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Abstract

Background Relatively little is known about the diversity of embryonic development across lineages of spiders, even
though the study of embryonic development is a primary step in evo-devo studies and essential for understanding
phenotypic evolution. Practically nothing is known about embryogenesis in cave-dwelling spiders, animals which
play an important role in cave ecosystems and may have remarkable adaptations to aphotic habitats such as loss

of eyes.

Results Here, we describe embryogenesis and study the expression patterns of several genes of the Retinal Deter-
mination Network (RDN) in the troglophile (species that have pre-adaptations to life in caves, and can complete

their life cycle in caves, as well as in epigean habitats) eye-bearing funnel-web spider species Tegenaria pagana C. L.
Koch, 1840, using fluorescent staining and confocal microscopy. We discuss the characteristic features of T. pagana
embryogenesis and key RDN genes. Although in many respects the embryonic development of different species

of entelegyne spiders is similar, we found differences in the rate of development, and the details of the opisthosoma,
respiratory system, and brain morphogenesis in comparison with established spider model species. Our data supports
the hypothesis of a conserved role of sine oculis gene in the eye formation of arachnids.

Conclusions Given the recent discovery of congeneric cave species with different degrees of eye reduction through-
out Israel, these data sets provide a foundational point of comparison for studying eye reduction and eye loss events
in the spider genus Tegenaria.
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Background

Caves and other subterranean environments represent
ecologically distinct ecosystems with unique abiotic
conditions [7, 16]. Environmental conditions such as
the absence of direct sunlight, constant temperatures,
relatively high humidity, and reduced or no local pri-
mary production [31] may lead cave-dwelling species to
undergo various behavioral, morphological, and physi-
ological adaptations. Cave-dwelling species may pre-
sent troglomorphic traits, such as reduction or loss of
eyes due to the absence of light, depigmentation, and
attenuated bodies or appendages [15, 16, 43]. With the
reduction of eyes, cave-dwelling species often develop
heightened non-visual senses, including proprio- and
chemoreception [45]. Troglomorphic traits, includ-
ing eye reduction, have been studied extensively in the
Mexican tetra blind cave fish Astyanax mexicanus (De
Filippi, 1853), (Characiformes, Characidae) [13, 30, 33]
and the cave isopod Asellus aquaticus (Linnaeus, 1758)
(Isopoda, Asellidae) [34, 42]. However, there is a lack of
comparative data on other elements of cave fauna that
exhibit the classical troglomorphic phenotype, such as
arachnids, which play an important role as predators
in cave ecosystems [24]. Spiders have attracted atten-
tion in the context of comparative development due to
a different number and arrangement of eyes in com-
parison with better-studied arthropods [8, 26], as well
as because of a whole genome duplication event that is
thought to have impacted their evolution and pheno-
type [38].

More than 52,000 species of spiders have been
described [47]. Complete embryonic development (from
fertilization to hatching) has been documented for only
three species: Cupiennius salei Keyserling, 1877 (Trecha-
leidae) [46], Parasteatoda tepidariorum (C. L. Koch,
1841) (Theridiidae) [25], and Acanthoscurria genicu-
lata (C. L. Koch, 1841) (Theraphosidae) [28]. The stag-
ing system for embryogenesis varies from 14 stages in P
tepidariorum, and A. geniculata to 21 stages in C. salei,
and designation of stages largely draws upon the lead-
ing spider model, P. tepidariorum (Fig. 1). A handful of
studies has addressed differences in embryonic develop-
ment between mygalomorph, Synspermiata and entel-
egyne spiders [28, 40, 44] such as the morphogenesis of
a tube-like opisthosoma in basally branching spiders and
differences in the number of book lungs and spinnerets
after embryogenesis. However, these studies were not
focused on describing the complete process of embryo-
genesis, making it difficult to compare data between
those few species [2, 23, 29, 40, 44, 48]. In addition, there
are no data on the embryogenesis of cave dwelling spi-
ders, which could help in the study of their evolution and
development.
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Fig. 1 Simplified tree of Araneae indicating the key species discussed
in this paper. Topology based on Kulkarni et al. [20]

The funnel-web genus Tegenaria Latreille, 1804 (Ara-
neae, Agelenidae) currently includes 135 species, with
eleven species inhabiting caves in Israel [47]. Cave-dwell-
ing Tegenaria species present a gradient of eye reduc-
tion, from a complete loss to fully developed eyes [1].
The incidence of a spectrum of eye phenotypes within
a single genus offers a potentially powerful system for
understanding how modifications of gene regulatory
networks incur an array of morphological phenotypes
in cave habitats. The Retinal Determination Network of
genes (hereafter RDN) is a complex and highly regulated
molecular network that controls the process of retinal
development in various vertebrate and invertebrate ani-
mal eyes [22, 27]. This network consists of several asso-
ciated genes mostly encoding transcription factors that
together determine the fate of cells of the eye retina and
other eye structures. Research on the genes of the RDN
in spiders has mainly relied on comparative analysis with
other arthropods, such as insects and crustaceans [27].
These studies revealed conserved key genes and pathways
involved in retinal determination across diverse phyla [3].
In the fruit fly Drosophila melanogaster Meigen, 1830, an
iconic system for understanding eye development, two
Pax6 homologs (eyeless and twin of eyeless) are respon-
sible for the initiation of eye formation. Pax6 activates
the expression of a set of downstream genes, including
eyes absent (eya), sine oculis (so), and dachshund (dac),
which form a “gene regulatory network” to control cell
proliferation and differentiation [22]. In spiders, dupli-
cates of many of these genes have been shown to be
transcriptionally active, dissimilar in expression patterns
between gene copies, and variable across species. The
role of Pax6 genes in spider eye development is still not
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well understood and the expression of Pax6 genes var-
ies in different spider species. While two Pax6 orthologs
were isolated from P. tepidariorum spiders [38], they are
not expressed in any of the eyes but in the neurogenic
ectoderm. However, Pax6 is expressed in the ocular seg-
ment of Parasteatoda in early germ band stages, which
could be the upstream signal that primes the expression
of eya/so into what is interpreted as the eye progeni-
tor cells in later stages [9]. There is also no eye-specific
Pax6 expression in five other spider species recently sur-
veyed [12]. However, in C. salei [36] one Pax6 homolog is
expressed in the principal eyes but not in the secondary
eyes. Pax6 expression has not been found in the devel-
oping eyes of the chelicerate horseshoe crab Limulus
polyphemus (Linnaeus, 1758) [5], despite its expression in
their lateral sense organ, a sensory structure whose func-
tion remains unresolved. It is possible that an alternative
mechanism may exist for the initiation of eye develop-
ment in this case. Notably, both eyeless and twin of eyeless
are indeed expressed in the developing eyes of the har-
vestman Phalangium opilio Linnaeus, 1758, and particu-
larly in the lentigenic cells, though their function has not
been explored [11]. The lack of expression of Pax6 in eyes
of most spider species suggests that alternative pathways
may exist in these species for eye development, and more
research is needed to better understand the role of Pax6
orthologs in spider eye development.

Recent advances in comparative data sets across spi-
ders offer new directions for understanding the ontogeny
of troglomorphism in arachnids, with an emphasis on eye
reduction. As a first step, we describe here the complete
embryonic development and key Retinal Determination
Network genes expression in the troglophile eye-bearing
spider species Tegenaria pagana C. L. Koch, 1840. We
also develop a methodology for maintaining a laboratory
culture of T. pagana for developmental study.

Results
1. Tegenaria pagana embryonic development

We provide a general overview table containing lateral
views of DAPI stained embryos at all stages alongside
corresponding schematic images (Fig. 2).

Stage 1 (0-10 h after eggs laying (hAEL)). Early cleav-
ages. Eggs of T. pagana are spherical with a diameter of
500-600 pum. Eggs are mostly composed of yolk, which is
present as fine homogeneous granules. The nuclear divi-
sions and yolk cleavage take place intralecithally (deep
within the yolk) inside the egg (Figs. 2, st. 1; 3, st. 1) as
in P. tepidariorum [25]. In the first hours, we expect the
nuclei to be surrounded by a mass of yolk and not yet
enclosed within cell membranes as in P tepidariorum
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[25]. During these cleavages, energids (nuclei and their
surrounding plasma) migrate to the surface of the egg
(Fig. 3, st. 1c, d).

Stage 2 (11-30 hAEL). Blastoderm. Early cleavages are
followed by nuclear mitosis and the formation of the blas-
toderm (Figs. 2, st. 2; 3, st. 2). All cleavage energids reach
the surface. Blastodermal cells have an irregular polygo-
nal shape with a large nucleus in the middle (Fig. 3e st. 2).
The blastodermal cells become more rounded after a few
cleavage cycles. At later stages after 2—3 h, some energids
are located slightly lower than others (white arrows at
Fig. 3e and g st. 2). As proposed in a study of C. salei [46]
these might be vitellophages or just some of the cells left
in the yolk after migration.

Stage 3 (31-49 hAEL). Blastopore formation. Over the
following few hours (Figs. 2, st. 3; 3, st. 3), most of the
blastodermal cells start to shift (indicated by arrows in
Fig. 3i, st.3) and gradually gather in a particular region of
the blastoderm. These cells begin aggregating to form the
blastopore. There is no formation of a distinct germ disc
(a dense aggregation of cells that provides the primordial
tissue for the embryo body and is found in some arthro-
pod embryos). This is unlike in P tepidariorum [25],
where there is a clearly outlined germ disc but similar to
C. salei [46]. At this stage most cell divisions are asyn-
chronous (Suppl. 1). A small number of cells aggregate at
the center of the forming germ disc and begin the forma-
tion of the blastopore (Bp) (Fig. 3i, st. 3). In contrast with
the other studied species, the blastopore of 7. pagana can
be seen indistinctly in confocal scans as a small depres-
sion in the cell mass.

Stage 4 (50-72 hAEL). Primary thickening. Blastopore
cells begin to ingress beneath the blastoderm (internali-
zation) and initiate gastrulation (Figs. 2, st. 4; 3, st. 4). In
the opposite hemisphere of the egg the blastoderm cells
are evenly distributed, although there are fewer of them.
During this process, the blastopore rises slightly above
the surface of the embryo and is visible as a protrusion
(Fig. 3k, st. 4). At the end of stage 4, the blastopore closes,
losing the elevation. That suggests the end of gastrulation
at this site and the primary thickening formation (PT, an
agglomerate of the first internalizing cells at the center of
the blastopore [14]) at the blastopore region (Fig. 3j, st.
4).

Stage 5 (73-106 hAEL). Cumulus migration. Mesen-
dodermal cells at this stage form two groups of cells in
the primary thickening region. A larger group of cells
that separates from the center of the primary thickening
and is visible as a slight elevation above the surface of the
embryo (cumulus, Cu) (Figs. 2, st. 5; 3, st. 5) migrates in
an arc toward the second half of the embryo at approxi-
mately 100-110 degrees. Once the other hemisphere of
the embryo is reached, the cumulus starts to disappear
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st Time, 20°C
il % of dev.

St.1 0-10 hAEL
Early cleavages 2.9%
st.2 11-30 hAEL
Blastoderm 8.7%
st.3 31-49 hAEL
Blastopore 14.2%
St.4 50-72 hAEL
Primary thickening 20.9%
St.5 73-106 hAEL
Cumulus migration | 30.7%

Prosomal limb buds

St.6 107-114 hAEL
Dorsal field 33% 1
st.7 115-118 hAEL
Germ band 34.2%

St. 8.1 119-141 hAEL

40.9%

5t.8.2
Prosomal limb buds

142-150 hAEL
43.5%

St.9.1
Limb differentiation

151-170 hAEL
49.3%

DAPI

Time, 20°C
Scheme Stage Bt i
St.9.2 171-185 hAEL

Limb differentiation

53.6%

St.10.1
Brain differentiation

186-199 hAEL
57.7%

St.10.2
Brain differentiation

200-223 hAEL
64.6%

St. 11 224-235 hAEL
Inversion 68.1%
St. 12 236-261 hAEL
Retraction 75.7%
St,13.1 262-281 hAEL

Dorsal closure

81.4%

St.13.2
Dorsal closure

282-297 hAEL
86%

St.14.1
Ventral closure

298-326 hAEL
94.5%

St. 14.2
Ventral closure

327-345 hAEL
100%

DAPI

Scheme
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Fig. 2 Overview of the embryonic development of T. pagana. Embryos in lateral view, timing with percent of the development, and embryo

schematic drawings. DAPI staining, embryonic stages 1 to 14.2. Black dots on st. 2, 3 and 4 indicate blastoderm nuclei and the dotted line in st. 2
indicates blastoderm cell outlines. Black arrow indicates cumulus migration. Less cell dense region at st. 5 and 6 is displayed in white, cell dense
region in grey. The dorsal field at st. 6 is indicated by the cumulus silhouette
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Fig. 3 Stages 1-6 of embryonic development of T. pagana. Light microscopy (a, ¢, €, j, 1, n) and DAPI staining (b, d, f, h, i, k, m, o) of different embryos.
The numbers in each panel represent the different embryonic stages. Bp: blastopore; CL: caudal lobe; Cu: cumulus; DF: dorsal field; PT: primary
thickening. ¢, white arrows indicate nuclei. e, white arrows indicate energids that are located slightly lower than others. h, n, o arrows indicate cell

migration

marking the dorsal pole of the embryo. A second smaller
group of cells remains in the center of the embryonic
portion of the egg and continues to be identified as the
primary thickening (PT) indicating the posterior pole
(Fig. 3m, st. 5). During the movement of the cumulus,
some of the cells gather around the primary thicken-
ing, and another part migrates radially from the primary
thickening. As in the previously studied C. salei [46] and
P tepidariorum [25] embryos, T. pagana embryos have
a less transparent pole (where the mesendoderm is con-
centrated) and a more transparent one with the yolk.

Stage 6 (107-114 hAEL). Dorsal field. During this stage,
cells from the primary thickening begin to migrate in the
direction opposite to the cumulus and laterally, forming a
zone with less densely packed cells, called the dorsal field
(DF) (Figs. 2, st. 6 and 3, st. 6). Toward the end of this
stage, the cumulus finally disappears and an elevation of
tissue forms in place of the primary thickening, which
will later become the posterior end of the embryo (the
caudal lobe, CL).

Stage 7 (115-118 hAEL). Germ band. The process of
lateral extension of the dorsal field continues. A C-shaped

germ band (a ventral strip of embryonic cells with a con-
vex flexion, bearing the caudal lobe at its posterior end)
appears at the ventral side (Fig. 2, st. 7). Compared to
the dorsal field, it has a significantly higher cell density.
The germ band expands over the entire ventral pole. Its
posterior region is now called the segment addition zone
(SAZ) (Fig. 4, st. 7). Only the prosomal segments are
determined by this stage.

Stage 8 (119-150 hAEL). Prosomal limb buds. At stage
8.1, the significantly expanded germ band occupies about
300 degrees of the egg perimeter (Figs. 2, st. 8.1 and 4,
st. 8.1). The SAZ has a higher cellular density than the
anterior portion, which is called the precheliceral region
(Pc). The precheliceral region is broader than the rest of
the germ band (Fig. 4e, st. 8.1). Between the precheliceral
region and the SAZ, six segments become evident, mark-
ing the future chelicerae (Ch), pedipalps (P), and walking
legs (L1-4). The ocular segment is presumably included
within the precheliceral region.

At stage 8.2 the germ band extends anteriorly and pos-
teriorly, bringing the precheliceral region and SAZ closer
together (Figs. 2, st. 8.2 and 4, st. 8.2). The cell density
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Fig. 4 Stages 7-9.2 of embryonic development of T. pagana. Light microscopy (q, ¢, f, j) and DAPI staining (b, d, e, g—i, k-r). The numbers in each
panel represent the different embryonic stages. Ch: chelicera; DF: dorsal field; L1-4: walking legs; O1-5: opisthosomal segments; P: pedipalp; Pc:
precheliceral region; SAZ: segment addition zone; VS: ventral sulcus (also marked by dotted line). o, dotted line arrow indicates book lung system
formation; p, white arrowheads mark point-like depressions of internalized neural precursor cells

in the SAZ increases. The prosomal segments become
more distinct. The appendage buds of all prosomal seg-
ments (chelicera, pedipalps, and four walking legs) begin
to grow. The first three opisthosomal segments (O1-3)
are also formed, much more demarcated than in previ-
ously studied species [25, 46]. In contrast to C. salei [46]
and P, tepidariorum [25] during this stage it is not pos-
sible to clearly see the ventral sulcus (a thin layer of tissue
between the germ band halves).

Stage 9 (151-185 hAEL). Limb differentiation. Stage
9.1 is characterized by prosomal limb bud elongation
and bulging outward. Cheliceral buds are slightly smaller
than the leg buds. The precheliceral region and segment

addition zone grow closer to each other, more similar to
P, tepidariorum [25] than C. salei [46] (Figs. 2, st. 9.1 and
4, st. 9.1). None of the prosomal limb buds are segmented
yet, and they may in some cases develop asymmetrically
left—right turning into normal embryos afterward (Fig. 4],
st. 9.1). The number of growing opisthosomal segments
increases to four. All opisthosomal segments are roughly
the same size, unlike in P, tepidariorum.

At stage 9.2 (Fig. 4, st. 9.2) many structures that appear
in the early stages of P tepidariorum [25] develop. At
this stage, the developing book lung system becomes
visible (Fig. 40, st. 9.2, dotted line arrow) and point-like
depressions of internalized neural precursor cells in the
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precheliceral region (Pc) (Figs. 2, st. 9.2 and 4p, st. 9.2,
white arrowheads). The ventral sulcus (VS) becomes
noticeable at this stage unlike in C. salei [46] and P. tepi-
dariorum [25], where it happens earlier. SAZ elongates
and almost touches the precheliceral lobe (Fig. 4o, p, st.
9.2) as in P. tepidariorum [25], and unlike C. salei [46)].
The precheliceral region have several depressions of neu-
ronal precursor groups (Fig. 4p, st. 9.2). The prosomal
appendages elongate, and the tips converge toward each
other. The segments of the walking legs become increas-
ingly visible as development proceeds (Fig. 40, q, st. 9.2).
The number of opisthosomal segments increases to five.

Stage 10 (186-223 hAEL). Brain differentiation. At
stage 10.1 (Figs. 2, st. 10 and 5, st. 10.1) the precheliceral
region develops, and neural development leading to dis-
tinct furrows and folds in the brain region proceeds. Now
the precheliceral region (Pc) is separated into bilateral
precheliceral lobes (PcL). Laterally on each precheliceral
lobe, a lateral furrow, a kidney-shaped area sunk into the
tissue (dotted line on Fig. 5b, st. 10.1) appears. The sto-
modeum (Sto) develops as a new structure (Fig. 5b, st.
10.1). Above it, a paired labrum (Lb) is formed. Endites
at the pedipalp coxae become visible. The tips of form-
ing walking legs are now touching each other. Opistho-
somal limb buds (LB), all about the same size, are now
evident on segments O1-0O5. Unlike in P. tepidariorum
[25], where opisthosomal limb buds 3—4 are larger than
the first and second. In addition, the number of opistho-
somal segments in T. pagana increases up to six, whereas
in P. tepidariorum [25], their number increases to nine,
and in C. salei [46] up to eight at a corresponding stage
based on bilateral precheliceral lobes separation. The
ventral sulcus (VS) expands to the fifth opisthosomal seg-
ment (Fig. 5¢, st. 10.1). Precheliceral lobes and SAZ are
still close to each other and more similar to P. tepidari-
orum [25] than to C. salei [46].

Stage 10.2 (Fig. 5, st. 10.2) is characterized by brain
development: the medial subdivisions (ms) in the upper
brain parts and the lateral subdivisions (ls) in the sides
of the brain are developing. In late stages, an anterior
furrow (AF) appears above medial subdivisions; these
furrows form a semi-crescent from the labrum to the
lateral furrow (LF) and show a high density of neuronal

(See figure on next page.)
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point-like depressions (Fig. 5e, st. 10.2). The two dis-
tal lobes of the labrum are clearly visible. The walking
legs are now clearly separated into five limb segments
by annulations. The number of opisthosomal segments
increases to seven. Opisthosomal buds 4 and 5 are now
bigger than the second and third. In the precheliceral
area, as well as in the opisthosoma, numerous point-like
depressions of neural precursors are evident. The ventral
sulcus is growing to the segment addition zone.

Stage 11 (224-235 hAEL). Inversion. At this stage, the
yolk is internalized as the opisthosomal segments grow
laterally (Figs. 2, st. 11; 5, st. 11). The segment addition
zone now protrudes slightly from the yolk, marking the
start of the tail-like formation of the ‘post-opisthosoma,
while lateral parts of the opisthosomal segments are
growing in anterodorsal direction (white arrows on
Fig. 5g, st. 11). The number of opisthosomal segments is
now ten with four opisthosomal buds on segments O2—
O5. In the brain region, the medial and lateral subdivi-
sions expand anteriorly and partly overgrow anterior and
lateral furrows (Fig. 5h, st. 11). The anterior furrow grows
medially and reaches the labrum at later stages. The two
labral buds are fused medially. The chelicerae are divided
into two segments: base (bs) and fang (f), which is a bit
later than in P tepidariorum [25], where it happens at
stage 10.2. The pedipalps now have four segments with
endites on the coxa. The walking legs are now separated
into six segments. A cell accumulation underneath the
transverse slit at the posterior edge of opisthosomal seg-
ment 2 is visible due to the development of the book lung
system (dotted line arrows on Fig. 5i, i; st. 11). The ventral
sulcus expands laterally and shortens reaching opisthoso-
mal segment 4 unlike in P. tepidariorum [25] or C. salei
[46].

Stage 12 (236-261 hAEL). Retraction. At this stage,
a significant change in the shape of the entire embryo
occurs, because of considerable retraction of the germ
band, meaning that the posterior end veers away from
the precheliceral lobe (Figs. 2, st. 12 and 5, st. 12). As a
result of this movement, the distance between the pre-
cheliceral region and the posterior opisthosomal region
increases (Fig. 5k, st. 12). At the same time, internaliza-
tion of the yolk continues by the tergal (Ter) plates of the

Fig. 5 Stages 10.1-14.2 of embryonic development of T. pagana. DAPI staining. The numbers in each panel represent the different embryonic
stages. AF: anterior furrow; ASp: anterior spinneret; AT: anal tubercle; B: brain; bs: base; Ch: chelicera; cx: coxa; en: endite; f: fang; fe: femur; H: heart;
L1-4: walking legs; Lb: labrum; LB: limb bud; LF: lateral furrow; Is: lateral subdivision; ms: medial subdivision; MSp: median spinneret; mt: metatarsus;
0O1-5: opisthosomal segments; P: pedipalp; pa: patella; PcL: precheliceral lobe; PS: prosomal shield; PSp: posterior spinneret; SAZ: segment addition
zone; Sp: spinneret; Sto: stomodeum; T: tail; ta: tarsus; Ter: tergite; ti tibia; tr: trochanter; VS: ventral sulcus. b, arrowheads indicate neural precursor
tissue, dotted line indicates lateral furrow; ¢, dotted line indicates ventral sulcus; d, h, dotted line separate leg segments; g, /, arrows indicate tissue
movement; i, k, m, n, dotted line arrow indicates book lung system formation; n, white arrow indicates the egg teeth; o, dotted line indicates remains
of the anterior furrow; o, r, x, red arrowheads indicate secondary eyes, yellow arrowhead indicates principal eyes zone
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Fig. 5 (Seelegend on previous page.)

prosoma and opisthosoma. The lateral furrows of the to close by the anterior expansions of the medial subdivi-
developing brain are almost covered by the expansion of  sions. The two halves of the brain start to approach medi-
the lateral subdivisions, while the anterior furrows start  ally. The labrum and mouth area migrate posteriorly and
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are now situated at the same level as the anterior edge of
the chelicerae. The tip of the labrum is stretched medially
and points in a ventral direction. The labrum increases
slightly in size compared to the previous stage. The walk-
ing legs are arranged in a zipper-like manner and are now
separated into seven segments by annulations. The ven-
tral sulcus expands laterally but remains at the level of
the opisthosomal segments 4-5 unlike in P. tepidariorum
[25] or C. salei [46], where it splits up to segments 8-9.
The process of growth of the ventral sulcus in T. pagana
is more similar to that of P. tepidariorum [25]. The ven-
tral sulcus does not grow as strongly laterally as in C.
salei [46]. The appendages of the opisthosomal segments
remain undifferentiated, with the fourth pair of append-
ages (the nascent anterior spinnerets) still larger than the
others and opisthosomal segment five, the nascent poste-
rior/medial spinnerets, continue to elongate and achieve
a bulb-like shape. Opisthosomal segments 6—10 form a
structure called the tail (T).

Stage 13 (262—-297 hAEL). Dorsal closure. At stage 13.1
the tergites of both body halves finally connect dorsally,
starting from the most posterior tergites of the caudal
region toward the anterior direction initiating the dor-
sal closure of the embryo (Figs. 2, st. 13.1 and 5, st. 13.1).
Closure happens earlier in the opisthosomal region, while
the later closure of the prosoma forms the prosomal
shield (PS). The tissue of the precheliceral lobes grows
toward the labrum and covers the brain, leaving only
remains of the anterior furrow. For the first time, three
pairs of developing secondary eyes can be detected above
the chelicerae (red arrowheads on Fig. 50, st. 13.1). The
labrum has moved posteriorly and is now situated more
or less between the chelicerae. The egg teeth develop on
the most proximal segment of the pedipalps. Opistho-
somal buds become oval. The posterior sides of the limb
buds on opisthosomal segment 2 become concave, and
the longitudinal opening of the pulmonary sac becomes
broader. During the process of the differentiation of ante-
rior (ASp), posterior (PSp) and medial spinnerets (MSp),
opisthosomal buds four and five move under the embryo
body and show slight annulations. The tail moves under
the body of the embryo, while the dorsal closure happens
(Fig. 5p, st. 13.1).

At stage 13.2 cuticle covers the whole brain (B) and
expands all over the dorsal prosomal area nearly com-
pleting a prosomal shield (Figs. 2, st. 13.2 and 5, st. 13.2).
Secondary eyes move apart and develop above the cheli-
cerae. The labrum migrates further posteriorly and is
situated behind the chelicerae. In the frontal view, the
chelicerae partly cover the labrum. The yolk now occu-
pies almost all the opisthosomal volume and is divided
into three cellular sac-like yolk compartments. While the
petiolus (the narrow connection between the prosoma

Page 9 of 17

and opisthosoma) starts to narrow, the yolk migrates
from prosoma to opisthosoma. This movement leads to
a change of the embryo form, from oval to buckled. The
opisthosomal sternites during this stage converge medi-
ally from the posterior end anteriorly, starting with the
spinneret-bearing segments O4 and O5.

Stage 14 (298-345 hAEL). Ventral closure. Stage 14.1
is characterized by the final formation of the prosomal
shield (Figs. 2, st. 14.1 and 5, st. 14.1). The walking legs
show their final segmentation (Fig. 5t, st. 14.1). In frontal
view, the labrum is completely covered by the chelicerae
(Fig. 5u, st. 14.1). The future petiolus continues to nar-
row. It is now about 60% of the width of the prosoma. The
spinneret-bearing opisthosomal segments migrate medi-
ally and the posterior opisthosomal segments become
more compressed.

At stage 14.2, the final stage in this scheme, the cuticle
completely develops (Figs. 2, st. 14.2 and 5, st. 14.2). The
heart is fully visible in the dorsal side of the opisthosoma
(Fig. 5y, st. 14.2). The petiolus is narrowing to its final
width separating prosoma and opisthosoma. The cheli-
ceral bases become wider and the fangs of the chelicerae
become tapered and start to point at each other. Second-
ary eyes are arranged as a triangle on each side and the
principal eyes are evident medially above the chelicerae
(Fig. 5x, st. 14.2, red arrowheads indicate secondary eyes,
yellow arrowhead indicates principal eyes). Due to the
proceeding unfolding process, the anal tubercle and the
spinning field become visible. Spinnerets are now fully
developed with the posterior spinnerets longer than the
anterior ones, which is typical for the entire Agelenidae.

2. Key retinal determination genes (RDGs) expression
in developing Tegenaria pagana eyes

To understand the primary pattern of eye formation in
T. pagana embryogenesis, we surveyed genes that were
reliably found to be involved in eye development in other
studied species [4, 27, 36]. We were unable to find Pax6
in the transcriptome data, so the expression of this gene
was not included here. We included Pax2.1 (sv, shaven in
Drosophila) in this study, since a recent study suggests
that it is a promising candidate for inducing spider lat-
eral eye development [17] but see [11] We examined the
expression of a total of eight genes: Pax2.1, sine oculis 1
(sol), eyes absent (eya), orthodenticle 2 (otd2), dachshund
1 (dacl), dachshund 2 (dac2), Six3.2, and atonal 1 (atol)
for stages 9.2—14 (Fig. 6).

Pax2.1: We detected the expression of Pax2.1 as small
round regions above the chelicerae, in the region of the
secondary eye formation (Fig. 6, Pax2.1). At stage 9.2
it is almost undetectable, while at stage 10.1 the sig-
nal becomes much stronger. At late stage 14 Pax2.1
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Fig. 6 Retinal determination genes expression in the head region in T. pagana embryos on stages 9.2-14. Frontal view of the ocular and cheliceral
segments, maximum intensity projections. The colors show the expression of each gene, the embryo is stained with DAPI. Red arrowheads indicate
secondary eyes formation, and yellow arrowheads indicate principal eyes formation

expression was observed in all eye types as circular, sym-
metrical patches (Fig. 6 st. 14, Pax2.1). This same condi-
tion has previously been reported for Pax2 homologs of a
scorpion and a harvestman [11].

sine oculis 1 (sol): We observed the expression of sine
oculis 1 (sol) at all stages studied in both principal and
secondary eyes (Fig. 6, sol). At the earliest stage studied,
9.2, the signal is only visible in the secondary eye region

as two symmetric patches above the chelicerae on the
lateral sides of the precheliceral lobes. At stage 10.1 sol
is expressed symmetrically in a crescent form in the pre-
cheliceral lobes and lateral sides of stomodeum. At stage
11 the same pattern appears with a more concentrated
signal in the anterior and lateral furrow regions. At stage
12 there are two pairs of patches in the anterior furrow
region and above the chelicera, where the secondary
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eyes should form. In stage 13, there are three symmetric
round patches in the three forming secondary eyes above
the chelicerae and a weaker signal in the median part of
the forming brain above the labrum. Finally, at stage 14,
there is a strong symmetrical signal in all three secondary
eyes above the chelicerae and in the principal eyes above
the labrum in oval patches.

eyes absent (eya). We detected the expression of eyes
absent (eya) and found it has a similar expression pattern
to sol. We also detected eya in both principal and sec-
ondary eyes (Fig. 6, eya). In contrast to sol at stage 9.2,
eya expression is visible in the principal and secondary
eye regions as two symmetric crescent patches above the
chelicerae on the lateral sides of the precheliceral lobes.
Later, at stage 11, there are symmetric patches above the
chelicerae in the region of secondary eyes formation and
a small oval patch in the median part of the anterior fur-
row. At stage 12, the same expression pattern is visible
for secondary eyes; for the principal eyes, the expression
zone expands to all anterior furrows and there is also a
symmetric signal in the labral region. Then, in stage 14,
the expression pattern is the same as in sol: three sym-
metric round spots in the secondary eyes and one oval
in both principal eyes. sol expression in stronger at the
periphery of the secondary eyes, and eya is stronger at
the center. This is similar to the expression in the median
eyes of P, opilio [11].

orthodenticle 2 (otd2): We were unable to find a first
copy of the orthodenticle in the developmental transcrip-
tome. The only copy we found was otd2. otd2 expression
was visualized at stages 12, 13, and 14. At stage 12 expres-
sion is visible only in the principal eyes as two symmetric
patches in the center of precheliceral lobes. At stage 13
it starts to be expressed in the two lower secondary eyes
as small symmetric round patches, with expression of
two symmetrical elongated patches in the median brain
region (including the principal eyes). Finally, at stage 14,
otd?2 is expressed in all eyes, as three symmetric round
patches in the secondary eyes and as symmetric oval
patches in the principal eyes (Fig. 6, otd2).

dachshund 1 (dacl): dachshund 1 (dacl) expression
was studied at stages 11-14. At stage 11 there are two
symmetrical patches at the lateral furrow and a weaker
signal at the anterior furrow. There is also a weak sym-
metrical signal in the middle of the precheliceral lobe and
medial subdivision. At stage 12 the expression pattern
remains the same as in stage 11: two symmetrical patches
above the chelicerae (secondary eyes region), a weak
symmetric signal in the middle of the anterior furrow,
and three symmetrical triangular patches in the middle
of the precheliceral lobe. Stage 13: strong symmetrical
signal above the chelicerae and in the lateral parts of the
brain and no signal in the principal eyes region. Finally, at
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stage 14, there is expression above the secondary eyes in
two symmetrical crescent patches (Fig. 7).

dachshund 2 (dac2): At stage 11, there is expression
in the form of two symmetrical oval patches above the
chelicerae, in the area of the secondary eyes, as well as
small zones in the area of the principal eyes. However,
at stage 14, there is expression only in secondary eyes as
three symmetrical round patches and no expression in
the principal eyes (Fig. 7).

Six3.2:Six3.2 is expressed only in the principal eyes in
early stages and then only in the secondary eyes in later
stages. At stage 9.2 there are two symmetrical lines at
the top of the precheliceral region. Then, at stage 11,
there is symmetrical expression in the anterior furrow
and medial subdivision and no signal in the lateral fur-
row. At stage 14 the expression pattern changes and there
is a symmetrical signal in secondary eyes as three round
patches, in the labrum region, and no expression in prin-
cipal eyes.

atonal 1 (atol).atonal 1 (atol) expression was stud-
ied in three stages 11, 12, and 14. At stage 11 there is no
signal in any eye region. At stage 12 there is a bilateral
expression domain in the anterior furrow and medial
subdivision (principal eyes region) and at stage 14 there
is symmetrical atol expression in both secondary and
principal eyes in the same manner as otd2.

Discussion
1. Spider embryonic development

The development of T. pagana has more similarities
with the development of C. salei than with P. tepidario-
rum, consistent with the phylogenetic proximity of Tege-
naria and Cupiennius as members of the RTA clade [21].
The early stages of development in T. pagana are quite
similar to those of P. tepidariorum [25)] and C. salei [46].
As in C. salei and unlike in P. tepidariorum, we observe
significantly higher nuclear density in the region of the
primary thickening; the elevation is likely not a product
of additional cell divisions but a product of the change in
cellular shape. The lack of a clear germ disc in T. pagana
is more similar to C. salei development. Regarding eye
development, we observed the same movement of the
secondary eyes as described in P tepidariorum [25]: a
45° rotation in a medial direction so the entire secondary
eye complex moves posteriorly. Appendage segmentation
appears earlier in T. pagana than in P. tepidariorum [25]
and C. salei [46]. The opisthosomal segments become
distinct earlier in T. pagana but their number grows
more slowly than in other studied species. There is less
of a size difference between the opisthosomal buds in 7.
pagana and C. salei unlike in P. tepidariorum. Formation
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Fig. 7 Retinal determination genes expression in the head region in 7. pagana embryos on stages 11-14. Frontal view of the ocular and cheliceral
segments, maximum intensity projections. The colors show the expression of each gene, the embryo is stained with DAPI. Red arrowheads indicate
secondary eyes formation, and yellow arrowheads indicate principal eyes formation

of the respiratory system in 7. pagana is as difficult to
observe; like in P tepidariorum, the development of the
book lungs and tubular tracheae is more internalized
than in C. salei.

As shown by a comparison of the main works on
embryonic development [2, 23, 25, 28, 29, 35, 40, 44, 46,
48] with our observations, the embryonic development of
spiders is rather conserved. This conservatism is consist-
ent with previous findings on the anatomy of the small-
est spiders, showing that even miniaturization does not
change the conserved spider anatomy [31]. Nevertheless,
we note that there are minor differences in embryogen-
esis across Entelegynae: the width and degree of develop-
ment of the ventral sulcus, the presence or absence of a
germ disc, a different number of opisthosomal segments
at stages 9-10, and the shape of the opisthosomal pro-
cesses, as well as the duration of development. When it
comes to “Haplogynae” and Mygalomorphae, the main
difference in embryogenesis is a downturned, tube-
shaped opisthosoma posterior the third opisthosomal
segment [40, 44], a condition that is plesiomorphic across

an array of chelicerate diversity, e.g., mites; ticks; harvest-
men; pseudoscorpions; scorpions; [18, 40].

2. Retinal determination gene network in spiders

Our data support previously reported results [17] that
there is expression of Pax2.1 above the chelicerae and
lateral to the forming lateral furrow, presumably in the
field which later gives rise to the secondary eyes (Fig. 8,
blue). It is expressed in T. pagana in the same pattern as
in P. tepidariorum and in the Synspermiata cellar spider
Pholcus phalangioides (Fuesslin, 1775). However, data on
the expression of Pax2.1 in all eye types at late stages of
development contradict the hypothesis of its functional
replacement of Pax6.

Functional data from a recent study on RDN genes in
arachnids showed that sol is necessary for patterning all
eyes in the spider P. tepidariorum, including the princi-
pal eyes and secondary eyes [10]. It also seems that the
expression pattern of sol (Fig. 8, green) and eya (Fig. 8,
purple) are rather similar in all studied Araneomorphae
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Fig. 8 Schemes of the RDN genes expression patterns in 7. pagana in different stages

[4, 36, 38]. Moreover, both these genes (soI and eya) were
detected in the principal eye primordia up to stage 10/11
in Spermophora senoculata (Duges, 1836), a spider spe-
cies that lacks principal eyes [12]. These data suggest a
conserved function of these genes in eye formation in
spiders.

One of the most interesting results was the orthodenti-
cle gene and its paralogs. The absence of 0td1 in the tran-
scriptome likelye reflects the dataset’s incompleteness. In
contrast to otd2, otdl is expressed in the opisthosomal
limb buds [41]. Therefore, otd1 is present in another Tege-
naria species. Tegenaria pagana otd2 (Fig. 8, red) seems
to have almost the same expression patterns as otd2 in
the developing spider brain of all other studied spider
species [4], whereas in the eyes, it is either detected only
in principal eyes as in P. tepidariorum; [12, 39] or exclu-
sively in lateral eyes as in C. salei [36]. In T. pagana otd2
is expressed in both eye types so it is unlikely that this
gene is involved in the differentiation of principal and
secondary eyes. It is worth noting a slight delay in otd2
expression in the upper secondary eye (appearing only
at stage 14, while in the others, expression appears from
stage 13).

As for eye differentiation, dac paralogs are involved
in determination of the secondary eyes and are not
detected in principal eyes in all studied spider species
[12, 36, 38]. There are, however, differences; in some
cases, expression does not split into distinct domains
corresponding to individual eyes, but instead persists

as one contiguous domain even after the splitting of the
individual eyes [12]. In T. pagana dac2 (Fig. 8, pink) is
expressed in individual eyes and dacl (Fig. 8, yellow),
even in stage 14, is expressed around the secondary
eyes area rather than in the eyes themselves.

As for Six3.2 (Fig. 8, orange), in previously studied
species it is expressed exclusively in secondary eyes or
in principal and secondary eyes [4, 37]. In T. pagana
Six3.2 expression was detected first in the principal
eye formation zone at stage 12 and later, on stage 14, it
was detected as a continuous line in lateral and anterior
secondary eyes and as a separate patch in the upper
secondary eyes similar to its expression in later stages
of C. salei development [36]. In P. tepidariorum loss of
Six3.1/3.2 function [37] showed no deleterious effect in
the anterior median region, suggesting a compensatory
effect for two copies.

Unlike in C. salei we have observed atol expression
(Fig. 8, cyan) not only in early stages in the anterior
furrow region, but also in stage 14 as in other spider
species [4, 38] as its expression appears in the first pho-
toreceptor cells. At the same time, atol expression in
the majority of the studied spiders appears simultane-
ously in both types of eyes, whereas in T. pagana, it is
first detected in the principal eyes.

Thus, as in previously studied spider species, a
greater number of genes are expressed in the second-
ary eyes (Fig. 9A), although in early periods of develop-
ment, some genes can be observed in the primary eyes
(Fig. 9B).
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Fig. 9 Combining RDN gene expression data. A Scheme of eyes of T. pagana with gene expression patterns. PE, principal eyes, SE, secondary eyes.
B Tables showing presence (+) or absence (-) of gene expression at different stages of embryogenesis of T. pagana, blanks—no data

Conclusions

The establishment of protocols for culturing T. pagana
and studying their embryos provides tools for pursuing
comparative study of troglomorphism across the genus
Tegenaria. The staging system provided here circumvents
some of the challenges imposed by species with asyn-
chronous development. Together with genomic resources
and approaches for surveying gene expression, we antici-
pate that T. pagana and its troglomorphic congeners
may serve as useful models for understanding the evolu-
tion of eye loss in arachnids. Future efforts must target
the acquisition of comparable embryonic stages of blind
Tegenaria species, with the goal of surveying RDN genes
expression in those taxa.

Methods

Collecting, maintaining spider culture, and copulation
Specimens of Tegenaria pagana were collected in
Te'omim cave (31°43’37”N 35°01'23”E) in Israel. In
total, 27 females, 19 males, and more than 20 juve-
niles were collected. Each spider was placed in a separate
plastic container 15 cm high and 10 cm wide. We poured
autoclaved soil and stones into the bottom of the con-
tainer. The containers were kept in an incubator with a
constant humidity of 50% and a temperature of 20-25 °C,
without light. For additional moisture, a piece of paper
with water was placed at the bottom of the container and
was moistened once a week. Every week, each adult spi-
der was given 10-20 fruit flies (Drosophila melanogaster),
and each spiderling was given one fruit fly at a time, then
gave more flies as they grew.

There were 175 copulations in total and 144 of these
were successful. One to two days before mating, the spi-
ders were fed. For mating, we waited until the female had
built an extensive web in the container, then we care-
fully removed the male from his container and placed

him in the container with the female. We left the pair in
the female’s container in a thermostat without light for
6—12 h. In rare cases, the male or female killed their part-
ner (males were killed eight times, females two times).
Usually, females lay their first egg sac 14-20 days after
the first copulation.

After mating, females were checked every day for egg
sacs. An egg sac was left with the female for a maximum
of 3 days and after which, it was removed and kept in a
separate vial, under the same conditions as adults. After
the hatching, spiderlings were kept together until they
reached an opisthosomal size of approximately 1 to
2 mm. For the study of the embryos, some egg sacs were
opened using two forceps, and in general, the eggs simply
rolled out of the egg sac separately, with just a few stick-
ing to the silk. Embryos were maintained at 20 °C, reflect-
ing ambient temperature in the species’ natural habitat.

Fixation and DAPI staining

Eggs from the egg sacs were carefully transferred to a
glass petri dish, dechorionated for 2—3 min in bleach,
and then washed 5-7 times with 1X PBS. Embryos were
maintained in glass dishes in 1X PBS to develop before
fixation. To describe the morphology of Tegenaria
embryos we stained them with DAPI and examined them
using an FV-1200 confocal microscope (Olympus, Japan)
and Eclipse 80i fluorescence microscopes (Nikon, Japan)
in the Bio-Imaging Unit of The Alexander Silberman
Institute of Life Science (The Hebrew University of Jeru-
salem, Israel).

Embryos were collected and fixed daily (in the period
from 12 to 7PM) in 4 ml of 5% formaldehyde in PBS
and 4 ml heptane. The solution was gently shaken until
embryos were in the phase between heptane and for-
maldehyde+PBS. Fixation time was 1 h 45 min for
stages 1-4 and 8-14, and overnight for stages 4—7. Then,
heptane and formaldehyde+PBS were replaced and
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embryos were rinsed several times quickly with PBS-T
(Tween-20) to stop the fixation. Then, washed 3 times
for 5 min each in PBS-T. After washing, the PBS-T was
gradually replaced with MeOH in a dehydration series,
with 5-10 min between each transition. Once in 100%
MeOH, embryos were washed 3 times for 5 min each
with 100% MeOH to ensure complete dehydration and
then stored at — 20 °C till DAPI staining. DAPI staining
was performed for 35 min (2 pL of DAPI in 1 mL PBS-T)
then embryos were washed in PBS-T solution for 15 min
twice. Slides were prepared using pure glycerol.

Probe synthesis

Description of the developmental transcriptome of T.
pagana is beyond the scope of this paper and will be pro-
vided elsewhere (Propistsova et al. unpublished data).
Homologs of the Retinal Determination Network genes
were identified in the T. pagana developmental tran-
scriptome (Suppl. 2) or the embryos at stage 8 using best
reciprocal BLAST (tBLASTn) searches based on query
peptide sequences (Suppl. 3) from the GenBank database,
multiple sequence alignment, and maximum likelihood
inference of the gene tree topologies (Suppl. 4). Probes
(Suppl. 5) for HCR were designed using HCR 3.0 Probe
Maker [19].

In situ hybridization chain reaction

In situ hybridization was performed according to the
Hybridization Chain Reaction (HCR) In Situ Protocol [6]:
three PBS + Tween20 washes; permeabilizing 30 min in
detergent solution; 30 min in probe hybridization buffer;
incubation overnight in probe solution at 37 °C; four
washes in probe wash buffer; two washes in 5X SSCT;
pre-amplification in amplification buffer; overnight incu-
bation in hairpin solution followed by five washes in
5X SSCT; and 30 min in 1.0 pg/mL DAPI in 50% glyc-
erol solution (in 1X PBS). Images were taken using NIC
Zeiss LSM 710 and processed in Image] and Photoshop
software.

Time-lapse recording

Embryonic development was monitored using time-
lapse imaging on a motorized Nikon SMZ25 stereomi-
croscope for 2—3 weeks for 1 frame per minute (Suppl.
1) and 1 frame per 10 min (Suppl. 6). Double-sided tape
was placed at the bottom of the petri dish, embryos were
carefully placed on it, and 1X PBS was poured in. The
PBS was changed every 2—3 days. PBS was used, because
embryos died when reared in halocarbon-700 oil or olive
oil.
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Staging and timing

For the nomenclature of the embryonic stages, we
relied on the embryonic development of P tepidari-
orum as described by Mittmann and Wolff [25]. The
time was calculated based on time-lapse recording, as
well as a sequence of photos of various clutches stored
in the laboratory from which embryos were taken for
fixations. The time indicated is average, since embryos
at different stages of development could often be found
in the same egg sac and developed asynchronously;
even at the same temperature and under the same con-
ditions, the duration of the stages in different clutches
could differ twofolds.
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