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Spiders’ spinning skills have fascinated mankind since ancient times. These animals owe
this ability to unique appendages named spinnerets. These structures are connected to
silk-producing glands and are responsible for silk extrusion and manipulation, granting
spiders the ability to use the threads for functions far beyond web-building. In spite
of the relevance of spinnerets, there is scarce knowledge about their development and
evolution. Most research on these structures focused on their morphological aspects, or
possible applications of the silk for human purposes. In this mini review, we included this
literature, but our main purpose is to introduce and discuss the preeminent hypotheses
on the origins of spinnerets in light of an evo-devo perspective. We present the available
information on genetic pathways involved in spinneret genesis during spider’s embryonic
development, evidencing the eminent need for further research in the evolution and
development of spinnerets.
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INTRODUCTION

Fascination with spiders predates classical antiquity. In Greek mythology, there was no weaver
comparable to Arachne. She had even dared to say her skills were greater than the goddess
Athena’s herself. Offended, Athena challenged the mortal to a weaving competition, after which she
destroyed Arachne’s work out of anger and jealousy. Athena also turned Arachne into a tiny animal,
condemning her and all her descendants, for she had insulted the gods. Arachne was now a spider,
and from that moment on, she would weave for eternity, but not with her once-dexterous hands.

Spiders (Arachnida: Araneae) may not be Arachne’s descendants, but that does not make them
any less remarkable. These arthropods make up a highly diversified clade of more than 48,000
described species (World Spider Catalog, 2019). In spite of their notable diversity, spiders share
some unique features, such as chelicerae connected to venom glands and modified tarsi in the
pedipalps, which allow sperm transfer by males (Coddington and Levi, 1991; Wheeler et al.,
2017; Wang et al., 2018). But of all their shared features, spiders are mainly known for their
ability to produce and manipulate silk. The major synapomorphy of this clade is its spinning
apparatus (Wheeler et al., 2017; Wang et al., 2018), formed by silk-producing glands that lead to
appendages called spinnerets, present in the fourth and fifth opisthosomal (abdominal) segments
(Pechmann et al., 2010).
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Silk is a fibroin, produced by and stored in the silk glands
that are like small sacs located inside the opisthosoma. An orb-
weaving spider, such as Triconephila clavipes, may possess up to
seven types of morphologically and physiologically differentiated
silk glands—minor and major ampullate, aciniform, tubuliform,
aggregate, piriform, and flagelliform (or coronate) glands. In
each of them, distinct patterns of gene expression lead to the
production of a different set of proteins (most of them belonging
to the spidroin family) that together make up that gland’s silk
(Rising and Johansson, 2015; Babb et al., 2017). Each gland leads
to a specific spinneret, which opens to the environment in the
form of microscopic spigots: terminal projections through which
single threads of silk are extruded (Selden et al., 2008; Foelix,
2010). Males of some species possess the so-called epiandrous
silk glands, located on the anterior margin of the genital furrow
with spigots similar to aciniform glands (Shultz, 1987). They are
involved in the production of sperm webs, and hypotheses of
homology between them and the other silk glands have long been
proposed (Marples, 1967; Shultz, 1987).

The spinning system is central to many ecological aspects of a
spider’s life cycle (Shear, 1986; Foelix, 2010; Rising and Johansson,
2015). The threads they produce are strong, highly extensible,
and yet lightweight (Rising and Johansson, 2015; Babb et al.,
2017). The spigots and the spinnerets can work independently
or together in a highly coordinated manner that allows spiders
to combine multiple filaments with various arrangements in
different ways to produce many kinds of silk for special purposes:
build shelters; acquire food; communicate (through pheromones,
and vibration); reproduce; disperse (silk balloons and lines); inter
alia. Therefore, silk and silk spinning were probably decisive for
the group’s success: They have allowed spiders to conquer the
terrestrial environment and thrive in it (Rising and Johansson,
2015; Mortimer et al., 2019).

SPINNERET MORPHOLOGY AND
DIVERSITY

Given their uniqueness and diversity, silk gland, spigot, and
spinneret morphologies are largely used as characters for
phylogenetic studies (e.g., see Platnick et al., 1991; Griswold
et al., 2005; Ramírez, 2014; Magalhães et al., 2017). For instance,
spinneret position is one of the most conspicuous features used
to split the order Araneae in two suborders: Mesothelae, whose
spinning apparatus lies in the middle of the opisthosoma; and
Opisthothelae, whose spinnerets are at the posterior region
of that tagma (Foelix, 2010; Wheeler et al., 2017). Posterior
positioning of the spinnerets in Opisthothelae is due to an
expansion of segment 3 of the opisthosoma (O3) and a reduction
of the segments posterior to the segment O5. Therefore,
although they are visually positioned in different regions,
the spinnerets of both suborders are considered homologous
structures (Pechmann et al., 2010).

Opisthothelae is further divided into two infraorders:
Mygalomorphae and Araneomorphae. Mygalomorphae
(tarantulas) constitute a little less than 7% of all Araneae
species described (World Spider Catalog, 2019). They have
a reduced number of spinnerets compared to Mesothelae,

whose representatives bear four pairs (or at least vestiges
of them)—what is thought to be the ancestral state for the
order Araneae (Marples, 1967). Some Mygalomorph spiders
have only one pair of anterior lateral spinnerets positioned
in the O4 segment, and the vast majority of the group has
posterior lateral and posterior middle spinnerets in segment O5
(Wheeler et al., 2017).

The infraorder Araneomorphae makes up approximately 90%
of all described spiders (World Spider Catalog, 2019). They have
two pairs of spinnerets in the segment O5, but there is a wide
variation of number and morphology on segment O4. Some
species bear a pair of spinnerets, but it may be fused as the
cribellum or reduced, as the colulus, or completely lost in other
species (Hilbrant, 2008; Pechmann et al., 2010; Figure 1).

SPINNERET ORIGINS

The origin of silk production precedes the evolution of spinnerets
(Shultz, 1987). This is supported by fossils described by Selden
et al. (2008) that bear spigot-like structures and were found
with silk threads, but had no signs of spinneret-like appendages.
They were then classified in a newly proposed order named
Uraraneida, and the authors uphold the vision of spinnerets
as spider-exclusive features. Huang et al. (2018) disagree with
this exclusivity hypothesis, arguing that another spinneret-
bearing fossil (described as Chimerarachne yingi by Wang
et al., 2018) may be classified as some sort of protospider not
belonging to Araneae.

Whether specimens like this are to be included in the order
Araneae or not is open to discussion; but, no matter the
conclusion, spiders remain the only extant lineage that possesses
spinnerets. These appendages must then go back at least to
the last common ancestor of Araneae (Selden et al., 2008;
Garwood et al., 2016; Wang et al., 2018), which lived prior to or
during the Carboniferous period, given the oldest spider fossil is
approximately 305 million years old (Selden et al., 2014).

Though we may infer when spiders and their spinnerets arose,
there is still no consensus on their morphological origins. It is
difficult to define which structures found in other arthropods
would be homologous to spinnerets or if there is even homology
to any other known feature. Some hypotheses have been
proposed, five of which will be detailed. Back in the 19th
century, Jaworowski (1896 apud Hilbrant, 2008) had proposed
that spinnerets would be locomotor appendages, similar to the
prosoma legs, which lost their primary function. As a matter of
fact, the developmental study by Pechmann and Prpic (2009)
has demonstrated that the posterior spinneret in Acanthoscurria
geniculata presents a leg-like gene expression profile—what was
interpreted as evidence of serial homology between spinnerets
and legs. Moreover, this hypothesis is further supported by the
fact that spinnerets are derived from embryonic limb buds similar
to the ones from which legs are formed (Hilbrant, 2008).

Shultz (1987) commented on the similarities between
spinnerets and legs, but presented a series of arguments that
link the origins of the spinning apparatus to reproductive needs.
Based on analyses within the Araneae order and on comparisons
between these animals and other arachnids and non-chelicerate
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FIGURE 1 | Examples of the diversity of spinneret morphology. Drawings adapted from Brescovit et al. (2002) and Joqué and Dippeaar-Schoeman (2007) showing
examples of morphologies of some spider species belonging to different families: (1) Miturgidae, (2) Corinnidae, (3) Gnaphosidae, (4) Clubionidae, (5) Prodidomidae,
(6) Senoculidae, (7) Ctenidae, (8) Hahniidae, (9) Agielenidae, (10) Amaurobiidae, (11) Zodariidae, (12) Hersiliidae, (13) Titanoedidae, (14) Oecobidae, (15) Uloboridae,
(16) Palpimanidae, (17) Paratropididae, (18) Nemesiidae, and (19) Liphistiidae. These examples are not representative of the familial diversity of Araneae. Mesothelae
spiders (green) possess four pairs of spinnerets (at least vestiges) in the middle of the abdomen, whilst Opisthotelae (pink and blue) possess them in the end of the
opisthosoma. Mygalomorphae (pink) have a reduced number of spinnerets and Araneomorphae (blue) present a remarkable diversity of organizations (as the colulus
or the cribellum). Schematics were based on Hilbrant (2008). Abbreviations: al, anterior lateral spinneret; am, anterior median spinneret; ASp, anterior spinneret; Col,
colulus; Cri, cribellum; MSp, median spinneret; pl, posterior lateral spinneret; pm, posterior median spinneret; PSp, posterior spinneret.

arthropods that also utilize silk, he argued that the silk-spinning
system was primarily related to the protection of genital products,
such as eggs or spermatophores.

Marples (1967), on the other hand, argued that spinnerets
could be modified ventral appendages that became specialized
as four pairs of spinnerets in the ancestor of all spiders. This
hypothesis was based on the observation that gland-associated
appendages are commonly found in arthropods and their
relatives. The median spinnerets would be the first to evolve
by modification from the original glands. The lateral spinnerets
would have then originated from a paedomorphosis process
that resulted in the retention of the limb-bud of the associated
ancestral appendage.

Damen et al. (2002) put forward another hypothesis. They
hypothesized the existence of a structure in chelicerates, which
would have a shared gene expression pattern to other arthropod
features. This was based on previous work by Averof and Cohen
(1997) that had demonstrated that the pdm/nubbin and apterous
genes were similarly expressed in both crustacean epipods (gills)

and insect wings—a result considered to be an evidence of
homology. Damen et al. (2002) found out that those genes
were expressed in the book gills of horseshoe crab (Limulus
polyphemus) embryos. And in spider Cuppienius salei embryos,
they showed that both genes are expressed specifically in the
book lungs, tubular tracheae and spinnerets primordia. Such
findings led them to propose a possible homology of the spinning
appendages with the wings and gills of their insect and crustacean
counterparts, respectively.

Whilst Sharma (2017) has argued that there is not enough
evidence to infer such deep homology, Selden et al. (2008) has
followed these assumptions and considered spinnerets to be
homologous to the horseshoe crab gills. The latter claim no other
arachnid order bears a structure to which homology hypotheses
may be traced and propose a possible pathway by which ventral
appendages of the opisthosoma might have reappeared. Based
on fossil evidence, they have suggested that spinnerets may be
the result of gene expression reactivation in ventral plates of a
uraraneid-like spider ancestor. Such plates found in uraraneid
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Attercopus fimbriungis are thought to be appendage-derived (as
are the plates observed in modern scorpions) and would give
rise to a segmented appendage if genes such as Distal-less (Dll)
had their expression reinitiated. When this process happened,
the spigots present on the plates would have been carried and a
spinneret would be formed.

Clarke et al. (2015) has taken this hypothesis further. They
have found that a spider-specific gene duplication has occurred,
and that gene families with genes that are expressed only in
silk glands are more likely to retain the paralog sequences that
emerged from this event. They then discuss the possibility that
this duplication event, followed by paralog retention, may have
created a genetic background that allowed, or facilitated the
reactivation as proposed by Selden et al. (2008).

GENES AND DEVELOPMENT

Genetic and developmental research in an evo-devo framework
may be the keys to shedding light on the origins and evolution
of spinnerets (Selden et al., 2008). Scarce information on
genetic pathways involved in spinneret embryonic development
is available hitherto, although the participation of a few genes in
this process have been studied, but their function is not always
known, as most results are limited to descriptions of expression
patterns (Pechmann et al., 2010).

The role of Notch signaling genes in appendage segmentation
seems to be conserved in all arthropods (Prpic and Damen,
2009). However, these genes have also been shown to play a
role in the caudal lobe establishment and opisthosoma patterning
in Parasteatoda tepidariorum. Interference RNA experiments
resulted in a non-functional caudal lobe when Delta, Notch,
and Suppressor of Hairless orthologs were knocked down
(Oda et al., 2007).

Specifically regarding spinnerets, Damen et al. (2002)
provided evidence of pdm/nubbin and apterous expression in
their primordia. Pechmann and Prpic (2009) used in situ
hybridization to show that Dll, dachshund, extradenticle, and
homothorax are also expressed in those appendages during
spider ontogeny. Their main aim was to discover whether
those genes, previously shown to participate in appendage
development in araneomorph spiders (Prpic et al., 2003), were
also expressed in mygalomorphs. An impressive observation is
that Dll expression is a marker of which spinneret limb buds
are to be retained and become fully formed spinnerets in adult
spiders. In A. geniculata embryos, pairs of spinneret primordia
are observed in both O4 and O5 segments, but only the latter
expresses Dll during embryonic development and grow into
spinnerets. On the other hand, in C. salei and P. tepidariorum,
both pairs express Dll and later became functional appendages
(Pechmann and Prpic, 2009).

Hilbrant (2008) analyzed morphological and genetic aspects
of C. salei embryonic development. He found evidence of
gene expression of homologs of wingless, omb, H15, pairberry,
and activator protein-2 (AP-2). A highlight is made for AP-
2, a transcription factor that is initially expressed in the
spinneret limb buds in both O4 and O5, but vanishes from

O4 in later stages. The limb bud in segment O5 then divides
into two portions to give rise to both median and posterior
spinnerets, while the limb in segment O4 generates only the
anterior spinnerets, which are shorter. AP-2 is thought to be
involved in cell proliferation, but Hilbrant (2008) claims that this
process was not increased in segment O5 limb bud. Therefore,
distinct gene expression patterns may underlie the morphological
differences observed in adult spiders, but by means other than
cell proliferation.

Finally, Hox genes Abdominal-A and Ultrabithorax are also
expressed in the segments from which spinnerets emerge
(Abzhanov et al., 1999; Hughes and Kaufman, 2002); however,
they have been shown to foreclose appendage development in the
abdomen of insects by repressing Dll expression (Vachon et al.,
1992; Abzhanov et al., 1999). Pechmann et al. (2010) proposed
that there might be a mechanism, maybe exclusive to spiders, by
which those genes may be co-expressed.

Schwager et al. (2017) have shown that almost all genes in
the Hox cluster are duplicated in the P. tepidariorum genome.
This must be true for other spiders as well, given that they
present evidences that this duplication event probably preceded
the divergence of spiders and scorpions, and involved the entire
genome of this hypothetical ancestor. In the same study, the
authors also showed that the paralogs of each duplicated Hox
gene have expression profiles that differs spatially and temporally,
what has been interpreted as evidence of neo-functionalization.

CONCLUSION AND FUTURE
DIRECTIONS

The arachnologist Michael R. Gray had said in 1978 that
“the evolution of spider silk has been an event comparable
in importance to the evolution of flight in the insects, or
warmbloodedness in the vertebrates” (apud Foelix, 2010). Yet, the
research on the origins and evolution of spinnerets is quite sparse,
and knowledge gaps are largely open.

Hypotheses on the origins that have been tested with genetic
data are interesting, and they represent the growing importance
of developmental data in understanding the evolution of complex
morphological characters in an evo-devo approach, but they
must be further explored. Additional genetic and developmental
research is vital to find a more comprehensive and explanatory
theory for spinneret evolution. In particular, research on whether
spinnerets are homologous to either wings and gills, legs, or even
other features should be pursued.

To do so, groundwork must be built, and we are already
running behind. In the NCBI database, searched on October 29,
2019, there were only 9 spider genomes, which represents less
than 0.02% of the described Araneae species. It is crucial that
we gather genomic information to assemble a great dataset to
compare spiders to other arachnids (that are not well represented
in NCBI as well, totalizing 25 genomes, excluding spiders), and
arthropods as a whole, to look for Araneae-specific genes that
might be related to spinnerets.

There are also other possibilities for the origins of spinnerets
other than Araneae-specific genes. It is known that genetic
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pathways may be co-opted as their participant genes acquire
new functions (Brakefield, 2006), and a process alike has been
described for spiders (Setton and Sharma, 2018). This could result
in a new morphological feature, as has been suggested to have
happened to firefly lanterns Stansbury and Moczek (2014) and
Schwager et al. (2017) have already discussed this possibility
for spider Hox genes. The latter, however, state that functional
studies must be done to further test these ideas.

Regarding this proposal, if genomic information is associated
to transcriptomics, it is possible to compare between spiders
and other animals not only the expression patterns of candidate
genes, as it has been done (e.g., Damen et al., 2002), but also
their expression levels during development. This framework
must provide more information on the processes that may have
underlain the emergence of spinnerets. This data would allow
us to go beyond spinneret origins and understand how they
evolved. One may then infer that spinnerets are highly plastic
structures that changed substantially throughout millions of years
of evolution, sometimes convergently, as has been shown by
molecular phylogenies (Wheeler et al., 2017; Fernández et al.,
2018). That opens questions such as: Is this diversification a
result of genetic drift or natural selection? Is there a conserved
genetic developmental pathway underlying distinct spinneret
ontogeny? Or are there distinct pathways correlating with
different morphologies?

Describing the dynamics of the genes during spider
development, and the impact of variations that have accumulated
during the course of evolution in spinneret morphology and
function are key to go forward in understanding their history.
Given the ecological importance of these appendages and the
many unanswered questions about their development, function,

and evolution, any discovery has the potential to transform our
understanding of the conquest of the terrestrial environment
by arthropods.
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