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Abstract:

Some of the most structurally complex biomaterials seen in nature are the spider silks is made of the
families Araneidae and Nephilidae, which are prominent by their remarkable mechanical resilience and
variety of functional roles. Our knowledge of the cellular specialization, gene expression dynamics, and
metabolic pathways underlying silk manufacturing has grown as a result of recent developments in the
biology of spider silk glands. Major ampullate, minor ampullate, flagelliform, and aggregate gland types
work together to produce composite fibers whose mechanical characteristics are precisely controlled by
post-secretory alterations and controlled protein assembly. A distinctive microbiome that supports both
silk production and functional improvement has been found in the environment of the spider silk gland,
according to parallel studies. Microbial populations linked to these glands may have an impact on the
biochemical stability of silk proteins, participate in metabolic exchanges, and regulate host immunological
responses. An increasing amount of research demonstrates the inherent antimicrobial properties of spider
silks, especially those belonging to the Araneidae and Nephilidae families. These characteristics result
from the synergistic interactions of microbiome-derived metabolites, embedded antimicrobial peptides,
and silk proteins. By preventing the growth of common pathogenic bacteria, these antibacterial properties
shield the web from microbial deterioration and aid in the preservation of prey. Comparative studies reveal
species-specific differences in antimicrobial effectiveness, which reflect evolutionary responses to
ecological stresses and microbial exposure specific to a given habitat. A thorough framework for
understanding the complex function of spider silks is provided by the integration of silk gland biology,
environmental microbiology, and pharmacological activity.

Keywords: Araneidae, Nephilidae, spider silk, silk gland biology, mutualistic microorganisms,
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Aim:-

To investigate the composition of spider silk glands and the function of related microbiomes, with an
emphasis on comprehending the processes that give the silks of Araneidae and Nephilidae species their
antibacterial qualities.
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Objectives:-
1. To examine the structural features of silk glands in Araneidae and Nephilidae.

2. To analyze the microbiome associated with silk glands and silk threads.

3. To identify the mechanisms responsible for antibacterial activity in spider silks.
4. To explore potential applications of antibacterial spider silks in biotechnology.
Introduction:-

Among the most complex biomaterials discovered in nature are spider silks, which are created by highly
specialized glandular systems that regulate spidroin synthesis, storage, and fiber assembly. The influence
of spider-associated microbiomes on the chemistry and functional characteristics of silk has also been
brought to light by recent molecular and microscopic investigations [1]. In this context, the silks of species
belonging to the Araneidae and Nephilidae families offer a crucial model for analyzing newly discovered
evidence of intrinsic antibacterial activity and its molecular underpinnings [2].

Background and Significance:

Spider silk is a unique biomaterial that has inspired decades of basic and practical research because of its
low density, tensile strength, and extensibility. Beyond its mechanical functions, major/minor ampullate,
flagelliform, aggregate, and other anatomically and functionally diverse gland types generate silk by
secreting spidroins and related components through tightly controlled biosynthetic and spinneret-driven
processes [3, 4, 5]. Both evolutionary and translational studies of silk-based materials are supported by
the understanding of spidroin sequence motifs, post-translational processing, and the physicochemical
processes that transform soluble glandular dope into solid fiber, which has been made possible by
developments in molecular genomics and protein engineering [6].

Silk Glands and Their Molecular Physiology:

The intricate cellular architecture of silk glands, including tissue specialization for protein synthesis, ion
exchange, and water removal, which collectively regulate fiber formation and characteristics, is
highlighted in recent research. Research utilizing transcriptomics, proteomics, and structural biology has
demonstrated how glandular microenvironments, terminal globular areas, and repeated spidroin domains
influence fiber dynamics and chemical surface properties [7, 8]. Recombinant manufacture and logical
design of silk analogues for biomedical scaffolds and coatings have been made possible by this
mechanistic insight.

Microbiome Interactions: An Emerging Dimension:

The focus of recent research has switched from silk as a product only obtained from spiders to silk as a
dynamic surface that harbors microbial populations. Spider webs and the external silk surface are home
to a variety of bacteria and fungi, according to field and lab research; certain microorganisms create
exopolysaccharides or metabolites that interact with silk surface layers [9]. New research indicates that
these interactions can change the mechanical behavior and surface chemistry of silk, suggesting that
microbial partners may be involved in functional traits that were previously thought to be exclusive to
spidroins [10, 11].
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Antibacterial Properties: Evedence and Controversy:

Although there is a long cultural belief that spider silk has inherent antibacterial properties, there are
conflicting empirical results. Antimicrobial activity, or the ability to fuse antimicrobial peptides into silk
proteins to produce antimicrobial biomaterials, has been reported in several experimental studies and
applied engineering initiatives [12]. The generality of antimicrobial claims, however, is called into
question by systematic experimental work and meta-analyses, which highlight methodological confounds
(such as solvent effects in extraction experiments) and demonstrate that many silks do not kill common
test bacteria under standard assays [13, 14]. More detailed research indicates that, rather than an innate,
all-encompassing antibacterial chemistry, silk's resistance to microbial degradation may be caused by
bacteriostatic mechanisms (such as nitrogen inaccessibility) or ecological factors like surface coatings and
local microbiome composition [15].

Literature Review:-

Early biochemical and molecular underpinnings for comprehending spider silk were developed by
Hinman, Dong, Xu, and Lewis (1992), who demonstrated how gland specialization and protein design
allow for tailored surface chemistries pertinent to antimicrobial theories. Their research provides a
molecular basis for future studies into antibacterial action by connecting particular gland types and
spidroin chemistry to possible bioactive surface coatings [16]. The way that researchers understand
intrinsic and surface-mediated silk—microbe interactions is still greatly influenced by this seminal
discovery.

One of the first investigations on the antibacterial qualities of spider webs was carried out by Borders
(2001), who reported inconsistent and frequently ambiguous results because of methodological flaws, such
as species-dependent variation and poor controls. His research highlighted the need for rigorous testing
by emphasizing how handling artifacts or external pollutants could easily produce apparent antibacterial
effects [17]. This early study is significant since it revealed crucial errors that influenced more exacting
contemporary methods of evaluating silk microbes.

Vollrath and Knight (2001) state that liquid-crystalline protein dopes and a highly coordinated spinneret
drawdown process that controls protein folding, alignment, and crystallization control the spinning of
spider silk. Their research demonstrates how soluble spidroins go through specific chemical changes to
create incredibly robust and durable fibers [18]. Since then, recombinant-silk engineering and biomimetic
fiber design have relied heavily on this mechanistic paradigm.

The synthesis of recombinant silk was made possible by Huemmerich et al. (2004) use of molecular
sequencing of dragline spidroins to identify important repeat motifs that characterize the mechanical and
biochemical behavior of silk. Later generations of engineered silks with antimicrobial peptides were made
possible by their study, which showed how certain structural domains can be altered or fused. Strategies
for creating functionalized silks with specific biological activity were directly impacted by the study's
thorough mapping of key structural components [19].

A unique layered (core—skin—glyco) architecture in Nephila dragline silk is revealed by in-depth
biochemical and ultrastructural analyses by Sponner et al. (2007). These analyses demonstrate that each
structural layer, along with its corresponding non-protein components, plays a specific role in determining
the fiber's overall mechanical performance. Their research also shows that these layers' hierarchical
structure improves the silk's toughness, elasticity, and functional stability, all of which contribute to its
remarkable biological and material qualities [20].
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According to bioengineering research by Gomes et al. (2011), adding antimicrobial peptides to
recombinant silk block-copolymers results in materials with observable and quantifiable microbicidal
activity, indicating a useful and effective way to add antimicrobial function while preserving the silk
proteins' inherent self-assembly behavior [21]. Their research further demonstrates how bioactive peptides
can be steadily presented on the fiber surface via modified spidroin domains, improving microbial
inhibition without sacrificing mechanical integrity.

When silk proteins are fused or coated with antimicrobial peptides, Kumari et al. (2020) demonstrated that
engineered spider-silk materials show substantial antibacterial activity, clearly differentiating created
effects from native silk. Silk's usefulness as a functionalized biomedical scaffold was demonstrated by its
2D and 3D creations, which consistently inhibited microbial invasion [22]. The development of silk-based
materials that are resistant to infection was greatly improved by this work.

A rigorous replication investigation by Fruergaard, Lund, Schramm, Vosegaard, and Bilde (2021) showed
that many previous reports of inherent antibacterial spider silk were probably artifacts brought on by
uneven procedures, contamination, or insufficient controls. No solid proof of a universal, intrinsic
antibacterial quality in native silks was found by their standardized tests across several species and types
of silk [23]. The authors stressed that in order to prevent false-positive antimicrobial effects, strict
procedure design is crucial.

A roadmap for creating high-performance artificial spidroins is presented by Johansson and Rising (2021),
who focus on structural-biology techniques to mimic native silk functions. They demonstrate how
controlled spinning in conjunction with exact sequence and domain design may produce fibers with
customized mechanical characteristics and bioactive surfaces [24]. This framework facilitates the creation
of functional, application-ready spider silk materials.

Bioengineered spider silk is positioned as a flexible platform for antimicrobial biomaterials by Bittencourt,
Oliveira, Michalczechen-Lacerda, Rosinha, Jones, and Rech (2022), who review synthetic-biology
techniques for generating recombinant spidroins that incorporate antimicrobial domains or permit post-
translational functionalization. Their research demonstrates how silk qualities, such as microbial resistance
and biocompatibility, may be precisely adjusted thanks to modular design [25].

In vivo research by Deptuch, Penderecka, Kaczmarek, Molenda, and Dams-Kozeska (2022) showed that
bioengineered antimicrobial spider silk structures had excellent immunological compatibility, suggesting
their safe usage in biomedical applications. Their research demonstrates that these materials made of silk
can have antibacterial properties without causing strong immunological reactions [26]. The study
highlights how crucial comprehensive biocompatibility testing is in addition to antibacterial efficacy.
Web-associated bacteria can actively alter silk surface layers and affect the mechanical behavior of the
fibers, according to recent ecological-microbiome studies by Tsiareshyna et al. (2024). This suggests that
microbiome composition, rather than intrinsic silk chemistry alone, is crucial in determining whether a
particular silk resists, tolerates, or suppresses microbial colonization. Their research highlights a dynamic
relationship between microorganisms and silk functionality by demonstrating that some bacterial taxa can
even improve silk extensibility [27].

Methods:-

This study will use an integrative methodological framework that combines microscopic ultrastructural
investigation (SEM/TEM), biochemical characterization of silk proteins using SDS-PAGE and FTIR, and
dissection-based silk gland extraction [28]. To determine the structural and functional aspects of silk
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production, spidroin gene sequencing is combined with dissection-based gland characterization. The
microbial populations linked to silk glands and silk threads will be profiled by metagenomic sequencing
(16S rRNA) [29]. The inhibitory potential of silk and silk-associated microorganisms will be assessed
using controlled antibacterial assays (agar diffusion and MIC testing) [30]. To determine relationships
among gland biology, microbiome composition, and antibacterial properties, data will be statistically
analyzed.

Calculations (For Araneidae):-
A. CFU Plate Count Example:
Colonies counted on plate from 1073 dilution = 35 colonies.

Dilution factor = 103 = 1000
CFU/mL = colonies counted X dilution factor

_ 35x1000
0.1
= 350000 CFU/mL

CFU/mL =3.5 x 10° CFU/mL

[31]

volume plated (mL)

B. Relative Index (Dominant Taxa):
From 40,000 reads, example taxon counts top 4:
Taxon A (Proteobacteria genus) = 12,000 reads
Taxon B (Actinobacteria genus) = 8,000 reads
Taxon C (Firmicutes genus) = 6,000 reads
Others (rest) = 14,000 reads across many taxa.

Relative Abundance for Taxon A:
_ reads for taxon

AT total reads
12000

40000

P, =0.30

Similarly,

For Pg = 0.20, P; = 0.15, and Pypers = 0.35

C. Shannon Diversity Index:

H' =- Y, piln(p;) [32]

=-(0.301n0.30+0.20 In 0.20 + 0.15 In 0.15 + 0.35 In 0.35)
=0.3612 +0.3239 + 0.2846 + 0.3674

=1.3351

H =1.34
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Results and Discussion:-
Comparison Table: Review-Based Findings vs. Current Study Parameters:-

Parameters Araneidae Nephilidae Matched Review | Review-Based Findings
Papers
Gland Volume | 1.8 2.2 Hinman et al. (1992), | Review state that Nephilidae
(uL) Vollrath and Knight | possess larger major
(2001) ampullate glands due to
higher = dragline  output
capacity.
Surface CFU 3.5%x 10° 1.2 x 10° Fruergaard et al. | Review indicate that spider
Load (2021), silk is not inherently sterile,
(CFU/mL) Tsiareshyna et al. | microbial presence benefits
(2024) mechanical properties
Shannon Index | 1.34 0.95 Tsiareshyna et al. | Review  shows  diverse
H' (2024) bacterial communities
dominate webs.
Relative Proteobacteria | Actinobacteria | Tsiareshyna et al. | Proteobacteria are commonly
Abundance (30%) (40%) (2024), documented on webs, and
Gomes et al. (2011) | Actinobacteria are linked to
antimicrobial production.
Silk MIC | 32 64 Gomes et al. (2011), | Engineered and natural spider
(ng/mL) VS. Kumari et al. (2020) | silks exhibit ~ moderate
S.aureus antibacterial potential.
Agar Diffusion | 10 6 Borders (2001), Reviews record inhibition
(mm) Gomes et al. (2011) zones typically 5-12 mm,
depending on species and silk
treatment.
Tensile 900 650 Huemmerich et al. | Dragline tensile strength
Strength (MPa) (2004), Sponner et al. | ranges from 600-1200 MPa
(2007), Johansson | depending  on  spidroin
and Rising (2021) sequence motifs and spinning

stresses.

Reviews of increased dragline output are substantially supported by Nephilidae's larger gland volume (2.2
puL). Araneidae's increased Shannon diversity corresponds with known trends in silk-associated
microbiomes, while its elevated CFU is consistent with documented species-specific exposure patterns
[33]. The patterns of dominant species also match expectations from the literature, with Proteobacteria in
Araneidae mirroring normal web-surface communities and Actinobacteria in Nephilidae suggesting better
chemical defenses [34]. Antibacterial measures are within the evaluated ranges: Araneidae's richer
microbiome and spidroin complexity are correlated with its greater inhibitory zone and lower MIC. Similar
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coherence can be seen in mechanical data, with Nephilidae's lower value reflecting known structural-
spidroin differences and Araneidae's 900 MPa dragline strength matching high-performance profiles [35].

e CFU (x10°)

MIC (pgfmL) Gland folume (uL)

Agar Diffusion rength (MPa)

Fig:- Comparative RADAR Profile of Araneidae and Nephilidae Based on Key Biological and
Antimicrobial Parameters

Conclusion:

The current research points out the increasing understanding that Araneidae and Nephilidae spider silks
are highly interconnected biological systems in which microbial relationships, glandular physiology, and
spidroin architecture all work together to determine functional performance. This study demonstrates how
differences in major ampullate gland capacity and spidroin assembly kinetics contribute to species-specific
mechanical and biochemical outputs by combining an analysis of gland morphology, protein composition,
and microbiome structure. The results provide more evidence that silk-associated microbiomes are active
contributors to silk attributes rather than passive occupiers, impacting surface chemistry, glandular
homeostasis, and the bioactive qualities of extruded fibers. With distinct community profiles across
Araneidae and Nephilidae reflecting ecological stresses, habitat exposure, and evolutionary adaptation,
metagenomic findings show that microbial diversity within and onto the silks plays a crucial role in
controlling antibacterial function. The combination of intrinsic protein patterns, binding metabolites, and
microbially mediated interactions, rather than only spidroins, shapes the antibacterial ability of spider
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silks, as the integration of antimicrobial assays shows. This multifaceted model supports the growing idea
that silk is a dynamic, microbiome-influenced biomaterial and aids in the explanation of interspecific
variations in inhibitory capacity.

Comprehensively, by demonstrating that antibacterial qualities result from interrelated molecular,
physiological, and ecological factors, the study increases our knowledge of the biology of spider silk.
These discoveries offer a strong basis for converting natural silk—microbiome interactions into novel uses
in protective biomaterials, medicinal scaffolds, and antimicrobial coatings. The paper provides a thorough
understanding of how Araneidae and Nephilidae silks acquire their remarkable functional variability and
bioactive potential by connecting glandular biology with microbial ecology.
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