Resources: AB, MPP, MG Writing—original draft: MG, Writing—review and edit‑
ing: AB, MPP, MG, AL, WP, Design and Minor edits: MG, AL, WP.

Funding
Publication co-financed by the Polish National Agency for Academic 
Exchange under the STER Program—Internationalization of Doctoral Schools. 
Project: “International from The Beginning—Wsparcie Umiędzynarodowienia”. 
Narodowa Agencja Wymiany Akademickiej, BPI/STE/2023/1/00012/U/00001, 
Mateusz Adam Glenszczyk.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
The manuscript is approved by all authors for publication.

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

Received: 19 January 2025   Accepted: 28 April 2025

References
	 1.	 Horel A, Gundermann JL. Egg sac guarding by the funnel-web 

spider coelotes terrestris: function and development. Behav Process. 
1992;27(2):85–93. https://​doi.​org/​10.​1016/​0376-​6357(92)​90018-9.

	 2.	 Adu-Oppong B, Gasparrini AJ, Dantas G. Genomic and functional 
techniques to mine the microbiome for novel antimicrobials and 
antimicrobial resistance genes. Ann N Y Acad Sci. 2017;1388(1):42–58. 
https://​doi.​org/​10.​1111/​nyas.​13257.

	 3.	 Ajesh K, Sreejith K. Antimicrobial peptides: challenges and future 
perspectives. Academic Press; 2022. p. 33–55.

	 4.	 Akhunov AA, Golubenko Z, Abdurashidova NA, Mustakimova ECH, 
Ibragimov FA, Mackessy S. Comparative biochemistry of the physi‑
ologically active components of venom, hemolymphy, and eggs of 
the karakurt spider (Latrodectus tredecimguttatus). Chem Nat Compd. 
2001;37:562–5. https://​doi.​org/​10.​1023/A:​10148​29218​721.

https://doi.org/10.1016/0376-6357(92)90018-9
https://doi.org/10.1111/nyas.13257
https://doi.org/10.1023/A:1014829218721


Page 14 of 17Glenszczyk et al. Frontiers in Zoology            (2025) 22:9 

	 5.	 Alicea-Serrano AM, Bender K, Jurestovsky D. Not all spider silks are 
antimicrobial. J Arachnol. 2020;48(1):84–9.

	 6.	 Amaley A, Gawali A, Akarte S. Antibacterial nature of dragline silk of 
Nephila pilipes (Fabricius, 1793). Indian J Arachnol. 2014;3:08–11.

	 7.	 Aminov RI. The role of antibiotics and antibiotic resistance in nature. 
Environ Microbiol. 2009;11:2970–88. https://​doi.​org/​10.​1111/j.​1462-​
2920.​2009.​01972.x.

	 8.	 Amos-Tautua BM, Songca SP, Oluwafemi OS. Application of Por‑
phyrins in Antibacterial Photodynamic Therapy. Molecules (Basel, 
Switzerland). 2019;24(13):2456. https://​doi.​org/​10.​3390/​molec​ules2​
41324​56.

	 9.	 Arakawa K, Kono N, Malay AD, Tateishi A, Ifuku N, Masunaga H, Sato 
R, Tsuchiya K, Ohtoshi R, Pedrazzoli D, Shinohara A, Ito Y, Nakamura 
H, Tanikawa A, Suzuki Y, Ichikawa T, Fujita S, Fujiwara M, Tomita M, 
Blamires SJ, Numata K. 1000 spider silkomes: linking sequences to silk 
physical properties. Sci Adv. 2022;8(41):eabo6043. https://​doi.​org/​10.​
1126/​sciadv.​abo60​43.

	 10.	 Ardia DR, Gantz JE, Schneider BC, Strebel S. Costs of immunity in 
insects: an induced immune response increases metabolic rate and 
decreases antimicrobial activity. Funct Ecol. 2012;26(3):732–9. https://​
doi.​org/​10.​1111/j.​1365-​2435.​2012.​01989.x.

	 11.	 Austin AD. Life history of Clubiona robusta L. Koch and related 
species (Araneae, Clubionidae) in South Australia. J Arachnol. 
1984;12:87–104.

	 12.	 Austin AD. The function of spider egg sacs in relation to parasitoids 
and predators, with special reference to the Australian fauna. J Nat Hist. 
1985;19:359–76.

	 13.	 Ayoub NA, Garb JE, Kuelbs A, Hayashi CY. Ancient properties of spider 
silks revealed by the complete gene sequence of the prey-wrapping 
silk protein (AcSp1). Mol Biol Evol. 2012;30(3):589–601. https://​doi.​org/​
10.​1093/​molbev/​mss254.

	 14.	 Babczyńska A, Binkowski M, Bednarek A, Ogierman S, Cibura D, Migula 
P, Szulińska E. X-ray microtomography for imaging of developing 
spiders inside egg cocoons. Arthropod Struct Dev. 2014;43(6):595–603. 
https://​doi.​org/​10.​1016/j.​asd.​2014.​09.​002.

	 15.	 Babczyńska A, Sułowicz S, Talik E, Hermyt M, Bednarek A, Sawadro 
M, Molenda A. Sterile capsule—egg cocoon covering constitutes an 
antibacterial barrier for the spider Parasteatoda tepidariorum embryos. 
Physiol Biochem Zool. 2019. https://​doi.​org/​10.​1086/​701390.

	 16.	 Baranova MN, Pilipenko EA, Gabibov AG, Terekhov SS, Smirnov IV. 
Animal microbiomes as a source of novel antibiotic-producing strains. 
Int J Mol Sci. 2023;25(1):537. https://​doi.​org/​10.​3390/​ijms2​50105​37.

	 17.	 Barrantes G, Ramírez MJ. Courtship, egg sac construction, and maternal 
care in Kukulcania hibernalis, with information on the courtship of Mis‑
ionella mendensis (Araneae, Filistatidae). Arachnology. 2013;16(2):72–
80. https://​doi.​org/​10.​13156/​arac.​2013.​16.2.​72.

	 18.	 Barth FG. Cupiennius (Araneae, Ctenidae): biology and sensory ecol‑
ogy of a model spider. Natural and cultural history of the Golfo Dulce 
region. Stapfia. 2008;88:211–24.

	 19.	 Belbéoch C, Lejeune J, Vroman P, Salaün F. Silkworm and spider silk elec‑
trospinning: a review. Environ Chem Lett. 2021;19(2):1737–63. https://​
doi.​org/​10.​1007/​s10311-​020-​01147-x.

	 20.	 Biedermann PH, Vega FE. Ecology and evolution of insect–fungus 
mutualisms. Annu Rev Entomol. 2020;65(1):431–55.

	 21.	 Blamires SJ, Cerexhe G, White TE, Herberstein ME, Kasumovic MM. 
Spider silk colour covaries with thermal properties but not protein 
structure. J R Soc Interface. 2019;16(156):20190199. https://​doi.​org/​10.​
1098/​rsif.​2019.​0199.

	 22.	 Bon FX. I. A discourse upon the usefulness of the silk of spiders by Mon‑
sieur Bon, President of the court of accounts, Aydes and finances, and 
president of the royal society of science at Montpellier. Communicated 
by the author. Philos Trans R Soc London. 1710;27(325):2–16.

	 23.	 Borreby C, Lillebæk EMS, Kallipolitis BH. Anti-infective activities of long-
chain fatty acids against foodborne pathogens. FEMS Microbiol Rev. 
2023;47(4):faud037. https://​doi.​org/​10.​1093/​femsre/​fuad0​37.

	 24.	 Buffkin DC, Russell FE, Deshmukh A. Preliminary study on the toxicity of 
black widow spider eggs. Toxicon. 1971;9:393–402. https://​doi.​org/​10.​
1016/​0041-​0101(71)​90138-3.

	 25.	 Burley N. Parental investment, mate choice, and mate quality. Proc Natl 
Acad Sci USA. 1977;74(8):3476–9. https://​doi.​org/​10.​1073/​pnas.​74.8.​
3476.

	 26.	 Burnham JP. Climate change and antibiotic resistance: a deadly combi‑
nation. Ther Adv Infect Dis. 2021;8:2049936121991374. https://​doi.​org/​
10.​1177/​20499​36121​991374.

	 27.	 Chan XY, Hong KW, Yin WF, Chan KG. Microbiome and biocatalytic 
bacteria in monkey cup (nepenthes pitcher) digestive fluid. Sci Rep. 
2016;6:20016. https://​doi.​org/​10.​1038/​srep2​0016.

	 28.	 Christenson TE, Wenzl PA. Egg-laying of the golden silk spider, Nephila 
clavipes L. (Araneae, Araneidae): functional analysis of the egg sac. Ani‑
mal Behav. 1980;28(4):1110–8. https://​doi.​org/​10.​1016/​s0003-​3472(80)​
80099-6.

	 29.	 Conner DE, Beuchat LR. Effect of essential oils from plants on growth of 
food spoilage yeasts. J Food Sci. 1984;49:429–34.

	 30.	 Conti A, Ugolini A, Vannini M. Preliminary observations on trophallaxis 
in Pardosa hortensis (Thorell, 1872) (Lycosidae Araneae). Ethol Ecol Evol. 
1991;3(sup1):147–9.

	 31.	 Conti E, Costa G, Marletta A, Viscuso R, Vitale DGM. The chorion of eggs 
in a Namibian Ariadna species (Araneae: Segestriidae): morphological 
and SEM analyses. J Arachnol. 2015;43(2):224–7.

	 32.	 Craig CL. Spiderwebs and silk: tracing evolution from molecules to 
genes to phenotypes. Oxford University Press; 2003.

	 33.	 Czerwonka AE, Sawadro MK, Brożek J, Babczyńska AI. Immunostimula‑
tion of Parasteatoda tepidariorum (Araneae: Theridiidae) in juvenile and 
adult stages. Immunity reactions to injury with foreign body and Bacil‑
lus subtilis infection. PeerJ. 2023;11:e15337. https://​doi.​org/​10.​7717/​
peerj.​15337.

	 34.	 Dahlem Junior MA, Nguema Edzang RW, Catto AL, Raimundo JM. Qui‑
nones as an efficient molecular scaffold in the antibacterial/antifungal 
or antitumoral arsenal. Int J Mol Sci. 2022;23(22):14108. https://​doi.​org/​
10.​3390/​ijms2​32214​108.

	 35.	 De Luca V, Viscuso R. Morphologie de l’oothe`que et du chorion de 
l’oeuf d’Eyprepocnemis plorans plorans Charp. (Orthoptera: Acrididae). 
Acrida. 1974;3:267–75.

	 36.	 Dulo B, Phan K, Githaiga J, Raes K, Meester DS. Natural quinone dyes: 
a review on structure, extraction techniques, analysis and application 
potential. Waste Biomass Valorization. 2021;12:6339–74.

	 37.	 Dyrda G, Boniewska-Bernacka E, Man D, et al. The effect of organic 
solvents on selected microorganisms and model liposome membrane. 
Mol Biol Rep. 2019;46:3225–32.

	 38.	 Edward DA. The description of mate choice. Behav Ecol. 
2015;26(2):301–10.

	 39.	 Foelix RF. Biology of Spiders 3rd ed. Oxford: Oxford University Press; 
2010. p. 3–24.

	 40.	 Fruergaard S, Lund MB, Schramm A, Vosegaard T, Bilde T. The myth of 
antibiotic spider silk. Iscience. 2021;24(10):103125. https://​doi.​org/​10.​
1016/j.​isci.​2021.​103125.

	 41.	 Fujiwara M, Kono N, Hirayama A, Malay AD, Nakamura H, Ohtoshi R, 
Numata K, Tomita M, Arakawa K. Xanthurenic acid is the main pigment 
of Trichonephila clavata gold dragline silk. Biomolecules. 2021;11(4):563. 
https://​doi.​org/​10.​3390/​biom1​10405​63.

	 42.	 Garb JE, Hayashi CY. Modular evolution of egg case silk genes 
across orb-weaving spider superfamilies. Proc Natl Acad Sci USA. 
2005;102:11379–84.

	 43.	 Garcia-Gutierrez E, Mayer MJ, Cotter PD, Narbad A. Gut microbiota as a 
source of novel antimicrobials. Gut microbes. 2019;10(1):1–21. https://​
doi.​org/​10.​1080/​19490​976.​2018.​14557​90.

	 44.	 Glembocki. Arachnicillin? Penn State University. 1995. https://​www.​psu.​
edu/​news/​resea​rch/​story/​arach​nicil​lin/

	 45.	 Glenszczyk M, Outomuro D, Gregorič M, Kralj-Fišer S, Schneider JM, 
Nilsson DE, Morehouse NI, Tedore C. The jumping spider Saitis barbipes 
lacks a red photoreceptor to see its own sexually dimorphic red colora‑
tion. Naturwissenschaften. 2022;109(1):6. https://​doi.​org/​10.​1007/​
s00114-​021-​01774-6.

	 46.	 González JA, Vallejo JR. Las telarañas em la medicina popular española: 
historia reciente, vigencia y distribución geográfica de un recurso 
terapêutico. Rev Ibérica Aracnol. 2012;21:169–74.

	 47.	 Grim JN, Slobodchikoff CN. Chorion surface-features of some spider 
eggs. Pan-Pac Entomol. 1978;54:319–22.

	 48.	 Grim JN, Slobodchikoff CN. Spider egg chorion sphere size and density. 
Ann Entomol Soc Am. 1982;75:330–4. https://​doi.​org/​10.​1093/​aesa/​
75.3.​330.

https://doi.org/10.1111/j.1462-2920.2009.01972.x
https://doi.org/10.1111/j.1462-2920.2009.01972.x
https://doi.org/10.3390/molecules24132456
https://doi.org/10.3390/molecules24132456
https://doi.org/10.1126/sciadv.abo6043
https://doi.org/10.1126/sciadv.abo6043
https://doi.org/10.1111/j.1365-2435.2012.01989.x
https://doi.org/10.1111/j.1365-2435.2012.01989.x
https://doi.org/10.1093/molbev/mss254
https://doi.org/10.1093/molbev/mss254
https://doi.org/10.1016/j.asd.2014.09.002
https://doi.org/10.1086/701390
https://doi.org/10.3390/ijms25010537
https://doi.org/10.13156/arac.2013.16.2.72
https://doi.org/10.1007/s10311-020-01147-x
https://doi.org/10.1007/s10311-020-01147-x
https://doi.org/10.1098/rsif.2019.0199
https://doi.org/10.1098/rsif.2019.0199
https://doi.org/10.1093/femsre/fuad037
https://doi.org/10.1016/0041-0101(71)90138-3
https://doi.org/10.1016/0041-0101(71)90138-3
https://doi.org/10.1073/pnas.74.8.3476
https://doi.org/10.1073/pnas.74.8.3476
https://doi.org/10.1177/2049936121991374
https://doi.org/10.1177/2049936121991374
https://doi.org/10.1038/srep20016
https://doi.org/10.1016/s0003-3472(80)80099-6
https://doi.org/10.1016/s0003-3472(80)80099-6
https://doi.org/10.7717/peerj.15337
https://doi.org/10.7717/peerj.15337
https://doi.org/10.3390/ijms232214108
https://doi.org/10.3390/ijms232214108
https://doi.org/10.1016/j.isci.2021.103125
https://doi.org/10.1016/j.isci.2021.103125
https://doi.org/10.3390/biom11040563
https://doi.org/10.1080/19490976.2018.1455790
https://doi.org/10.1080/19490976.2018.1455790
https://www.psu.edu/news/research/story/arachnicillin/
https://www.psu.edu/news/research/story/arachnicillin/
https://doi.org/10.1007/s00114-021-01774-6
https://doi.org/10.1007/s00114-021-01774-6
https://doi.org/10.1093/aesa/75.3.330
https://doi.org/10.1093/aesa/75.3.330


Page 15 of 17Glenszczyk et al. Frontiers in Zoology            (2025) 22:9 	

	 49.	 Gurr MI, James AT. Lipid biochemistry 3rd ed. London: Chapman and 
Hall Ltd; 1980. p. 18–21.

	 50.	 Hajer J, Polívková M, Řeháková M. Egg sac building procedure for 
spiders of the species Pholcus phalangioides(Fuesslin) (Araneae, Pholci‑
dae). Acta Univ Purkynianae, Biologica. 1998;2:11–7.

	 51.	 Halter T, Köstlbacher S, Rattei T, Hendrickx F, Manzano-Marín A, Horn 
M. One to host them all: genomics of the diverse bacterial endosymbi‑
onts of the spider Oedothorax gibbosus. Microb Genomics. 2023;9(2): 
000943.

	 52.	 Heidebrecht A, Scheibel T. Recombinant production of spider silk 
proteins. Adv Appl Microbiol. 2013;82:115–53. https://​doi.​org/​10.​1016/​
b978-0-​12-​407679-​2.​00004-1.

	 53.	 Hieber CS. The role of spider cocoons in controlling desiccation. Oeco‑
logia. 1992;89(3):442–8. https://​doi.​org/​10.​1007/​BF003​17424.

	 54.	 Hilbrant M, Damen GMWGM, McGregor AP. Evolutionary crossroads in 
developmental biology: the spider Parasteatoda tepidariorum. Devel‑
opment. 2012;139(15):2655–62.

	 55.	 Holl A, Henze M. Pigmentary constituents of yellow threads of Nephila 
webs. In: Proceedings of the XI. Europäisches Arachnologisches Col‑
loquium, Berlin, Germany. 1988. p. 350.

	 56.	 Hsiung BK, Justyn NM, Blackledge TA, Shawkey MD. Spiders have rich 
pigmentary and structural colour palettes. J Exp Biol. 2017;220:1975–83. 
https://​doi.​org/​10.​1242/​jeb.​156083.

	 57.	 Hu X, Lawrence B, Kohler K, Falick AM, Moore AMF, McMullen E, Jones 
PR, Vierra C. Araneoid egg case silk: a fibroin with novel ensemble 
repeat units from the black widow spider, Latrodectus hesperus. Bio‑
chemistry. 2005;44:10020–7.

	 58.	 Huber BA, Eberle J. Mining a photo library: eggs and egg sacs in a 
major spider family. Invertebr Biol. 2021;140(4): e12349.

	 59.	 Humphreys WF. The accoutrements of spiders’ eggs (Araneae) with 
an exploration of their functional importance. Zool J Linn Soc. 
1987;89(2):171–201. https://​doi.​org/​10.​1111/j.​1096-​3642.​1987.​tb006​
54.x.

	 60.	 Humphreys WF. The surface of spiders’ eggs. J Zool. 2009;200(3):303–16. 
https://​doi.​org/​10.​1111/j.​1469-​7998.​1983.​tb023​12.x.

	 61.	 Iqbal Z, Liaqat M, Shoukat A, Sabri MU, Akhtar M. Antimicrobial activity 
of extracts of spider web silk. World J Pharm Res. 2019;8(11):106–9.

	 62.	 Junghanns A, Holm C, Schou MF, Overgaard J, Malte H, Uhl G, Bilde T. 
Physiological adaptations to extreme maternal and allomaternal care 
in spiders. Front Ecol Evolut. 2019;7:305. https://​doi.​org/​10.​3389/​fevo.​
2019.​00305.

	 63.	 Kačániová M, Terentjeva M, Kowalczewski PŁ, Babošová M, Porhajašová 
JI, Hikal WM, Fedoriak M. Bacteriota and antibiotic resistance in spiders. 
Insects. 2022;13(8):680.

	 64.	 Karl I, Bauer U. Inside the trap: Biology and behavior of the pitcher-
dwelling crab spider, Misumenops nepenthicola. Plants, People, Planet. 
2020;2(4):290–3.

	 65.	 Kaston BJ. Some little known aspects of spider behavior. Am Midl Nat. 
1965;73(2):336. https://​doi.​org/​10.​2307/​24234​58.

	 66.	 Kil-Won K. Maternal influence on spiderlings’ emergence from the 
cocoon: observations in a subsocial spider. J Ecol Environ Ecol Soc 
Korea. 2009;32:33–9. https://​doi.​org/​10.​5141/​jefb.​2009.​32.1.​033.

	 67.	 Kim KW, Roland C. Trophic egg laying in the spider, Amaurobius ferox: 
mother–offspring interactions and functional value. Behav Proc. 
2000;50(1):31–42.

	 68.	 Kim K-W, Horel A. Matriphagy in the spider Amaurobius ferox (Ara‑
neidae, Amaurobiidae): an example of mother-offspring interactions. 
Ethology. 2010;104(12):1021–37. https://​doi.​org/​10.​1111/j.​1439-​0310.​
1998.​tb000​50.x.

	 69.	 Kobert R. Ueber Spinnengift. Z Naturf. 1888;61:441.
	 70.	 Kullmann E. Der Eierkokonbau von Cyrtophora citricola Forskal (Ara‑

neae, Araneidae). Zool Jb Syst. 1961;89:369–406.
	 71.	 Kunkel JG, Nordin JH. Yolk proteins. In: Kerkut GA, Gliberts LI, editors. 

Comprehensive insect physiol, biochemistry and pharmacology, vol. 1. 
Oxford: Pergamon Press; 1985. p. 83–111.

	 72.	 Labib MM, Alqahtani AM, Abo Nahas HH, Aldossari RM, Almiman BF, 
Ayman Alnumaani S, El-Nablaway M, Al-Olayan E, Alsunbul M, Saied 
EM. Novel insights into the antimicrobial and antibiofilm activity of pyr‑
roloquinoline quinone (PQQ); in vitro, in silico, and shotgun proteomic 
studies. Biomolecules. 2024;14(8):1018. https://​doi.​org/​10.​3390/​biom1​
40810​18.

	 73.	 Laino A, Cunningham ML, Heras H, Garcia F. Isolation and characteri‑
zation of two vitellins from eggs of the spider Polybetes pythagoricus 
(Araneae: Sparassidae). Comp Biochem Physiol Part B, Biochem Mole 
Biol. 2011;158(2):142–8. https://​doi.​org/​10.​1016/j.​cbpb.​2010.​11.​001.

	 74.	 Laino A, Cunningham M, Costa FG, Garcia CF. Energy sources from 
the eggs of the wolf spider Schizocosa malitiosa: Isolation and char‑
acterization of lipovitellins. Comp Biochem Physiol B: Biochem Mol 
Biol. 2013;165(3):172–80. https://​doi.​org/​10.​1016/j.​cbpb.​2013.​04.​004.

	 75.	 Lam WN, Tan HT. The crab spider–pitcher plant relationship is a nutri‑
tional mutualism that is dependent on prey-resource quality. J Anim 
Ecol. 2019;88(1):102–13.

	 76.	 Lambert RJW, Skandamis PN, Coote PJ, Nychas G-JE. A study of the 
minimum inhibitory concentration and mode of action of oregano 
essential oil, thymol and carvacrol. J Appl Microbiol. 2001;91(3):453–
62. https://​doi.​org/​10.​1046/j.​1365-​2672.​2001.​01428.x.

	 77.	 Lammers A, Zweers H, Sandfeld T, Bilde T, Garbeva P, Schramm A, Lalk 
M. Antimicrobial compounds in the volatilome of social spider com‑
munities. Front Microbiol. 2021;12: 700693. https://​doi.​org/​10.​3389/​
fmicb.​2021.​700693.

	 78.	 Lawton B. Uncovering pathogens in the soil microbiome using the 
Galleria mellonella virulence model. Uk: University of Exeter; 2020. p. 
11–29.

	 79.	 Laxminarayan R. The overlooked pandemic of antimicrobial resist‑
ance. Lancet (London, England). 2022;399(10325):606–7. https://​doi.​
org/​10.​1016/​S0140-​6736(22)​00087-3.

	 80.	 Lee K. A (2006), Linking immune defenses and life history at 
the levels of the individual and the species. Integr Comp Biol. 
2006;46(6):1000–15. https://​doi.​org/​10.​1093/​icb/​icl049.

	 81.	 Lei Q, Yu H, Peng X, Yan S, Wang J, Yan Y, Wang X. Isolation and 
preliminary characterization of proteinaceous toxins with insecticidal 
and antibacterial activities from black widow spider (L. tredecimgut‑
tatus) eggs. Toxins. 2015;7(3):886–99. https://​doi.​org/​10.​3390/​toxin​
s7030​886.

	 82.	 Li D, Jackson RR. How temperature affects development and repro‑
duction in spiders: a review. J Therm Biol. 1996;21(4):245–74. https://​
doi.​org/​10.​1016/​0306-​4565(96)​00009-5.

	 83.	 Li J, Liu H, Duan Z, Cao R, Wang X, Liang S. Protein compositional 
analysis of the eggs of black widow spider (Latrodectus tredecimgut‑
tatus): implications for the understanding of egg toxicity. J Biochem 
Mol Toxicol. 2012;26(12):510–5. https://​doi.​org/​10.​1002/​jbt.​21460.

	 84.	 Li J, Yan Y, Yu H, Peng X, Zhang Y, Hu W, Liang S. Isolation and iden‑
tification of a sodium channel-inhibiting protein from eggs of black 
widow spiders. Int J Biol Macromole. 2014;65:115–20. https://​doi.​org/​
10.​1016/j.​ijbio​mac.​2014.​01.​004.

	 85.	 Li W, Liu C, Ho HC, Shi L, Zeng Y, Yang X, Huang Q, Pei Y, Huang C, 
Yang L. Association between antibiotic resistance and increasing 
ambient temperature in China: An ecological study with nationwide 
panel data. Lancet Reg Health Western Pacific. 2022;30: 100628. 
https://​doi.​org/​10.​1016/j.​lanwpc.​2022.​100628.

	 86.	 Liu P. The Antibiotic Properties Of Egg Case Spider Silk From The 
Western Black Widow Spider, Latrodectus Hesperus, California State 
University, Fullerton. 2022. p. 1-36.

	 87.	 Longo G, Viscuso R, Cotronei A. Histochemical characteristics of the 
extrachorion of the eggs of Aiolopus strepens (Latr.) and Acroty‑
lus insubricus Scop. (Orthoptera: Acrididae). Int J Insect Morphol 
Embryol. 1982;11:351–4.

	 88.	 Ma T, Zaheer R, McAllister TA, Guo W, Li F, Tu Y, Guan LL. Expressions of 
resistome is linked to the key functions and stability of active rumen 
microbiome. Animal Microbiome. 2022;4(1):38.

	 89.	 Magiorakos AP, Srinivasan A, Carey RB, et al. Multidrug-resistant, 
extensively drug-resistant and pandrug-resistant bacteria: an 
international expert proposal for interim standard definitions for 
acquired resistance. Clin Microbiol Infect. 2012;18(3):268–281. 
doi:10.1111/j.1469-0691.2011.03570.x

	 90.	 Mahoney AR, Safaee MM, Wuest WM, et al. (2021) The silent pan‑
demic: emergent antibiotic resistances following global response to 
SARS-CoV-2. Iscience. 2021;24:102304.

	 91.	 Mair I, McNeilly TN, Corripio-Miyar Y, Forman R, Else KJ. Embracing 
nature’s complexity: Immunoparasitology in the wild. In Seminars in 
Immunology. 2021 Mar. Vol. 53, p. 101525. Academic Press.

https://doi.org/10.1016/b978-0-12-407679-2.00004-1
https://doi.org/10.1016/b978-0-12-407679-2.00004-1
https://doi.org/10.1007/BF00317424
https://doi.org/10.1242/jeb.156083
https://doi.org/10.1111/j.1096-3642.1987.tb00654.x
https://doi.org/10.1111/j.1096-3642.1987.tb00654.x
https://doi.org/10.1111/j.1469-7998.1983.tb02312.x
https://doi.org/10.3389/fevo.2019.00305
https://doi.org/10.3389/fevo.2019.00305
https://doi.org/10.2307/2423458
https://doi.org/10.5141/jefb.2009.32.1.033
https://doi.org/10.1111/j.1439-0310.1998.tb00050.x
https://doi.org/10.1111/j.1439-0310.1998.tb00050.x
https://doi.org/10.3390/biom14081018
https://doi.org/10.3390/biom14081018
https://doi.org/10.1016/j.cbpb.2010.11.001
https://doi.org/10.1016/j.cbpb.2013.04.004
https://doi.org/10.1046/j.1365-2672.2001.01428.x
https://doi.org/10.3389/fmicb.2021.700693
https://doi.org/10.3389/fmicb.2021.700693
https://doi.org/10.1016/S0140-6736(22)00087-3
https://doi.org/10.1016/S0140-6736(22)00087-3
https://doi.org/10.1093/icb/icl049
https://doi.org/10.3390/toxins7030886
https://doi.org/10.3390/toxins7030886
https://doi.org/10.1016/0306-4565(96)00009-5
https://doi.org/10.1016/0306-4565(96)00009-5
https://doi.org/10.1002/jbt.21460
https://doi.org/10.1016/j.ijbiomac.2014.01.004
https://doi.org/10.1016/j.ijbiomac.2014.01.004
https://doi.org/10.1016/j.lanwpc.2022.100628


Page 16 of 17Glenszczyk et al. Frontiers in Zoology            (2025) 22:9 

	 92.	 Makover V, Ronen Z, Lubin Y, Khalaila I. Eggshell spheres protect brown 
widow spider (Latrodectus geometricus) eggs from bacterial infection. 
J R Soc Interface. 2019;16:20180581.

	 93.	 Masson F, Lemaitre B. Growing ungrowable bacteria: overview and 
perspectives on insect symbiont culturability. Microbiol Mol Biol Rev. 
2020;84(4):e00089-e120. https://​doi.​org/​10.​1128/​MMBR.​00089-​20.

	 94.	 McGough SF, MacFadden DR, Hattab MW, Mølbak K, Santillana M. Rates 
of increase of antibiotic resistance and ambient temperature in Europe: 
a cross-national analysis of 28 countries between 2000 and 2016. Euro‑
surveillance. 2020;25(45):1900414. https://​doi.​org/​10.​2807/​1560-​7917.​
ES.​2020.​25.​45.​19004​14.

	 95.	 McGregor AP, Hilbrant M, Pechmann M, Schwager EE, Prpic NM, Damen 
WG. Cupiennius salei and Achaearanea tepidariorum: spider models for 
investigating evolution and development. BioEssays. 2008;30:487–98.

	 96.	 McKean KA, Nunney L. Increased sexual activity reduces male 
immune function in Drosophila melanogaster. In: Proceedings of the 
National Academy of Sciences of the United States of America. 2001; 
98:7904–7909.

	 97.	 Melchers. Zur Biologie und zum Verhalten von Cupiennius salei 
(KEYSERLING),einer amerikanischen Ctenide.—Zool.Jb.Syst. 1963; 
91:1–90.

	 98.	 Mendelson M, Sharland M, Mpundu M. Antibiotic resistance: call‑
ing time on the ‘silent pandemic.’ JAC-Antimicrobial Resistance. 
2022;4(2):dlca016.

	 99.	 Michalik P, Reiher W, Tintelnot-Suhm M, Coyle FA, Alberti G. Female 
genital system of the folding-trapdoor spider Antrodiaetus unicolor 
(Hentz, 1842) (Antrodiaetidae, Araneae): ultrastructural study of form 
and function with notes on reproductive biology of spiders. J Morphol. 
2005;263:284–309.

	100.	 Mirghani MES, Kabbashi NA, Elfaki FA, Zulkifli MZFB. Investigation of the 
spider web for antibacterial activity. In Malaysian International Confer‑
ence on Trends in Bioprocess Engineering (MICOTriBE). 2012; 201:1–5.

	101.	 Miyashita K. Development and egg sac production of Achaearanea 
tepidariorum (CL Koch) (Araneae, Theridiidae) under long and short 
photoperiods. J Arachn. 1987;15:51–8.

	102.	 Mohd Hatta FA, Othman R, Ali QA, Hassan N, Ramya R. Carotenoids 
composition, antioxidant and antimicrobial capacities of Crocus sativus 
L. stigma. Food Res. 2023;7:337–43.

	103.	 Molenda AE, Sawadro MK, Zogata IA, Babczyńska AI. Antibacterial pep‑
tides in embryos of the spider Parasteatoda tepidariorum (Theridiidae, 
Araneae): Acta Biologica Cracoviensia Series Botanica. 2018; 40.

	104.	 Mongkolsamrit S, Noisripoom W, Tasanathai K, Khonsanit A, Thanak‑
itpipattana D, Himaman W, Kobmoo N, Luangsa-ard JJ. Molecular 
phylogeny and morphology reveal cryptic species in Blackwello‑
myces and Cordyceps (Cordycipitaceae) from Thailand. Mycol Prog. 
2020;19(9):957–83. https://​doi.​org/​10.​1007/​s11557-​020-​01615-2.

	105.	 Mongkolsamrit S, Noisripoom W, Tasanathai K, Kobmoo N, Thanak‑
itpipattana D, Khonsanit A, Himaman W. Comprehensive treatise of 
Hevansia and three new genera Jenniferia, Parahevansia and Poly‑
stromomyces on spiders in Cordycipitaceae from Thailand. MycoKeys. 
2022;91:113.

	106.	 Mongkolsamrit S, Sandargo B, Ebada SS, Noisripoom W, Jaiyen S, 
Luangsa-Ard JJ, Stadler M. Bhushaniella gen. nov. (Cordycipitaceae) on 
spider eggs sac: a new genus from Thailand and its bioactive secondary 
metabolites. Mycol Prog. 2023;22(9):64.

	107.	 Moreno J, Sanz JJ, Merino S, Arriero E. Daily energy expenditure and 
cell-mediated immunity in pied flycatchers while feeding nestlings: 
interaction with moult. Oecologia. 2001;129:492–7.

	108.	 Morishita R, Aparecida Ferreira S, Santiago Filha A, Ditzel Faraco C. Stud‑
ies on oogenesis and oviposition in the brown spider Loxosceles inter‑
media (Araneae: Sicariidae). Anatom Record Part A. 2003;273A:575–82.

	109.	 Mowery MA, Rosenwald LC, Chapman E, et al. Endosymbiont diversity 
across native and invasive brown widow spider populations. Sci Rep. 
2024;14:8556. https://​doi.​org/​10.​1038/​s41598-​024-​58723-2.

	110.	 Napiórkowska T, Kobak J, Napiórkowski P, Templin J. The effect of tem‑
perature and light on embryogenesis and post-embryogenesis of the 
spider Eratigena atrica (Araneae, Agelenidae). J Therm Biol. 2018;72:26–
32. https://​doi.​org/​10.​1016/j.​jther​bio.​2017.​12.​003.

	111.	 Nayab S, AslamRahman MASu, et al. A review of antimicrobial peptides: 
its function, mode of action and therapeutic potential. Int J Pept Res 
Ther. 2022;28:46. https://​doi.​org/​10.​1007/​s10989-​021-​10325-6.

	112.	 Nayak BN, Buttar HS. Evaluation of the antioxidant properties of tryp‑
tophan and its metabolites in in vitro assay. J Complement Integr Med. 
2016;13:129–36.

	113.	 Newman J, Newman C. Oh, what a tangled web: the medicinal uses of 
spider silk. Int J Dermatol. 1995;34(4):290–2. https://​doi.​org/​10.​1111/j.​
1365-​4362.​1995.​tb016​00.x.

	114.	 Nicholas AC, Stratton GE, Reed DH. Reproductive allocation in female 
wolf and nursery-web spiders. J Arachnol. 2011;39:22–9.

	115.	 Norris K, Evans MR. Ecological immunology: life history trade-offs and 
immune defense in birds. Behav Ecol. 2000;11(1):19–26.

	116.	 Nyffeler M, Hywel-Jones N. Diversity of spider families parasitized by 
fungal pathogens: a global review. J Arachnol. 2024;52(2):151–85.

	117.	 Oulahal N, Degraeve P. Phenolic-rich plant extracts with antimicrobial 
activity: an alternative to food preservatives and biocides? Front Micro‑
biol. 2022;12: 753518.

	118.	 Ozma MA, Abbasi A, Asgharzadeh M, Pagliano P, Guarino A, Köse Ş, 
Samadi Kafil H. Antibiotic therapy for pan-drug-resistant infections. 
Infez Med. 2022;30(4):525–31. https://​doi.​org/​10.​53854/​liim-​3004-6.

	119.	 Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DGJ. The structure and 
diversity of human, animal and environmental resistomes. Microbiome. 
2016;4(1):1–15. https://​doi.​org/​10.​1186/​s40168-​016-​0199-5.

	120.	 Park S, Lee JH, Kim YG, Lee J. Fatty acids as aminoglycoside antibiotic 
adjuvants against Staphylococcus aureus. Front Microbiol. 2022;13: 
876932.

	121.	 Patel BH, Bradoo BL. The cocoon spinning behaviour and maternal 
care in Uloborus Ierokus Bradoo (Araneae: Uloboridae). Zool ANZ. 
1981;207(1–2):78–87.

	122.	 Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial resistance: a global mul‑
tifaceted phenomenon. Pathogens Glob Health. 2015;109(7):309–18. 
https://​doi.​org/​10.​1179/​20477​73215Y.​00000​00030.

	123.	 Putthanarat S, Zarbook S, Miller LD, Eby RK, Adams WW. The color of 
dragline silk produced in captivity by the spider Nephila clavipes. Poly‑
mer. 2004;45:1933–7. https://​doi.​org/​10.​1016/j.​polym​er.​2004.​01.​020.

	124.	 Radhouani H, Silva N, Poeta P, Torres C, Correia S, Igrejas G. Potential 
impact of antimicrobial resistance in wildlife, environment and human 
health. Front Microbiol. 2014;5:23. https://​doi.​org/​10.​3389/​fmicb.​2014.​
00023.

	125.	 Radka CD, Rock CO. Mining fatty acid biosynthesis for new antimicrobi‑
als. Annu Rev Microbiol. 2022;76:281–304. https://​doi.​org/​10.​1146/​
annur​ev-​micro-​041320-​110408.

	126.	 Rembold K, Fischer E, Striffler BF, Barthlott W. Crab spider association 
with the malagasy pitcher plant Nepenthes madagascariensis. Afr J 
Ecol. 2012;51:188–91.

	127.	 Römer L, Scheibel T. The elaborate structure of spider silk: structure and 
function of a natural high performance fiber. Prion. 2008;2(4):154–61. 
https://​doi.​org/​10.​4161/​pri.2.​4.​7490.

	128.	 Romero S, Laino A, Molina G, Cunningham M, Garcia CF. Embryonic 
and post-embryonic development of the spider Polybetes pythago‑
ricus (Sparassidae): a biochemical point of view. An Acad Bras Ciênc. 
2022;94(3): e20210159.

	129.	 Rossi F, Cattò C, Mugnai G, Villa F, Forlani F. Effects of the quinone oxi‑
doreductase WrbA on escherichia coli biofilm formation and oxidative 
stress. Antioxidants (Basel, Switzerland). 2021;10(6):919. https://​doi.​org/​
10.​3390/​antio​x1006​0919.

	130.	 Royle NJ, Smiseth PT, Kolliker M. The evolution of parental care. Oxford: 
Oxford University Press; 2012. https://​doi.​org/​10.​1093/​acprof:​oso/​97801​
99692​576.​001.​0001.

	131.	 Ruhland F, Pétillon J, Trabalon M. Physiological costs during the first 
maternal care in the wolf spider Pardosa saltans (Araneae, Lycosidae). J 
Insect Physiol. 2016;95:42–50. https://​doi.​org/​10.​1016/j.​jinsp​hys.​2016.​
09.​007.

	132.	 Ruhland F, Schulz S, Trabalon M. Variations of cocoon external 
lipids during wolf spiderlings’ development. J Comp Physiol A. 
2017;203(10):819–29. https://​doi.​org/​10.​1007/​s00359-​017-​1194-4.

	133.	 Ryder JJ, Siva-Jothy MT. Male calling song provides a reliable signal of 
immune function in a cricket. Proc Biol Sci. 2000;267(1449):1171–5. 
https://​doi.​org/​10.​1098/​rspb.​2000.​1125.

	134.	 Saino N, Bolzern AM, Moller AP. Immunocompetence, ornamentation, 
and viability of male barn swallows (Hirundo rustica). In: Proceedings 
of the National Academy of Sciences of the United States ofAmerica. 
1997; 94:549–552.

https://doi.org/10.1128/MMBR.00089-20
https://doi.org/10.2807/1560-7917.ES.2020.25.45.1900414
https://doi.org/10.2807/1560-7917.ES.2020.25.45.1900414
https://doi.org/10.1007/s11557-020-01615-2
https://doi.org/10.1038/s41598-024-58723-2
https://doi.org/10.1016/j.jtherbio.2017.12.003
https://doi.org/10.1007/s10989-021-10325-6
https://doi.org/10.1111/j.1365-4362.1995.tb01600.x
https://doi.org/10.1111/j.1365-4362.1995.tb01600.x
https://doi.org/10.53854/liim-3004-6
https://doi.org/10.1186/s40168-016-0199-5
https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1016/j.polymer.2004.01.020
https://doi.org/10.3389/fmicb.2014.00023
https://doi.org/10.3389/fmicb.2014.00023
https://doi.org/10.1146/annurev-micro-041320-110408
https://doi.org/10.1146/annurev-micro-041320-110408
https://doi.org/10.4161/pri.2.4.7490
https://doi.org/10.3390/antiox10060919
https://doi.org/10.3390/antiox10060919
https://doi.org/10.1093/acprof:oso/9780199692576.001.0001
https://doi.org/10.1093/acprof:oso/9780199692576.001.0001
https://doi.org/10.1016/j.jinsphys.2016.09.007
https://doi.org/10.1016/j.jinsphys.2016.09.007
https://doi.org/10.1007/s00359-017-1194-4
https://doi.org/10.1098/rspb.2000.1125


Page 17 of 17Glenszczyk et al. Frontiers in Zoology            (2025) 22:9 	

	135.	 Saleem M, Nazir M, Ali MS, Hussain H, Lee YS, Riaz N, Jabbar A. 
Antimicrobial natural products: an update on future antibioticdrug 
candidates. Nat Prod Rep. 2010;27(2):238–54. https://​doi.​org/​10.​1039/​
b9160​96e.

	136.	 Schaefer M. An analysis of diapause and resistance in the egg stage of 
Floronia bucculenta (Araneae : Linyphiidae). Oecologia. 1976;25:155–74.

	137.	 Schwenck L, Abreu PA, Nunes-da-Fonseca R. Spider’s silk as a potential 
source of antibiotics: an integrative review. Probiotics Antimicro Prot. 
2024. https://​doi.​org/​10.​1007/​s12602-​024-​10241-3.

	138.	 Seyfi R, Kahaki FA, Ebrahimi T, Montazersaheb S, Eyvazi S, Babaeipour V, 
Tarhriz V. Antimicrobial peptides (AMPs): roles, functions and mecha‑
nism of action. Int J Pept Res Ther. 2020;26:1451–63.

	139.	 Sheldon BC, Verhulst S. Ecological immunology: costly parasite 
defences and trade-offs in evolutionary ecology. Trends Ecol Evol. 
1996;11(8):317–21. https://​doi.​org/​10.​1016/​0169-​5347(96)​10039-2.

	140.	 Sidders AE, Kedziora KM, Arts M, Daniel JM, de Benedetti S, Beam 
JE, Conlon BP. Antibiotic-induced accumulation of lipid II synergizes 
with antimicrobial fatty acids to eradicate bacterial populations. Elife. 
2023;12:e80246.

	141.	 Sonavane S, Westermark P, Rising A, Holm L. Regionalization of cell 
types in silk glands of Larinioides sclopetarius suggest that spider silk 
fibers are complex layered structures. Sci Rep. 2023;13(1):22273. https://​
doi.​org/​10.​1038/​s41598-​023-​49587-z.

	142.	 Stearns SC. Life-history tactics: a review of the ideas. Q Rev Biol. 
1976;51(1):3–47.

	143.	 Stojiljkovic I, Evavold BD, Kumar V. Antimicrobial properties of porphy‑
rins. Expert Opin Investig Drugs. 2001;10(2):309–20. https://​doi.​org/​10.​
1517/​13543​784.​10.2.​309.

	144.	 Tedore C, Johnsen S. Immunological dependence of plant-dwelling 
animals on the medicinal properties of their plant substrates: a prelimi‑
nary test of a novel evolutionary hypothesis. Arthropod Plant Interact. 
2015;9:437–46.

	145.	 Thormar H. Antibacterial, antiviral and antifungal activities of lipids. 
In: Thormar H, editor. Lipids and essential oils as antimicrobial agents. 
Hoboken, NJ: John Wiley & Sons; 2010. p. 47–74.

	146.	 Tietjen WJ, Ayyagari LR, Uetz GW. Symbiosis between social spiders and 
yeast: the role in prey attraction. Psyche. 1987;94:151–115.

	147.	 Tong X, Yoshimura S, Sasaki T, Furukawa S. Influence of Wolbachia 
infection on antimicrobial peptide gene expressions in a cell line of 
the silkworm, Bombyx mori (Lepidoptera: Bombycidae). J Asia-Pacific 
Entomol. 2021;24(4):1164–9.

	148.	 Torres MDT, Brooks EF, Cesaro A, Sberro H, Gill MO, Nicolaou C, Bhatt 
AS, de la Fuente-Nunez C. Mining human microbiomes reveals an 
untapped source of peptide antibiotics. Cell. 2024;187(19):5453-5467.
e15. https://​doi.​org/​10.​1016/j.​cell.​2024.​07.​027.

	149.	 Toyama M. Adaptive advantages of maternal care and matriphagy in 
a foliage spider, Chiracanthium japonicum (Araneae: Coubionidae). J 
Ethol. 1999;17(1):33–9. https://​doi.​org/​10.​1007/​bf027​69295.

	150.	 Trabalon M, Ruhland F, Laino A, Cunningham M, Garcia F. Embryonic 
and post-embryonic development inside wolf spiders’ egg sac with 
special emphasis on the vitellus. J Comp Physiol B. 2017;188(2):211–24. 
https://​doi.​org/​10.​1007/​s00360-​017-​1120-7.

	151.	 Trivers RL. Parental investment and sexual selection. In: Campbell B, 
editor. Sexual selection and the descent of man. Chicago: Aldine Pub‑
lishing Company; 1972. p. 136–79.

	152.	 Tsiareshyna M, Wang TH, Lin YS, et al. Bacteria inhabiting spider webs 
enhance host silk extensibility. Sci Rep. 2024;14:11011. https://​doi.​org/​
10.​1038/​s41598-​024-​61723-x.

	153.	 Uddin SJ, Shilpi JA, Nahar L, Sarker SD, Göransson U. Natural antimicro‑
bial peptides: Hope for new antibiotic lead molecules. Front Pharmacol. 
2021;12: 640938.

	154.	 Vanthournout B, Hendrickx F. Endosymbiont dominated bacterial com‑
munities in a dwarf spider. PLoS ONE. 2015;10(2): e0117297. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01172​97.

	155.	 Vasile C, Sivertsvik M, Miteluţ AC, Brebu MA, Stoleru E, Rosnes JT, Popa 
ME. Comparative analysis of the composition and active property 
evaluation of certain essential oils to assess their potential applications 
in active food packaging. Materials. 2017;10(1):45.

	156.	 Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. P 
& T: Peer-Rev J Formul Manag. 2015;40(4):277–83.

	157.	 Verhulst S, Dieleman SJ, Parmentier HK. A tradeoff between immu‑
nocompetence and sexual ornamentation in domestic fowl. In: 
Proceed-ings of the National Academy of Sciences of the United States 
of America. 1999; 96:4478–4481

	158.	 Vetter RS, Carroll DP. An identification key for eggs and egg sacs of 
spiders of potential agroeconomic importance: a feasibility study. J 
Arachnol. 2013;41:176–83.

	159.	 Vetter RS, Tarango J, Campbell KA, Tham C, Hayashi CY, Choe D-H. 
Efficacy of several pesticide products on brown widow spider (Araneae: 
Theridiidae) egg sacs and their penetration through the egg sac silk. J 
Econ Entomol. 2015;109(1):267–72. https://​doi.​org/​10.​1093/​jee/​tov288.

	160.	 Walsh DJ, Livinghouse T, Goeres DM, Mettler M, Stewart PS. Antimi‑
crobial activity of naturally occurring phenols and derivatives against 
biofilm and planktonic bacteria. Front Chem. 2019;7:653. https://​doi.​
org/​10.​3389/​fchem.​2019.​00653.

	161.	 Wei M, Wang P, Li T, Wang Q, Su M, Gu L, Wang S. Antimicrobial and 
antibiofilm effects of essential fatty acids against clinically isolated 
vancomycin-resistant Enterococcus faecium. Front Cell Infection Micro‑
biol. 2023;13:1266674.

	162.	 Weinert LA, Araujo-Jnr EV, Ahmed MZ, Welch JJ. The incidence of bacte‑
rial endosymbionts in terrestrial arthropods. Proceedings Biological 
sciences. 2015;282(1807):20150249. https://​doi.​org/​10.​1098/​rspb.​2015.​
0249.

	163.	 Wolz M, Klockmann M, Schmitz T, Pekár S, Bonte D, Uhl G. Dispersal 
and life-history traits in a spider with rapid range expansion. Mov Ecol. 
2020;8:1–11.

	164.	 Wright S. The antimicrobial properties of spider silk. Master of Research 
Thesis, University of Nottingham, 2011: 1–113.

	165.	 Wright S, Goodacre SL. Evidence for antimicrobial activity associated 
with common house spider silk. BMC Res Notes. 2012;5(1):326.

	166.	 Wu Y, Liu Y, Yu J, Xu Y, Chen S. Observation of the antimicrobial activities 
of two actinomycetes in the harvester ant Messor orientalis. Insects. 
2022;13:691.

	167.	 Yan Y, Li J, Zhang Y, Peng X, Guo T, Wang J, Wang X. Physiological and 
biochemical characterization of egg extract of black widow spiders to 
uncover molecular basis of egg toxicity. Biol Res. 2014;47(1):17. https://​
doi.​org/​10.​1186/​0717-​6287-​47-​17.

	168.	 Yip EC, Rayor LS. Maternal care and subsocial behaviour in spiders. Biol 
Rev Camb Philos Soc. 2014;89(2):427–49. https://​doi.​org/​10.​1111/​brv.​
12060.

	169.	 Yoon BK, Jackman JA, Valle-González ER, Cho N-J. Antibacterial free fatty 
acids and monoglycerides: biological activities, experimental testing, 
and therapeutic applications. Int J Mol Sci. 2018;19(4):1114. https://​doi.​
org/​10.​3390/​ijms1​90411​14.

	170.	 Zhang QY, Yan ZB, Meng YM, Hong XY, Shao G, Ma JJ, Fu CY. Antimi‑
crobial peptides: mechanism of action, activity and clinical potential. 
Military Med Res. 2021;8:1–25.

	171.	 Zimny D, Patrzałek M, Kowalska T, Sajewicz M, Surmiak-Stalmach K, Wil‑
czek G. Identification and quantification of fatty acids in hunting web 
of adult Steatoda grossa (Theridiidae) female spiders. Acta Chromatogr. 
2021;34(1):71–6.

	172.	 Zortea ADA, Fischer ML. Discard of preys and silk antimicrobial activity 
in the Loxosceles intermedia Mello-leitao, 1934 and Loxosceles laeta 
(Nicolet, 1849)(Araneae; Sicariidae). Revista Brasileira de Zoociencias. 
2009;11(1):47–53.

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

https://doi.org/10.1039/b916096e
https://doi.org/10.1039/b916096e
https://doi.org/10.1007/s12602-024-10241-3
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1038/s41598-023-49587-z
https://doi.org/10.1038/s41598-023-49587-z
https://doi.org/10.1517/13543784.10.2.309
https://doi.org/10.1517/13543784.10.2.309
https://doi.org/10.1016/j.cell.2024.07.027
https://doi.org/10.1007/bf02769295
https://doi.org/10.1007/s00360-017-1120-7
https://doi.org/10.1038/s41598-024-61723-x
https://doi.org/10.1038/s41598-024-61723-x
https://doi.org/10.1371/journal.pone.0117297
https://doi.org/10.1371/journal.pone.0117297
https://doi.org/10.1093/jee/tov288
https://doi.org/10.3389/fchem.2019.00653
https://doi.org/10.3389/fchem.2019.00653
https://doi.org/10.1098/rspb.2015.0249
https://doi.org/10.1098/rspb.2015.0249
https://doi.org/10.1186/0717-6287-47-17
https://doi.org/10.1186/0717-6287-47-17
https://doi.org/10.1111/brv.12060
https://doi.org/10.1111/brv.12060
https://doi.org/10.3390/ijms19041114
https://doi.org/10.3390/ijms19041114

	The apple of discord: can spider cocoons be equipped with antimicrobial factors?—a systematic review
	Abstract 
	Introduction
	Spider egg sacs
	Parental investment and maternal care
	Eggs and their protection.
	Silk

	Ecological interactions
	Microbial dynamics
	Environmental dynamics

	Conclusion
	Acknowledgements
	References


