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Origin, structure, and composition of the spider major 
ampullate silk fiber revealed by genomics, proteomics, 
and single- cell and spatial transcriptomics
Sumalata Sonavane1, Sameer Hassan2, Urmimala Chatterjee2, Lucile Soler3,4, Lena Holm1,  
Annelie Mollbrink5, Gabriele Greco1, Noah Fereydouni2, Olga Vinnere Pettersson6, Ignas Bunikis6, 
Allison Churcher7, Henrik Lantz3,4, Jan Johansson2, Johan Reimegård3*, Anna Rising1,2*

Spiders produce nature’s toughest fiber using renewable components at ambient temperatures and with water as 
solvent, making it highly interesting to replicate for the materials industry. Despite this, much remains to be un-
derstood about the bioprocessing and composition of spider silk fibers. Here, we identify 18 proteins that make 
up the spiders’ strongest silk type, the major ampullate fiber. Single- cell RNA sequencing and spatial transcrip-
tomics revealed that the secretory epithelium of the gland harbors six cell types. These cell types are confined to 
three distinct glandular zones that produce specific combinations of silk proteins. Image analysis of histological 
sections showed that the secretions from the three zones do not mix, and proteomics analysis revealed that these 
secretions form layers in the final fiber. Using a multi- omics approach, we provide substantial advancements in 
the understanding of the structure and function of the major ampullate silk gland as well as of the architecture 
and composition of the fiber it produces.

INTRODUCTION
Spider major ampullate silk, distinguished by its exceptional me-
chanical properties, is a product of renewable resources and is syn-
thesized within fractions of a second under ambient conditions (1). 
Its unique combination of rapid production, sustainability, and su-
perior performance characteristics positions spider silk as a com-
pelling environmentally friendly material for high- performance 
fiber applications (2). To unlock its potential, the development of 
artificial replicas of the pristine silk fiber is imperative, which neces-
sitates a comprehensive understanding of the bioprocessing of the 
silk fiber.

During the past 400 million years, spiders have refined their silk 
spinning abilities, and today, individual spiders of some species can 
spin seven different types of silks from specialized glands located in 
the abdomen (opisthosoma) (3) (Fig. 1A). These include major am-
pullate silk for making the radial threads and frame of the web, mi-
nor ampullate silk for making the inner spiral, flagelliform silk for 
making the extensible capture spiral that is coated by sticky droplets 
of aggregate silk, pyriform silk for making attachment discs, tubuli-
form silk for making the outer layer of the egg sac, and aciniform 
silk for making the inner part of the egg sac and/or swathing prey 
(4). The different silk types are produced in separate sets of glands, 
which have secretory ducts connected to spigots located caudoven-
trally in the abdomen (5). The spider silks are primarily composed 
of spider silk proteins (spidroins), characterized by a distinctive 

architectural arrangement that features nonrepetitive N-  and C- 
terminal domains flanking an extensive repetitive region (6–13). 
The terminal domains, herein referred to as NT and CT, respec-
tively, are evolutionarily conserved (14), while the nature of the re-
petitive regions differs between the different spidroin types (7–11).

The major ampullate silk is the strongest of the different silks, 
and the main components of this fiber are called major ampullate 
spidroins (MaSps) (7–13). The repetitive regions of the MaSps are 
rich in glycine and alanine that organize into typical motifs, which, 
together with clustering of the terminal domains in phylogenetic 
analyses, have led to the classification of MaSps into five types 
(MaSp1 to MaSp5). MaSp1 (15) typically has poly- Ala blocks inter-
spersed with Gly- rich repeats. MaSp2 (16) repeats are rich in pro-
line and glutamine with abundant Gly- Pro- Gly and Gln- Gln motifs 
that MaSp1 lacks. MaSp3 (17) is similar to MaSp1 but is void of the 
Gly- Gly motifs commonly found in MaSp1. In contrast, MaSp4 and 
MaSp5 (18) repeats lack poly- Ala blocks, but MaSp4 contains Gly- 
Pro- Gly motifs common to MaSp2 whereas MaSp5 has Gly- Gly 
motifs like MaSp1. Evidently, the major ampullate fiber is a com-
posite of different MaSps, which has been suggested to be related to 
the supreme mechanical properties of the fiber (19). For example, 
MaSp1 likely contributes primarily to fiber strength, while MaSp2 
is more related to the fiber strain (12, 20), and expression of MaSp3 
and MaSp4 has been suggested to be correlated to fiber toughness 
(12, 18). Although recent work has extended our understanding of 
the spider genomes (7–11, 13, 21), the spidroin genes are difficult to 
assemble because they contain extended stretches of repeats and 
are often found in tandem arrays in the genome. Therefore, it ap-
pears that previous descriptions of spidroin gene repertoires are 
incomplete.

In addition to MaSps, the major ampullate silk contains several 
proteins that do not conform to the overall architecture of a classical 
spidroin. These proteins form a heterogeneous group termed spider 
silk- constituting elements (SpiCE) that differ in molecular weight 
and amino acid composition (8–10). A subgroup within this group 
of proteins, known as cysteine- rich proteins (CRPs), stands out for 
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its high cysteine content (22), and is suggested to have a struc-
tural role in the fiber, possibly by forming large disulfide- linked 
complexes (23).

The major ampullate silk is produced in paired glands, each con-
sisting of a long tubular tail, a wide sac, and a narrow s- shaped duct 
(24) (Fig. 1B). The lumen of the duct is lined by a cuticular intima, a 
hard and chitin- rich structure believed to aid in the removal of wa-
ter during the spinning process and to protect against tissue lacera-
tion during spinning (24, 25). Histological studies of the gland of 
distantly related spider species have shown that the tail and sac are 
composed of three types of columnar epithelial cells confined to 
three different zones (A, B and C) (26). Zone A cells are found in the 
tail and proximal parts of the sac (toward the tail), the middle part 

of the sac harbors zone B cells, while the most distal part of the sac 
next to the duct is composed of zone C cells (Fig. 1B). According to 
immuno- transmission electron microscopy studies performed using 
an antibody that identified the conserved spidroin NT domain, zone A 
and B cells produce spidroins, while the nature of the secretion pro-
duced by zone C cells remains uncharacterized (26). Investigations of 
the major ampullate silk have shown that the fiber has a core- skin 
structure (26–33), wherein the central core contains the spidroins (32, 
34) while the surrounding skin layer is composed of unknown pro-
teins and other components like carbohydrates, glycoproteins, and 
lipids (30, 32, 33). Consequently, the compositions of the secretions 
from zones A, B, and C are largely unknown, and the link between the 
epithelial zones and the architecture of the fiber remains to be revealed.
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Fig. 1. Spidroin catalog from Larinioides sclopetarius. (A) Schematic view of an orb- weaving spider with one set of each type of silk gland indicated. (B) Schematic 
figure of the major ampullate gland. the gland has three anatomical parts: the tail (yellow), the sac (green), and the duct (blue). the tail and sac are composed of a single- 
layered epithelium in which three morphologically distinct cell types are found, each localized to one of three zones [(A) to (c)], indicated as shades of gray. (C) Phyloge-
netic tree of the nt domain from the 35 spidroins identified in L. sclopetarius. numbers on the branches indicate bootstrap values. Spidroins in bold were identified by 
proteomics analysis of the major ampullate gland and silk. (D) heatmap with the expression of all spidroins in different tissues as determined by bulk RnA- seq. the colors 
correspond to transcripts per million shown in the scale (bottom left inset). (E) Schematic illustration of the spidroin genes. All spidroin genes encoded proteins with a 
signal peptide (not shown) and an nt domain (red block). Most spidroin genes encoded a canonical ct domain (dark blue block), except FlSp- like, which was found to 
have a noncanonical ct domain (light blue block), and AmSp- like1 and 2 and AgSp- like spidroins, which completely lacked the c- terminal nonrepetitive region. the re-
petitive motifs in each spidroin are represented as colored blocks. (F) table showing the number of typical MaSp repeat motifs found in each of the MaSps. (A)n refers to 
poly- alanine motifs; X in GGX and GPGXX represents any amino acid residue.
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In the gland, the spidroins are stored as a soluble and viscous 
dope at high concentrations (~50% w/v) (35) and at around neu-
tral pH (36). During storage, the MaSps are dimeric, intercon-
nected in the CT domain (37). As the dope travels from the sac 
and through the duct, the pH is lowered from ca. 6.3 to <5.7, 
which induces antiparallel dimerization of the NT domain (36, 38, 
39). Because the MaSps are already interconnected via their CT 
domains (36, 37), the dimerization of NT leads to the interlocking 
of the spidroins into large networks (40). At the same time, shear 
forces acting on the dope in the narrowing duct combined with 
the increasingly acidic environment destabilize the CT domain, 
which transitions into β- sheet conformation (36, 37). When the 
fiber is pulled out from the spider (41), the pulling forces will be 
propagated along the protein chains (because they are linked in 
macromolecular networks), which aids in the alignment and con-
version of the poly- Ala blocks in the repetitive region into β- sheet 
crystals (1, 40).

Here, we present a complete spidroin repertoire from an orb- 
weaving spider, Larinioides sclopetarius. Spatial transcriptomics 
and single- cell RNA (scRNA) sequencing (scRNA- seq) showed 
that the tail and the sac of the major ampullate gland are com-
posed of six silk- producing cell types found in the three distinct 
zones (A, B, and C). This, combined with image analyses of his-
tological sections and proteomics analyses of sequentially dissolved 
fibers, indicate that the silk fiber is a three- layered structure in 
which the core is composed of proteins belonging to the MaSp1, 
MaSp2, and MaSp4 families, the middle layer is dominated by MaSp3, 
and the outermost layer contains several uncharacterized nons-
pidroin proteins. Thus, we present a detailed description of the 
structure and composition of the major ampullate silk gland and 
fiber, in which we successfully link the layered epithelial secre-
tions in the gland to those in the silk fiber. Our results bridge the 
long- standing knowledge gaps necessary for the production of 
biomimetic artificial silk fibers.

RESULTS
The L. sclopetarius major ampullate fiber is composed of  
18 silk proteins
Here, we focus on the Swedish bridge spider (L. sclopetarius) that 
produces major ampullate silk fibers with impressive mechanical 
properties (fig. S1). First, the genome of this spider species was 
sequenced, assembled, and annotated (Table  1, Supplementary 
Notes, tables S1 to S11, and fig. S2). Manual curation resulted in a 
catalog of 35 complete spidroin genes (Fig. 1 and figs. S3 to S10). 
Next, to reveal the protein composition of the major ampullate 
gland and silk fiber, respectively, proteomics analysis was per-
formed using liquid chromatography–tandem mass spectrometry 
(LC- MS/MS) (table S1). In the gland samples, 3985 proteins were 
identified in at least one of the three replicates (table S12). Dissolv-
ing the silk fiber can be challenging and different chemical treat-
ments can extract different proteins (22). Therefore, three solvents, 
urea, hexafluoroisopropanol (HFIP), and lithium bromide (LiBr), 
were used to extract proteins from the fibers. A total of 1835 pro-
teins were identified (table S12), of which 325 were identified in all 
three biological replicates from at least one treatment. However, 
because the fibers are easily contaminated by other silk types dur-
ing spinning and by unrelated proteins during handling, only the 
proteins that were also found in the major ampullate gland pro-
teomic data were predicted to have a signal peptide, and spectral 
counts exceeding 0.1% of the total spectra in LC- MS/MS analysis 
were considered (Fig. 2A). This process rendered 18 silk proteins 
that were named “the 18 silk proteins” (Table 2 and table S13) and 
corresponding genes were named “the 18 silk genes” (Table 2). The 
18 silk proteins included 10 MaSps, two ampullate spidroin- like 
proteins (AmSp- like1 and AmSp- like2) and six proteins with un-
known functions (table S13). The six proteins of unknown func-
tion were annotated as spider silk- constituting elements (8–10) of 
Larinioides major ampullate silk (SpiCE- LMa1 to SpiCE- LMa6) 
in order of abundance. LC- MS/MS analysis of fibers that were 

Table 1. Assembly and annotation statistics of the Larinioides sclopetarius genome. 

Genome assembly

Assembly size (bp) 2,274,070,471

Gc % 30.5

number of contigs 1602

longest contig (bp) 29,089,857

n50 (bp) 5,487,611

n90 (bp) 1,366,626

BUScO complete (%) 97.3

Repeat statistics

number of elements 2,761,064

length (bp) [% genome] 47.50%

Genome annotations

Protein- coding genes 22,860

transcript isoforms 46,911

BUScO complete (%) 96.8
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Fig. 2. Expression of the 18 silk genes in the major ampullate tail, sac, and duct. (A) Relative quantification of the peptides identified in the major ampullate 
gland and in silk fibers, dissolved in 2 to 8 M urea, using lc- MS/MS proteomics, colored according to protein classes (MaSp1, MaSp2, MaSp3, MaSp4, AmSp- like, 
and Spice- lMa). (B) Schematic figure of the gland showing the three parts (tail, sac, and duct) that were separated for RnA- seq experiments. (C) PlS- dA of the bulk 
RnA data separates the three different parts (tail, sac, and duct). the x and y axes represent the values or the loading of genes on the first and second latent vari-
ables, lv1 and lv2, respectively. colors indicate different sample types (tail/sac/duct) as shown in (B). diamonds represent samples and small circles represent the 
overlay of the 18 silk genes. (D) heatmap showing the relative expression levels (z score) for the 18 silk genes in the tail, sac, and duct samples (indicated as yellow, 
green, and blue, respectively, in the x axis). Gene names are shown on the right. hierarchical clustering separates the genes into six subclusters based on their 
expression profiles shown as a dendrogram on the y axis. Black boxes indicate up- regulated differentially expressed genes (P < 0.05). the six subclusters identified 
are colored as shades of yellow or green based on whether the highest gene expressions were in the tail or sac parts, respectively. the bar on the right indicates 
protein length. the scale ranges from 0 (white) to 10,000 amino acid residues (black). (E) Percentage of different categories of amino acid residues in each of the 
18 silk proteins (%). the colors indicate different categories (small nonpolar: A, G, P, S, and t; hydrophobic: i, l, M, and v; polar: d, e, h, K, n, Q, and R; aromatic and 
cysteine: c, F, W, and Y).
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completely dissolved showed that peptides mapping to MaSp1 (a to 
c), MaSp2 (b, c, e, and f), MaSp3 (a and b), and MaSp4 represented 
46%, 20%, 30%, and 1%, respectively, when considering percentage 
of total spectra (Fig. 2A). Peptides mapping to SpiCE- LMa proteins 
accounted for 2% while the AmSp- like proteins only constituted 1% 
(Fig. 2A). It should be noted that the large difference in molecular 
weight between the 18 proteins and the extreme repetitiveness and 
sequence similarity of the MaSps are problematic when quantify-
ing the protein composition of these samples. We therefore analyzed 
the data with three additional methods: (i) intensity- based absolute 
quantification (iBAQ), (ii) normalized spectral abundance factor 
(NSAF), and (iii) label- free quantification (LFQ) intensity. The 
estimates of the composition of the fiber obtained from these four 
methods slightly differ (fig. S16). However, the order of abundance 
of MaSps and SpiCE- LMa proteins was similar across the methods; 
i.e., MaSp1, MaSp2, and MaSp3 were always the three most abun-
dant classes of proteins and the SpiCE- LMa proteins only contrib-
uted a small fraction. The methods based on intensity (iBAQ and 
LFQ) suggested that MaSp2 proteins were the most abundant, 
whereas the MaSp1 proteins were the most abundant when using 
the methods based on spectral counts (total spectra and NSAF). 
Consequently, the intra- sample protein composition estimations 
reported herein, which are derived from label- free LC- MS/MS 

analyses, should be interpreted with caution. Comparisons across 
samples (see below), on the other hand, are more reliable because 
technical biases are the same.

The six SpiCE- LMa proteins generally had a lower molecular 
weight compared to the MaSps (table S13). In terms of amino acid 
composition, SpiCE- LMa1 and SpiCE- LMa2 resembled the MaSp 
proteins and SpiCE- LMa2 had spidroin- like repeat motifs. SpiCE- 
LMa3 to SpiCE- LMa6 were rich in Cys and resembled the amino 
acid composition of AmSp- like1 and AmSp- like2 (Fig.  2E and 
figs. S17 to S19). The predicted secondary structure content and 
AlphaFold2 structural predictions (42, 43) of the SpiCE- LMa pro-
teins suggested large heterogeneity within this group of proteins 
(figs. S20 to S26).

The 18 silk genes are expressed in the tail and the sac
Bulk RNA sequencing (RNA- seq) of whole major ampullate glands 
was used to verify that the RNA levels correlated with the protein 
abundance in the gland (fig.  S27A). Notably, the 18 silk genes 
ranked among the most highly expressed genes (fig. S28A). How-
ever, this analysis did not permit localization of the expression of 
specific genes to different parts of the gland. To enhance the resolu-
tion of the gene expression profiles, the major ampullate gland was 
sequenced after being cut into three distinct anatomical parts: tail, 

Table 2. Ranking of the 18 silk proteins/genes as markers in the different methods used. 

Differential gene expression

Bulk* Spatial† Single cell‡

Gene Part Rank Zone Rank Cell type Rank

MaSp2b tail 19 Zone A 31 ZoneA_MaSp2 3

MaSp2c tail 9 Zone A 3 ZoneA_MaSp2 2

MaSp2e tail 6 Zone A 6 ZoneA_MaSp2 4

MaSp2f tail 1 Zone A 5 ZoneA_MaSp2 1

MaSp4 tail 34 ZoneA_MaSp2 12

MaSp1a tail 38 Zone A 1 ZoneA_MaSp1 1

ZoneA_MaSp2 13

MaSp1b Zone A 4 ZoneA_MaSp1 2

MaSp1c Zone A 32 ZoneA_MaSp1 3

SpiCE- LMa6 Zone A 12 ZoneA_Spice- lMa 6

SpiCE- LMa3 ZoneA_Spice- lMa 28

SpiCE- LMa5 ZoneA_Spice- lMa 11

MaSp3a Sac 19 Zone B 2 ZoneB_MaSp3 5

MaSp3b Sac 18 Zone B 3 ZoneB_MaSp3 1

AmSp- like2 Sac 42 Zone B 4 ZoneB_MaSp3 8

Zone c 61

AmSp- like1 Sac 49 Zone B 9 ZoneB_MaSp3 12

SpiCE- LMa4 Sac 39 Zone B 72 ZoneB_MaSp3 68

Zonec_Spice- lMa 85

SpiCE- LMa2 Sac 63 Zone B 23 ZoneB_MaSp3 6

Zone c 16 Zonec_Spice- lMa 11

SpiCE- LMa1 Sac 68 Zone c 13 Zonec_Spice- lMa 1

*deG analysis on the tail, sac, and duct parts of the major ampullate glands. Rank is based on average log2- fold change. the higher the rank, the more 
differentially expressed the gene is.  †Marker gene identification on spots manually annotated as different zones within the spatial transcriptomic sections. 
Rank is based on average log2- fold change; the higher, the better.  ‡Marker gene identification in cell types identified with single- cell data. Rank is based on 
average log2- fold change; the higher, the better.
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sac, and duct (Fig. 2B). This implies that the tail samples contained 
transcripts from zone A while the sac samples contained transcripts 
from all three zones (Figs. 1B and 2B and table S1). The major 
ampullate gene set (table S14) was identified by principal compo-
nents analysis (PCA) of the enriched genes in the gland (fig. S28). 
This gene set was then used to perform partial least square discrim-
inant analysis (PLS- DA) regression on the tail, sac, and duct samples. 
This analysis separated the three types of samples into distinct clus-
ters using only two latent variables with high predictive relevance 
(Q2  = 0.857), verifying that the transcriptome in the tail, sac, and 
duct are diverse (Fig. 2C). To identify which part of the major am-
pullate gland the 18 silk proteins were originating from, the 18 silk 
genes were superimposed on the PLS- DA plot, which revealed that 
all the MaSp genes were expressed in the major ampullate tail, 
except MaSp3a and MaSp3b, which were expressed in the sac along 
with AmSp- like1 and AmSp- like2 (Fig. 2C). Three genes encoding 
proteins of unknown function, SpiCE- LMa1, SpiCE- LMa2, and 
SpiCE- LMa4, were also among the genes expressed in the sac. The 
expression profiles of the silk genes in the three parts (tail/sac/duct) 
were further visualized by a heatmap (Fig. 2D), which clearly indi-
cated that the genes encoding the 18 silk proteins are expressed in 
the tail and the sac but not in the duct.

Hierarchical clustering grouped the 18 silk genes into six clus-
ters based on the similarity in their expression profiles (Fig. 2D 
and fig. S27B). Of these, cluster 1 genes showed differential expres-
sion (DE) in the tail samples and were assigned to the tail, while all 
the genes in clusters 5 and 6 showed DE in sac samples and were 
assigned to the sac. Clusters 2, 3, and 4 had some genes that were 
differentially expressed in the tail and clustered in the same node 
as cluster 1 and, therefore, were assigned to the tail. The tail clusters 
are colored as shades of yellow while sac clusters are shown as 
shades of green. On the basis of these results, cluster 1 that con-
tained MaSp2, c, e, and f genes, which were solely expressed in the 
tail, could be assigned to zone A (Figs. 1B and 2D), but the rest of the 
genes, which were also expressed in the sac, could not be assigned to 
one of the zones because the sac samples contained tissue from all 
the three zones.

Expression of the silk genes is spatially resolved in the 
three zones
To improve the resolution of the silk gene expression, we next used 
spatial transcriptomics (10X Visium). This is an unbiased and ele-
gant technique that allows mapping of the gene expression in tissue 
sections with a resolution of 50 μm (44) (Supplementary Notes). 
Six sections of the whole abdomen from four female individuals 
were used and the spots on the hematoxylin and eosin (H&E)–
stained sections were manually annotated to different silk glands 
based on histology (one section is shown in Fig. 3, A and B; figs. S12 
and S13 show additional sections). The sequencing data from all 
spots from all the sections were then isolated and visualized using 
Uniform Manifold Approximation and Projection (UMAP) (45). 
In UMAP, the spots assigned as silk glands clustered together and 
separated from the spots belonging to other tissue types (fig. S14). 
Within the silk gland cluster, the spots from different silk glands 
clustered together, in line with the manual annotation (Fig. 3C). 
On the spatial sections, the spidroin expression was specific to 
corresponding glands (fig. S15) and confirmed the results from the 
bulk- RNA expression profiles (Fig. 1D), attesting to the quality of 
the spatial data.
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Fig. 3. Spatial transcriptomics of silk glands. (A) h&e- stained section of the spi-
der abdomen. the inset shows a top view of a lateral section of the abdomen with 
the approximate plane where the section was made. (B) the spots were annotated 
as different silk glands based on the morphology of the tissue and the spatial loca-
tion. in (A) and (B), sp and pd indicate the location of the spinnerets and the pedi-
cel, respectively; scale bar, 2 mm. (C) UMAP analysis of all spots, from eight sections, 
that were manually annotated as silk glands. the axes (UMAP- 1 and UMAP- 2) repre-
sent the first and second UMAP dimensions, respectively. each dot represents a 
spot in the spatial sections.
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The spots annotated as covering major ampullate gland tissue 
could be further assigned as zone A, B, or C based on the morphol-
ogy of the epithelial cells in six of the sections (Fig. 4, A and B, and 
high- resolution H&E- stained image of zones in fig. S29A). This 
resulted in 847 spots from six sections that clustered according to 
zone in UMAP (fig. S29B), indicating that the expression profiles 
in these zones are indeed different. Furthermore, marker genes for 
zones A, B, and C identified from the spatial data overlapped with 
the bulk- RNA PLS- DA plot of the tail and sac but not the duct 
(fig. S30A). The expression of the 18 silk genes on all the spots an-
notated as zone A, B, or C was then visualized as a heatmap (Fig. 4C). 
Statistical analyses of the expression levels revealed that 15 of the 
18 silk genes were predominantly expressed in at least one of the 
zones (Table 2). MaSp1 (a–c), MaSp2 (b, c, e, f), and SpiCE- LMa6 
genes had significantly higher expression in zone A cells; MaSp3 
(a, b), AmSp- like1, and SpiCE- LMa4 in zone B cells; and SpiCE- 
LMa1 in zone C cells. The expression of SpiCE- LMa2 and AmSp- 
like2 was significantly higher in both zone B and zone C. The 
expression of the remaining three genes, MaSp4, SpiCE- LMa3, 
and SpiCE- LMa5, did not differ significantly between the zones 
(Fig. 4C). The expression profiles of selected genes in one of the 
major ampullate glands in section  1 are shown as examples in 
Fig. 4D. Expression profiles of the 18 silk genes in all other spatial 
sections can be found in figs. S31 to S35.

The 18 silk genes in the three zones are specifically 
expressed in six cell types
The MaSp1 and MaSp2 genes were both expressed in the zone A 
cells, but the spatial transcriptomics analyses revealed that their 
expression profiles differ in different regions of zone A (Fig. 4 and 
figs. S31 to S35). This suggests that the epithelial zones could har-
bor several different cell types. To elucidate this, scRNA- seq was 
performed on whole major ampullate glands isolated from seven 
individuals (table S1). After quality control (QC), filtering, and anal-
ysis, 9700 cells were obtained, which clustered into eight groups. On 
the basis of the gene overlap with the first two components of PLS- 
DA of the bulk RNA gene sets, these eight clusters were found to 
originate from either tail, sac, or duct of the gland (fig. S30B). Three 
of the cell clusters were specific for the tail, three for the sac, and two 
for the duct. The clusters were then compared with the spatial tran-
scriptomics data, which allowed them to be classified as zone A/B/C 
cells based on their gene overlap with the marker genes of the three 
different zones (fig. S30C). Three clusters were identified in zone A, 
one in zone B, one in zone C, and one cluster was found in all three 
zones. The clusters were assigned as cell types and named according 
to the zone and top marker spider silk protein gene (Fig. 5A and 
table S15). One of the zone A cell types had MaSp1a–c as the top 
three marker genes and was named ZoneA_MaSp1. The second 
zone A cell type had MaSp2b, c, and f as the top three marker genes 
and was therefore annotated as ZoneA_MaSp2. This cell type in-
cluded MaSp4 as one of the top marker genes. In the last zone A cell 
type, SpiCE- LMa3, SpiCE- LMa5, and SpiCE- LMa6 were the 
top marker genes among silk genes and the cell type was named 
ZoneA_SpiCE- LMa. In zone B cells, the top marker genes were 
MaSp3a and MaSp3b and the cell type was named ZoneB_MaSp3 
cells. These cells also had AmSp- like1 and AmSp- like2, two of the 
spidroins lacking the CT domain (Fig. 1E), and SpiCE- LMa2 and 
SpiCE- LMa4 as top marker genes. The zone C cells had SpiCE- 
LMa1, SpiCE- LMa2, and SpiCE- LMa4 as the top marker genes 

among the silk genes and hence named ZoneC_SpiCE- LMa cells. 
The final cell type was mainly found in the sac but could not be 
assigned to a specific zone and was therefore named ZoneABC 
(fig. S30). The remaining two cell types were named according 
to their similarity in expression profile to the bulk- RNA data from 
the duct as Duct_1 and Duct_2 (fig. S30B), and these two cell types 
did not have any of the silk proteins as marker genes (Fig. 5B).

A compelling observation is that all the 18 silk genes were 
among the top 100 marker genes in at least one of the six cell types 
when considering all the 22,860 protein- coding genes. In most cas-
es, they were among the top 10 (Table 2 and Fig. 5B). All the cell 
types express a distinct set of silk genes as evidenced by the fact that 
15 of 18 silk genes were significantly expressed in only one of the six 
cell types, while the remaining three genes were expressed in two 
cell types (Table 2). In summary, the presence of the 18 silk proteins 
in the fiber can be directly related to the expression of the corre-
sponding genes in the six cell types.

The six silk- producing cell types can be spatially resolved 
along the gland
To identify the spatial location of the cell types in the major ampul-
late gland, the scRNA- seq data were combined with spatial transcrip-
tomics data, and deconvolution of the two datasets was performed. 
This allowed us to visualize the spatial distribution of cell types in the 
spots annotated as major ampullate glands on the spatial sections 
(Fig. 6, A to C, and figs. S36 and S37). The pattern that emerged sug-
gested that the cell types confined to zone A may not be evenly dis-
tributed along this zone. To address this, we took advantage of the 
tapering nature of the gland’s tail to order the cross sections from 
proximal (small perimeter) to distal (large perimeter) and used 
image analysis using QuPath (46). The sectioned major ampullate 
glands were annotated according to zones, as shown in Fig. 6B, re-
sulting in 101 cross sections for zone A, 2 for zone B, 9 for zone C, 
and 5 for the duct across all sections. This annotation was confirmed 
by digital color deconvolution in QuPath, which generates values for 
the degree of H&E staining, respectively, for each area of interest 
(fig. S38). Furthermore, the perimeters of all the cross- sectioned 
parts of the gland were determined using QuPath and associated 
with the spots on the spatial transcriptomic sections. The spatial 
spots corresponding to each cross section in zone A were extracted, 
and the mean expression of marker genes in these spots as a function 
of the perimeter of the cross section was visualized (Fig. 6D and 
fig. S39). This revealed higher MaSp2 expression in zone A cross sec-
tions with smaller perimeters (proximal tail parts), while MaSp1 and 
SpiCE- LMa3 genes exhibited higher expression in zone A cross sec-
tions with larger perimeters (distal tail, toward the sac). Notably, a 
significant negative correlation was observed between hematoxylin 
values and the cross- sectional perimeter in zone A, further support-
ing the presence of different cell types along this zone (Fig. 6E). Next, 
based on the perimeter values, the zone A cross sections were split 
into three parts: proximal, middle, and distal. The distribution of cell 
types in the spots corresponding to different parts of zone A was ob-
tained by combining the scRNA- seq, the spatial, and the QuPath data 
and visualized in Fig. 6F. ZoneA_MaSp2 cells showed higher abun-
dance in proximal zone A regions, which gradually decreased in 
middle and distal parts. Conversely, ZoneA_MaSp1 cells were more 
prevalent in distal parts compared to the most proximal region. 
ZoneA_SpiCE- LMa cells were found along the whole length of zone A, 
but most frequently in the middle and distal parts. ZoneB_MaSp3 
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Fig. 4. Spatial resolution of silk protein expression in zones A, B and C. (A) One of the major ampullate glands in section 1 contains several cross sections of the tail 
and a cross- sectioned sac (h&e staining). the inset shows the original image from which the region was magnified (white square). (B) the spots corresponding to the 
major ampullate gland were annotated as zone A, B, or c based on the morphology and staining of the epithelium overlaying each spot. in (A) and (B), scale bar, 1 mm. 
(C) heatmap showing the expression of the 18 silk genes in the 847 spots annotated as zones A, B, and c, respectively. each bar on the heatmap represents a spot on the 
spatial section and black boxes indicate marker genes (P < 0.05) in different zones. (D) expression profiles of MaSp1a, MaSp2b, MaSp3a, SpiCE- LMa1, SpiCE- LMa2, and 
SpiCE- LMa3 (in order) in the three zones of the major ampullate gland shown in (A) and (B).
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cells were almost exclusively found in spots annotated as zone B, af-
firming their identification as zone B cells. Zone C spots were domi-
nated by ZoneC_SpiCE- LMa cells, with a minor fraction of other cell 
types. ZoneABC cells were found in all the zones with low abun-
dance. The distribution of the different cell types along the major 
ampullate gland is illustrated in Fig. 6G.

The location of the silk- producing cell types determine the 
composition of layers in the silk fiber
In line with previous reports for other spider species (26), the secretions 
originating from zones A to C within L. sclopetarius major ampullate 
glands stained distinctly with H&E and were separated in the gland lu-
men (Fig. 7A). To confirm the zone- specific origin of these secretions, 
the vesicles in the cells of each zone and the secreted substances forming 
layers in the lumen were annotated and evaluated for staining intensity 
using QuPath image analysis. The obtained H&E intensity values for the 
vesicle content and the secreted substances within the lumen were plot-
ted and color- coded according to their respective zones. The data ob-
tained for vesicle content and secretions from the respective zones 
formed clusters, clearly indicating that the zone A secretion formed the 
bulk of the silk feedstock in the sac lumen, the secretion from zone B 
contributed a surrounding middle layer, while the secretion from zone 
C formed the outermost thin layer (Fig. 7B and fig. S40).

To verify that the three layers in the liquid silk feedstock persist in 
the major ampullate silk fiber, a solubilization protocol involving the use 
of different concentrations of urea (2, 4, and 8 M) was used (28). Low 
concentrations of urea (2 M) will not solubilize the entire silk and, 
therefore, enrich for proteins present at the surface, while the highest 
concentrations (8 M) will dissolve the whole fiber. LC- MS/MS analysis 
of the solubilized fractions provided the relative fraction for each pro-
tein in the different urea concentrations. The SpiCE- LMa1 to SpiCE- 
LMa6 and AmSp- like1 and 2 proteins were significantly enriched in 
2 M urea supernatants compared to the samples dissolved in 8 M urea 
(P < 0.05), while the MaSp1a to MaSp1c and MaSp2b, MaSp2c, 

MaSp2e, and MaSp2f were significantly enriched in the 8 M com-
pared to 2 M urea supernatants (P < 0.05) (Fig. 7E and fig. S41). 
MaSp3a and MaSp3b were most enriched in 4 M urea supernatants. 
Next, we compared the protein composition in our proteomics data to 
the corresponding spatial gene expression in the gland. All the eight 
proteins enriched in the 8 M urea samples overlapped with the marker 
genes of ZoneA_MaSp1 and ZoneA_MaSp2 cells. MaSp3a and MaSp3b, 
the most significant marker genes in ZoneB_MaSp3 cells, showed the 
highest relative fraction in the 4 M urea samples (Fig. 7F). Among the 
eight proteins enriched in the 2 M urea samples, five overlapped with 
marker genes of either ZoneB_MaSp3 or ZoneC_SpiCE- LMa cells 
(Fig. 7, E and F).

To ensure that the results obtained from the sequential solubiliza-
tion of the fibers reflected the proteins’ localization in the fiber and 
not only their relative solubility in urea, major ampullate silk fibers 
were completely dissolved in formic acid and subsequently dried. 
Next, the dried samples were incubated in 2, 4, and 8 M urea, respec-
tively, and the presence of different proteins in the supernatants was 
determined by LC- MS/MS. If the distribution of the proteins in the 
supernatants from the intact fibers and dissolved fibers would be 
similar, the results would support the absence of layers in the fiber. 
However, proteins that, in our model, reside in the outer layer of the 
fiber, i.e., AmSp- like1, AmSp- like2, SpiCE- LMa1, SpiCE- LMa2, and 
SpiCE- LMa4, show a higher relative abundance in the 2 M urea su-
pernatants from intact fibers compared to the dissolved fiber sam-
ples (fig. S42). In the 2 M urea supernatants from the dissolved fiber 
samples, SpiCE- LMa5 and SpiCE- LMa6 show a significantly higher 
relative abundance compared to those obtained from the intact ma-
jor ampullate fibers. The reason for the high abundance of these pro-
teins in the 2 M fraction, despite the fact that they are primarily 
produced by zone A cells, could be attributed to their higher solubil-
ity compared to the MaSps (fig. S42). Another contributing factor 
could be that both these SpiCEs are also expressed in zones B and C, 
albeit to a lower degree (Figs. 4 and 5).
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Fig. 5. scRNA- seq analysis of major ampullate gland reveals eight cell types. (A) eight cell types in the major ampullate gland visualized in UMAP. the axes (UMAP_1 
and UMAP_2) represent the first and second UMAP dimensions, respectively. each dot represents a cell. the cell types were annotated by correlating the gene expression 
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of the 18 silk proteins in different single- cell types. Black boxes indicate the marker genes (P < 0.05) in different cell types.
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We further compared the relative abundance of the 18 proteins in 
the silk extracted at different urea concentrations for both the intact 
and the dissolved silk samples using pairwise Pearson correlation for 
all combinations of the samples (fig. S43). The results indicate that 
the 2 and 4 M intact samples differed the most compared to the 
other samples (see the dendrogram in fig. S43A). There was a higher 
variation between the 2 and 8 M intact silk samples than the varia-
tion between the 2 and 8 M dissolved samples (fig. S43A). In addi-
tion, there was a low correlation between the 2 M dissolved and the 

2 M intact silk samples, similar to that found between the 2 and 
8 M intact silk samples (fig. S43, B and D). This suggests that the 
obtained protein profiles in the intact samples are not a result of the 
differences in protein solubility but reflect the differences in protein 
composition of the different fiber layers. When comparing any of the 
intact 8 M samples to any of the dissolved samples, regardless of urea 
concentration, or when comparing any of the dissolved samples to 
each other, they all showed a significant positive correlation (P < 0.001) 
(fig. S43, A, C, E, and F), which further contradicts the idea that the 
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Fig. 6. Spatial distribution of the eight major ampullate cell types. (A) h&e- stained section of the spider major ampullate gland; the inset shows the area magnified. 
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Fig. 7. Origin and model of the multi- layered architecture of the major ampullate silk. (A) histological sections of the L. sclopetarius major ampullate gland zones A, 
B and c, respectively (h&e staining). Secretions from zones A, B, and c form three layers in the lumen (indicated as i, ii, and iii in the zone c panels). Filled circles around 
the intracellular vesicles in the first three panels indicate the annotated regions for image analysis in QuPath. Scale bar, 20 μm. (B) h&e intensity plots of the annotation 
objects shown in (A). (C) Schematic image of the major ampullate gland and model of the multi- layered architecture of the major ampullate silk. the localization of the six 
cell types and the layered secretions are illustrated in the gland schematic. Below the gland, schematic drawings of cross sections from four locations along the gland are 
shown. in the model of the major ampullate silk, the colors correspond to the cell types the layers originate from, and the thickness of each layer is based on the pro-
teomics analysis of the fiber (% total spectra). it should be noted that the histological sections suggest that the middle and outer layers could be thinner than indicated 
in the schematic figure of the fiber. (D) heatmap showing gene expression values of the 18 silk proteins in the six cell types that are found in zones A, B and c. (E) heatmap 
showing the peptides mapping to each of the 18 silk proteins in soluble extracts from major ampullate fibers incubated in 2, 4, and 8 M urea, respectively. in (d) and (e), 
colors indicate expression values (z scores), and the black frames indicate genes/proteins that were identified as significantly enriched (P < 0.05 when comparing samples 
between 2 and 8 M urea). the 18 silk genes/proteins are listed below the panels.
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solubility of different proteins is the main explanation for the variation 
observed between the intact silk samples at different urea concentra-
tions. In addition, certain proteins expressed in zones B and C, such as 
SpiCE- LMa1, SpiCE- LMa2, SpiCE- LMa4, AmSp- like1, and AmSp- 
like2, are enriched in the 2 M urea extracts from intact silk (fig. S43B). 
In summary, these data support the inhomogeneous distribution of 
proteins in the major ampullate silk fiber.

DISCUSSION
Advanced molecular methodologies, such as scRNA- seq and spatial 
transcriptomics, serve as pivotal tools in advancing our comprehen-
sion of diverse tissue biology. However, their effectiveness depends 
on well- annotated genomes, posing a substantial challenge when 
investigating nonmodel organisms. This challenge has been particu-
larly pronounced in investigations of spider silk production due to 
the nature of spidroin genes, characterized by their substantial size 
and repetitiveness. Addressing this limitation, we present a high- 
quality genome assembly of L. sclopetarius, featuring nearly complete 
annotations for all coding genes. Notably, our annotation reveals the 
presence of 35 full- length (FL) spidroins, which is higher than previ-
ously reported (7–11, 13). Consistent with prior findings (7–11, 13), 
the spidroins exhibit variable lengths spanning 575 to 9146 amino 
acid residues (Fig. 1 and table S11). All the spidroin genes encoded 
proteins with signal peptides, the NT domain, and a repetitive region, 
and had a stop codon in- frame. Manual inspection of the 3′ down-
stream sequences revealed no sign of shifted reading frames, which 
means that the spidroin gene catalog described herein encompasses 
exclusively complete genes.

Because the focus of this work was to provide a detailed under-
standing of the structure and function of the major ampullate silk 
gland, as well as the fiber it produces, we next sought to identify the 
proteins that make up the major ampullate fiber. This is not a trivial 
task, because the major ampullate fiber is easily contaminated by 
other silk types during spinning and collection of the fibers. To 
avoid these problems, we used LC- MS/MS, both on major ampullate 
silk fibers continuously collected from a spider mounted under a 
microscope and on isolated major ampullate glands. By only consid-
ering the secretory proteins that were found in both datasets, we 
could ensure that any contaminating proteins from other glands 
were removed. Assuming that the most abundant proteins are 
contributing most to the properties of the fiber, we filtered proteins 
with abundance of more than 0.1% based on the percentage of total 
spectra, which allowed us to identify 18 proteins as the predominant 
constituents in the major ampullate silk. Ten of the 18 proteins came 
from the four distinct classes of MaSps, namely, MaSp1 to MaSp4. 
Together, these spidroin proteins constitute 96% of the total protein 
content of the fiber (Fig. 7G), which is in line with the reported 
MaSp content in the major ampullate silks from other spider species 
(9, 10, 13, 22, 47), but the abundance of the different MaSp types 
differ between fibers from some species (8, 9).

In addition to the MaSps, a previously unreported type of spidroin, 
which we named AmSp- like, was also found in the fiber. The AmSps 
were characterized by having an NT domain that grouped with the 
minor and major ampullate spidroins and a repetitive region, but 
these spidroins lacked the CT domain and displayed an amino acid 
composition more similar to the SpiCE proteins than the MaSps 
(Fig. 2E and fig. S17). Six proteins, designated as SpiCE- LMa1 to 
SpiCE- LMa6, were identified as constituents of the fiber. Despite 

their common naming “SpiCE- LMa,” their properties are diverse in 
terms of molecular weight (table S13), tertiary structure predicted by 
AlphaFold2 (fig. S26), and amino acid composition (Fig. 2E and 
fig. S17). The amino acid composition of SpiCE- LMa1 and SpiCE- 
LMa2 that is expressed in zone C is similar to that of the MaSps, yet 
they lack both NT and CT domains. While the other SpiCE- LMa 
proteins either lacked homologs or exhibited homology to hypothet-
ical proteins from other spiders, SpiCE- LMa3 and SpiCE- LMa5 
demonstrate similarity to previously reported SpiCE proteins (ta-
bles S16 to S20). Specifically, SpiCE- LMa3 shares similarity with 
SpiCE- CMa2 (produced by spiders from the Caerostris family), 
while SpiCE- LMa5 shares similarity with SpiCE- NMa4 (Nephilinae 
family), the latter of which has been designated as a CRP (9). Notably, 
SpiCE- LMa3 to SpiCE- LMa6 proteins that were found to be ex-
pressed and secreted from zones A and B have a high cysteine con-
tent. To date, only one study has experimentally investigated the 
impact of SpiCE on the mechanical properties of materials made 
from recombinant mini- spidroins. A composite film composed of a 
mini- spidroin and SpiCE- NMa1 had higher tensile strength com-
pared to films comprising the mini- spidroin alone. However, corre-
sponding composite silk fibers display reduced tensile strength (9), 
highlighting the need for further investigation into the functional 
role of SpiCE proteins in the silk fiber.

To determine which cell types express the 18 silk proteins and 
their spatial distribution in the gland, we combined three unbiased 
transcriptomics techniques. First, we used bulk RNA- seq to reveal 
that all 18 silk genes are expressed in the tail and the sac and not in 
the duct (Fig. 2D). Thirteen of these were among the top 100 signifi-
cantly differentially expressed genes in either the tail or the sac of the 
gland, indicating that the expression profile indeed differs along the 
gland. Second, scRNA- seq analysis of whole major ampullate glands 
identified eight cell types. Notably, the marker genes of five of these 
eight cell types overlapped with all 18 silk genes (Table 2 and Fig. 5B). 
By cross- referencing the marker genes of the scRNA cell types with 
the differentially expressed genes found in the bulk RNA data, we 
were able to assign three cell types to the tail, three to the sac, and 
two to the duct. The transcriptional profile of cells expressing spider 
silk proteins could be matched to the bulk RNA- seq data from the 
tail and sac samples, but not to the samples derived from the duct. 
This means that the 18 silk proteins are produced by the five cell 
types located in the tail and sac. To spatially resolve the distribution 
of the cell types, we used a third transcriptomic technique, 10X 
Visium. In the sections used for spatial transcriptomics, we first manu-
ally annotated the transcriptomic spots within the major ampullate 
gland zones A, B, and C using the distinct H&E staining pattern and 
morphology of the epithelium in the respective zones (Fig.  4B). 
Comparing the expression of genes between the zones revealed that 
15 of the 18 silk genes are differentially expressed in at least one of 
these three zones (Fig. 4C). Next, by integrating the spatial tran-
scriptomics with the single- cell data, the precise localization of the 
cell types was revealed. In line with the bulk RNA data, the three cell 
types assigned to the sac were predominantly present in zone B and 
zone C. Notably, by using the spatial transcriptomics data, we could 
see a clear distinction between ZoneB_MaSp3 cells that were con-
fined to zone B and ZoneC_SpiCE- LMa cells that were dominant in 
the zone C epithelium. The three cell types that were assigned to the 
tail were indeed found in zone A. The tail is long and winding, and 
by taking advantage of the observation that the cross section of the 
tail increases along the gland, we could generate information about 
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the spatial location of cell types even within zone A. By determining 
the perimeter of each cross- sectioned part of the tail, we could or-
der them from proximal (small) to distal (large) (Fig. 6). We found 
that the ZoneA_MaSp2 cells were primarily localized to the prox-
imal part of zone A, while ZoneA_MaSp1 cells were most abundant 
in the distal portion of zone A (closer to zone B cells). ZoneA_
SpiCE- LMa cells were present in all parts of the zone A (Fig.  6). 
Last, again in line with the bulk RNA data, the two cell types as-
signed to the duct were not detected in the tail or sac. Together, our 
data support that the proteins that make up the major ampullate 
silk are produced by five cell types that have specific regional ana-
tomical localizations in zones A, B, and C, but not by the cell types 
confined to the duct.

Next, we sought to connect the expression of the genes in the cell 
types along the gland to the multiple layers observed in the silk feed-
stock (Fig. 7A). By using digital image analysis, we showed that the 
H&E staining of the layers in the dope (the liquid feedstock stored in 
the sac) as determined by QuPath corresponds to the staining of the 
intracellular vesicles in the corresponding epithelium. The inner layer 
of the dope matched the staining of the vesicles in zone A, the middle 
layer matched the staining of the vesicles in zone B, and the outer 
layer matched the staining of the vesicles in the zone C epithelial cells 
(Fig. 7, A and B). This indicates that the three zones indeed produce 
layered secretions with different protein compositions. Moreover, be-
cause we knew the presence of different cell types in zones A, B and 
C, respectively, and their expression profiles (Fig. 7D), we could pre-
dict the protein composition of the different layers in the fiber. Given 
this model (Fig. 7C), the inner layer of the silk fiber contains the 
MaSp1, MaSp2, MaSp4, SpiCE- LMa3, SpiCE- LMa5, and SpiCE- 
LMa6 proteins, and the middle layer primarily contains the MaSp3, 
AmSp- like1 and AmSp- like2, and SpiCE- LMa2 and SpiCE- LMa4 
proteins, while the outer layer is dominated by SpiCE- LMa1, SpiCE- 
LMa2, and SpiCE- LMa4 but contains no classical spidroins. To test 
the hypothesis that the layers identified in the gland lumen persist to 
form layers in the fiber, we ran proteomics analysis on silk fiber ex-
tracts after exposure of major ampullate silk fibers to different con-
centrations of urea (2, 4, and 8 M, respectively). This approach was 
established by Vollrath et al. (28) to sequentially dissolve major am-
pullate silk fibers. Supernatants from fibers incubated in 2 M urea 
contained proteins primarily expressed in zones B and C, whereas in 
8 M urea, which completely dissolve the silk fibers, proteins that are 
expressed in zone A were enriched (Fig. 7E). When using the 4 M 
urea, MaSp3a and MaSp3b, which are marker genes for zone B, had 
the highest relative abundance. These results were further verified to 
be related to the proteins’ localization in the fiber (figs. S42 and S43). 
The data presented herein allow us to present a detailed model of the 
composition of the three- layered major ampullate silk fiber, and to 
conclude that each layer has a distinct protein composition that is 
derived from specific cell types confined to zones A, B, and C, respec-
tively (Fig. 7). Because the ZoneA_MaSp2 cells are the dominating 
cell type in the most proximal part of the tail, it is logical that MaSp2 
proteins form the core of the fiber and that the more peripheral re-
gions of the core are dominated by MaSp1 proteins, secreted by the 
ZoneA_MaSp1 cells that are located more distally in zone A. This 
finding is in contrast with the report from Hu et al. (13), which shows 
that the central core of the Trichonephila major ampullate fiber is 
dominated by MaSp1 proteins and MaSp2 are found more peripher-
ally, but is in line with work by Sponner et al. (32), who, by biochemi-
cal and immunohistochemical investigations of the Trichonephila 

major ampullate silk, revealed the presence of both MaSp1 and MaSp2 
in the inner core but exclusively MaSp1 in the peripheral parts of the 
core. The latter study also concludes that the layer surrounding the 
core of the fiber (referred to as skin layer) is more tough and resistant 
to chemical treatment than the outermost layer (coat) and the central 
core. If these notions are combined with the data presented herein, a 
plausible conclusion is that the skin layer is dominated by MaSp3 and 
corresponds to the middle layer in our model.

Thus, what is the purpose of the layered fiber structure? Despite 
decades of research, the function of each layer is not completely un-
derstood. The outermost layer and the skin layer have been suggested 
to protect against environmental impact (32), the skin layer is re-
sistant to protease degradation, and the core of the fiber accounts 
for most of the mechanical properties of the fiber (48). However, 
Arakawa et al. (12) have recently published more than 1000 tran-
scriptomes from different spider species along with corresponding 
mechanical data for the major ampullate fibers and showed that 
expression of MaSp3 correlates with higher fiber toughness. Pro-
vided that the MaSp3 is expressed mainly in zone B also in other 
species, this would suggest that the skin layer could be important for 
obtaining a high fiber toughness. On the other hand, the presence of 
layered structures and three epithelial zones in the major ampullate 
glands from species that do not express MaSp3 have been reported 
(12, 26), which suggests that not only the specific protein composi-
tion of the fiber layers but also the layered structure in itself may be 
important for the fiber’s properties. For example, spider species that 
do not express MaSp3 (12) (e.g., Pisauridae and Agelinidae) also 
have three epithelial zones in the major ampullate gland (26), and the 
Pisauridae spider Euprosthenops australis spins a fiber with one of the 
highest tensile strengths reported (49).

Recent publications have pointed toward the idea that formation 
of recombinant spidroin heterodimers, interconnected in the CT do-
main, may result in improved mechanical properties of the silk fiber 
(19). Our data suggest that heterodimer formation of spidroins via 
their CT domains is limited, because the dimerization would occur in 
the endoplasmic reticulum (ER) of individual cells (36, 37). As can be 
seen in Fig. 5, there is some overlap of the expression of the MaSps in 
some cells, but MaSp1, MaSp2, and MaSp3 are generally expressed in 
separate cell types (Fig. 5B). This implies that the spidroins in the 
soluble state would primarily form dimers composed of one type of 
spidroin. In the lumen of the sac, just before the duct begins, there is 
clear evidence that the secretions from the three zones are separated 
(Fig. 7A) (26, 50). This means that the MaSp1 and MaSp2 spidroins 
would be found in the zone A “core” secretion, which is surrounded 
by the zone B secretion that contains MaSp3 (Figs. 4C and 7E). While 
some diffusion would occur between the layers, our data indicate that 
the protein composition of the layers mostly stays intact during fiber 
processing. When the dope travels down the duct, the pH gradient 
will cause the NT domains to dimerize (36, 38, 39, 51), which leads to 
the notion that the spidroins are linked together in large complexes 
(40). Because the protonatable residues of the L. sclopetarius MaSp 
NT domain are evolutionary conserved (fig. S4) (38), inter- class NT 
dimerization between spidroins, even originating from different 
layers, could occur. Experimental support for this is currently lack-
ing, but the fiber layers should, in any case, probably not be consid-
ered as completely isolated.

Conclusively, we present a model of the major ampullate spider 
silk, which contains three layers with specific protein composi-
tions. Diffusion may take place across the interface of the layers, 
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possibly making the transition between these gradual, but even if 
so, the distribution of proteins in the fiber is clearly inhomoge-
neous. The model is based on several observations: First, the re-
sults from the transcriptomics analyses (Figs. 3 and 4) clearly show 
that the MaSps, AmSp, and SpiCE- LMa proteins are primarily 
produced in three specific zones along the gland. Second, the 
H&E staining of the intracellular granules in the epithelium of said 
zones stain differentially, and the respective staining matches the 
staining of the three layers observed in the gland lumen, i.e., in the 
dope. The layered secretions from zones A, B, and C have been 
observed before and in several distantly related spider species 
(26, 50), which suggest that this is a common feature of the major 
ampullate gland and its silk. Third, the proteomics data presented 
herein support the inhomogeneous distribution of proteins in the 
fiber and reflect the compositions that would be expected based on 
a layered structure originating from secretions from the three 
epithelial zones. Fourth, numerous studies using fiber diffrac-
tion, electron microscopy, and light microscopy support the con-
clusion that the major ampullate silk fiber is layered (27–33).

This work provides a detailed understanding of the major 
ampullate gland’s biology and the intricate structure and com-
position of the major ampullate silk fiber. Specifically, eight dis-
tinct glandular cell types were characterized, five of which 
contribute proteins to the silk feedstock. A high- resolution spa-
tial mapping of these cell types within the major ampullate gland 
of L. sclopetarius was presented along with the identification of 
several previously uncharacterized genes exhibiting significant 
DE across the cell types. In addition, 18 spider silk proteins were 
found to make up the bulk of the fiber. Last, the protein compo-
sitions of the three enigmatic layered secretions in the gland 
were elucidated and correlated to the protein composition of se-
quentially dissolved fibers. These insights are important for im-
proved bioprocessing of artificial spider silk fibers and should 
be incorporated in molecular dynamics simulations (52) and 
generative machine learning models (53), which hold promise to 
reveal molecular features that govern the mechanical perfor-
mance of the fiber.

METHODS
Spider samples
L. sclopetarius adult female spiders were collected in the wild in a 
small habitat in Uppsala, Sweden. The taxonomic identity of the 
spider was verified by the Museum of Natural History, Stockholm, 
Sweden. The spiders were kept in big containers that allowed them 
to spin webs. They were fed with meal worms or Drosophila flies 
weekly and watered daily.

Extraction and sequencing of genomic DNA
High molecular weight (HMW) genomic DNA was extracted from 
the whole body of one individual L. sclopetarius spider using the 
MagAttract HMW DNA Kit (Qiagen). One adult female spider was 
anesthetized using dry ice and dissected on ice. The exoskeleton was 
removed, and all soft tissue was collected to extract HMW DNA. The 
DNA extraction was done according to the manufacturer’s protocol, 
except for tissue incubation in RNase and proteinase K at 50°C for 
30 min and elution of DNA that was done twice by adding an extra 
100 μl of buffer AE to the beads. The purified DNA was run on a 
0.5% agarose gel to assess DNA integrity. Absorbance ratios were 

evaluated on a Nanodrop spectrophotometer and determined to be 
as follows: 260/280: 1.82 and 260/230: 1.91, resulting in a total of 
36.2 μg of DNA. The extracted genomic DNA was also subjected to 
a quality check using a BioAnalyzer (Agilent), which revealed a sin-
gle peak at around 11 kb. DNA (10.3 μg) was used to make a 20- kb 
library. The National Genomics Infrastructure (NGI) platform at 
SciLifeLab, Uppsala University, performed the library preparation 
and sequencing using PacBio long- reads and 10X Genomics 
linked reads.
PacBio genomic library preparation and sequencing
The QC- passed DNA samples were sent to the NGI platform at 
SciLifeLab, Uppsala University, for library preparation and sequenc-
ing. The SMRTbell libraries obtained by the TPK1 kit, according to 
the manufacturer’s instructions, were size- selected at 20 kb using 
a BluePippin instrument (SAGE) and sequenced on 60 SMRT cells 
of the RSII instrument using P5- C3 chemistry. For each SMRT cell, 
10- hour movies were captured. A total of 798 Gbp of data with an 
insert size of 11 kb was produced.
Library preparation and sequencing using 10X chromium 
linked reads
The HMW DNA was used to generate the 10X linked read libraries 
on the 10X Genomics Chromium platform (Genome Library Kit 
& Gel Bead Kit v2 PN- 1000017, genome Chip Kit v2 PN120257) 
following the manufacturer’s guidelines. The 10X libraries were 
sequenced on an Illumina NovaSeq6000 instrument (NovaSeq 
Control Software 1.6.0/RTA version 3.4.4) with 151- bp paired- end 
setup using the NovaSeqXp workflow in an S4 flow cell. The Bcl- 
to- FastQ conversion was performed using bcl2fastq_v2.19.1.403 
from the CASAVA software suite. Sanger/phred33/Illumina 1.8+ 
was used as the quality scale.

Bulk RNA extraction and sequencing of silk glands, head, 
and abdomen
The spiders were anesthetized using dry ice before they were dis-
sected on ice. After making an incision at the pedicel, the abdomen 
was gently pinned to a wax plate placed under a Zeiss Stemi 305 
stereo microscope, and the exoskeleton was carefully removed 
with micro scissors to visualize the silk glands. Phosphate- buffered 
saline (PBS, pH 7.4) was used to wash off the excess nonsilk tissue. 
With the help of micro tweezers, silk glands (major ampullate 
glands, minor ampullate glands, flagelliform glands, aggregate 
glands, and tubuliform glands) were isolated separately by hold-
ing their ducts. The aciniform and piriform glands from these five 
spiders were extracted as a single sample due to difficulties in 
separating them owing to their small sizes. The major ampullate 
glands from six additional individuals were cut into three parts: 
tail, sac, and duct and used for RNA extraction. In another prepa-
ration, after removing the exoskeleton, the soft tissue from the 
whole abdomen was scraped out and used for extracting RNA. The 
RNA from the head was extracted similarly after removing the legs 
and the thick exoskeleton. Five replicates were collected for each 
sample type and RNA was extracted from each replicate separately.

A total of 57 RNA samples were extracted using the RNeasy 
Plus Mini kit (QiaGen) by following the manufacturer’s protocol. 
The integrity of the samples was estimated using Tapestation (Agi-
lent Technologies). The transcriptome libraries from the differ-
ent tissues were generated using Illumina TruSeq Stranded mRNA 
kit following the manufacturer’s protocol and 151- bp paired end 
reads were sequenced using the Novaseq6000 instrument.
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PacBio long- read Iso- seq library construction and 
sequencing for major ampullate glands
RNA was extracted from the major ampullate gland from one indi-
vidual and homogenized in TriZol. The extracted RNA was sequenced 
at NGI, Uppsala University, Sweden. RNA QC was performed on the 
Agilent Bioanalyzer instrument, using the Eukaryote Total RNA 
Nano kit. The sequencing library was prepared according to PacBio’s 
Procedure & Checklist—Iso- Seq Express Template Preparation for 
Sequel and Sequel II Systems, PN 101- 763- 800 version 02 (October 
2019) using the NEBNext Single Cell/Low Input cDNA Synthesis & 
Amplification Module, the Iso- Seq Express Oligo Kit, ProNex beads, 
and the SMRTbell Express Template Prep Kit 2.0. The sample (300 ng) 
was first amplified to 12 cycles, followed by 3 additional cycles, 
according to the protocol. In the purification of amplified cDNA, the 
Long Transcripts workflow was applied to obtain material enriched 
for longer transcripts (>3 kb). The quality control of the SMRTbell 
libraries was performed with the Qubit dsDNA HS kit and the 
Agilent Bioanalyzer High Sensitivity kit. Primer annealing and poly-
merase binding were performed using the Sequel II binding kit 2.0. 
The samples were sequenced on the Sequel II instrument, using the 
Sequel II sequencing plate 2.0 and the Sequel II SMRT Cell 8M, with 
24 hours of movie time and 2 hours of pre- extension time.

Single- cell preparation from major ampullate glands of 
L. sclopetarius
A total of 20 spiders were used for single- cell sequencing. The first 
10 spiders were anesthetized in dry ice and dissected. All buffers 
were bubbled with carbogen during and before use. The major am-
pullate glands were taken out in ringer solution, pH 7.4. The duct 
was removed. The glands were washed with PBS, pH 7.4, and then 
incubated into prewarmed trypsin- EDTA (Gibco, 0.5%) at 37°C 
for 1 min in a low- binding micro- centrifuge tube. The glands 
were triturated with a pipette briefly and centrifuged at 300g for 
3 min at 4°C. The pellets were resuspended in 300 μl of Dulbecco’s 
Modified Eagle’s Medium (DMEM; Gibco) containing 1% bovine 
serum albumin (BSA; Sigma). The DMEM and the tubes were 
briefly bubbled with carbogen before resuspension. The suspen-
sion was strained through a 40- μm cell strainer and transferred to 
low- binding micro- centrifuge tubes. Cells were counted using 
Trypan blue dye.

Because of problems with contaminating droplets of dope that 
made the separation of single cells challenging, a slightly modified 
protocol was used for the following 10 spiders. These were processed 
as described above, but with the exception that the duct was not re-
moved, and the sac was cut and kept in PBS, pH 7.4, for 10 min to 
allow the dope to flow out. The pieces of glands were picked up and 
incubated in prewarmed trypsin- EDTA (Gibco, 0.5%) at 37°C for 
2 min in a low- binding micro- centrifuge tube. The suspension was 
triturated with fire- polished glass Pasteur pipette for 1 min, incubat-
ed in trypsin- EDTA at 37°C for 2 min, and triturated again with a 
fire- polished glass Pasteur pipette for 3 min. The suspension was cen-
trifuged at 300g for 3 min at 4°C, and the pellet was resuspended in 
200 μl of DMEM containing 3% BSA. The suspension was strained 
through 40 μM prewashed cell strainers into low- binding micro- 
centrifuge tubes. The strainer was further washed with 100 μl of 
DMEM containing 3% BSA to reduce the loss of cells. The library 
preparation was done using the 10X 3′ GE kit on the 10X Chromium 
Single Cell 3′ Platform following the manufacturer’s protocol (Dual 
Index 10X_3′_V3.1) and sequenced using Novaseq (100 cycles).

Sample preparation for spatial transcriptomics
Whole opisthosomas of spiders were flash- frozen in optimal cutting 
temperature compound medium on an isopentane–dry ice bath and 
samples were stored at −80°C until use. The samples were sectioned 
in a cryotome (10 μm) with the knife temperature set at −23°C and 
the sample holder temperature set at −10°C. Eight sections from five 
individual spiders were carefully mounted on the capture areas 
(6.5 × 6.5 mm) of the Visium spatial slide (10X Genomics) and per-
meabilized for 30 min following the 10X Visium spatial tissue opti-
mization protocol. The libraries were constructed according to 
Visium spatial gene expression protocol (10X Genomics). For cDNA 
amplification, 13 to 16 PCR cycles were performed, and for index-
ing, 13 PCR cycles were used. The sequencing was performed using 
an SP- 200 flow cell on the Illumina Nova- Seq 6000. All the sections 
were stained with H&E for histological evaluation.

Genome assembly and polishing
The Falcon and Falcon- Unzip (pb- falcon version 0.2.7) (54) de novo 
assemblers were used to assemble the PacBio data. The initial 
polishing was done using the Falcon- Unzip polishing module. The 
Chromium 10X linked read data were used to further polish the 
long- read CLR assembly. Reads were aligned to the PacBio assembly 
using Long Ranger (version 2.1.4), and three rounds of polishing 
were done using Pilon (55) (version 1.22) using the diploid flag.

Genome size and heterozygosity estimation
The raw Illumina reads from 10X Genomics linked sequencing li-
braries were trimmed using Trimmomatic (56), and the canonical 
20- mer counts were collected using Jellyfish (57). With the 20- mer 
histogram, GenomeScope2 (58) was used to estimate the approxi-
mate genome size and heterozygosity.

Mitochondrial genome assembly
The mitochondrial genome was identified by mapping the assembly 
to an existing reference spider species, Neoscona adianta (GenBank 
accession: NC_029756.1) using BLAST. The identified regions from 
the assembly were extracted using BEDTools (59). The extracted 
mitochondrial contigs were then annotated using the MITOS web 
server (60).

PacBio Iso- seq transcriptome assembly
To generate FL consensus transcript isoforms from the major ampul-
late gland, the raw polymerase reads were processed using SMRTlink. 
The subread BAM file was processed to generate the circular consen-
sus sequence reads. These reads were further classified into FL tran-
script sequences based on the criteria that they contain 5′ primer, 3′ 
primer, and polyA tails. The FL transcript sequences were processed 
using the IsoSeq3 platform for generating FL nonchimeric reads, 
which were further clustered using the ICE algorithm to produce both 
high-  and low- quality polished FL consensus sequences. The high- 
quality sequences were used for the subsequent analysis. The high- 
quality transcripts were mapped to the de novo assembled L. sclopetarius 
genome using minimap2 (61) (version 2.2.4) with parameters - ax splice 
- uf - - secondary = no - C5. The alignment in the SAM format was pro-
cessed into nonredundant FL transcripts using the “collapse_isoforms_
by_sam.py” script from the cDNA- Cupcake tool (https://github.com/
Magdoll/cDNA_Cupcake). To assess the completeness of the genome 
assembly and the annotation, BUSCO (62) (version 4.1.4) analysis was 
performed using the Arachnida_odb10 lineage dataset.
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Genome annotation
The annotation of the de novo assembled L. sclopetarius genome was 
performed using MAKER (63) version 3.01.02. High- confidence 
protein sequences (561,356 proteins) were collected from the Uni-
Prot/Swiss- Prot database (downloaded in November 2019), and a 
specific set of spidroin sequences (1051) were downloaded from 
NCBI (November 2019).

A repeat library was created using the RepeatModeler package 
(version 1.0.11, https://repeatmasker.org/RepeatModeler/). Because 
the spidroin sequences are highly repetitive in nature, the repeats 
modeled by the RepeatModeler were vetted against our specific 
set of spidroin dataset. The repeat sequences in the assembled ge-
nome were identified using RepeatMasker (version 4.0.9, https://
repeatmasker.org/) and repeatRunner (https://yandell- lab.org/software/
repeatrunner.html). The tRNAs were identified using tRNAscan 
(64) version 1.3.1 while the conserved noncoding RNAs were iden-
tified using the Infernal package (65) and the RNA family database, 
Rfam version 11 (66).

The MAKER package was executed in two runs: (i) First, MAKER 
was used to create a profile using the UniProt/Swiss- Prot protein 
sequences, the specific set of spidroin sequences, and RNA- seq data 
from different tissues. An in- house pipeline was used to select a set 
of genes from this initial evidence- based annotation (first run) and 
to train Augustus (67) and SNAP (68). (ii) MAKER was run a 
second time using the evidence from the first run and the prediction 
from Augustus. For the construction of gene models, the prediction 
from Augustus was used.

Functional annotation of genes and transcripts was performed us-
ing the translated CDS features for each of the coding transcripts. The 
protein sequences were searched against UniProt/Swiss- Prot databases, 
and the specific set of spidroin sequences was scanned using BLAST to 
retrieve gene names and protein functions. InterProScan (5.30 to 69.0) 
(69) was used for extracting additional annotations (functional do-
mains and sites) from various other biological databases (20 in total).

Improving 3′ UTR annotation using single- cell data
The aligned BAM files from cell ranger were used for filtering BAM 
files using UMI- tools FilterBam (70) to include reads that were pro-
duced with a corrected molecular barcode tag by cell ranger counts. 
The filtered BAM file was processed to remove PCR duplicates using 
UMI- tools dedup (70). The tool findPeaks from Homer was used to 
identify peaks (−size 50 - fragLength 100 - minDist 1). The peaks file 
was converted into a bed file using BEDTools (59). These peaks were 
then either annotated as 3′ untranslated region (UTR) to genes that 
lacked this feature or reannotated as an extended 3′UTR feature to 
the nearest genes that were identified within 5000 bp.

Identification of spidroins and manual curation
For identifying the spidroins in the L. sclopetarius genome, two differ-
ent approaches were used: (i) The translated protein sequences of 
L. sclopetarius were scanned against the PFAM HMM profiles of NT 
domain, CT domain, and Tubuliform egg casing silk strand structural 
domains. The HMM profile for these domains, Spidroin_N.hmm (NT 
domain, PF16763), Spidroin_MaSp.hmm (CT domain, PF11260), and 
RP1- 2.hmm (Tubuliform egg casing silk strand domain, PF12042), 
were downloaded from the PFAM database. To minimize the risk 
of false- positive results, the hits with an e- value cutoff below 1e−05 
were filtered out. (ii) The reference spidroin sequences were down-
loaded from the NCBI database (in November 2019). The redundant 

sequences were removed using CD- HIT at a sequence identity cut-
off of 95% and a custom database with FL spidroins (as retrieved 
from the database); NT and CT domain sequences were created 
using BLAST package. The spidroin sequences of L. sclopetarius 
were identified by homology search using BLASTp with an e- value 
cutoff of 1e−05 against the FL reference database. The identified se-
quences were confirmed for NT and CT domains.

Because of the huge size and high repetitiveness of spidroins, 
identification of exon boundaries by assembling tools can result in 
inaccuracies. Thus, the identified L. sclopetarius spidroin sequence 
loci and their surrounding regions (extending 5000 to 10,000 bp on 
either end of the gene) were manually inspected if those were 
defined by the automated MAKER gene model. The Web Apollo 
(71) genome browser was used for viewing gene models by entering 
the transcript identifier and identifying supporting data from bulk 
RNA- seq and PacBio Iso- seq experiments. The extended gene se-
quences were searched separately against the custom NT and CT 
domain reference database using BLASTx with an e- value cutoff of 
1e−05. An additional 100- bp region upstream of the identified NT 
domain region was scanned for signal peptide using SignalP version 6 
(72). Thus, we assume that the boundaries of spidroin genes were 
properly defined. The sequences for which the CT domains could not 
be defined were kept unchanged as per the automated MAKER gene 
model. We also looked for multiple spidroin genes that were col-
lapsed into single locus due to their high sequence similarity and, 
therefore, were hard to assemble as separate loci. After defining gene 
boundaries for every identified spidroin, the gene sequences were 
translated in all six translational frames and manually inspected for 
repetitive motifs to identify whether any mis- annotations (missing 
exons due to incorrect reading frame) existed in the current gene 
model using the Unipro UGENE software (73). On the basis of the 
identified mis- annotations, either new genes were added, or the ex-
isting gene models were replaced with a corrected model. All the cor-
rected sequences were later confirmed by mapping against the 
reference genome using exonerate. GeneWise (74) and Scipio (75) 
were used to generate a GFF file for the corrected gene models.

Functional assignment to proteins with 
hypothetical function
To predict function for proteins assigned as “hypothetical protein” 
(from Genome annotation), Orthofinder (76) (version 2.5.2) was 
used with default settings to identify gene family clusters between 
L. sclopetarius, Trichonephila clavipes (NCBI accession number 
PRJDB10126), Trichonephila clavata (PRJDB10007), Nephila  
pilipes (PRJDB10128), Trichonephila inaurata madagascariensis 
(PRJDB10127), Argiope bruennichi (PRJNA629526), and Araneus 
ventricosus (PRJDB7092). The protein sequences were downloaded 
from NCBI. The putative transcript isoforms were removed from the 
L. sclopetarius proteome dataset, and the longest canonical sequence was 
kept for the analysis. Proteins from each of the species were processed 
using Orthofinder- Diamond to assign proteins into orthogroups. In- 
house python scripts were used to process equivalent genes that were 
grouped as an orthogroup to further assign functions to hypothetical 
proteins based on proteins with known functions within the same or-
thogroup. The annotation was performed at two levels: (i) analyzing 
homologous clusters assigned to an orthogroup within L. sclopetarius 
and (ii) analyzing gene clusters from other spider species (T. clavipes, 
T. clavata, N. pilipes, T. inaurata madagascariensis, A. bruennichi, and 
A. ventricosus) that were assigned to an orthogroup.
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Analysis of bulk RNA- sequencing data
The raw sequence reads were mapped to the de novo assembled 
genome using STAR (77) (version 2.7). The read counts were gener-
ated using featureCounts (78) from the Rsubread package (version 
2.0.0) (79). Transcripts per million (TPM) were used for visualiza-
tion and comparison of gene expression levels within samples. For 
PCA and PLS- DA DEseq2 variance stabilization transformation 
(VST), the DESeq2 package (version 1.38.3) (80) was used. For DE 
analysis between samples, DEseq2 default normalization was used. 
Genes with TPM >4 in at least one sample, a total of 15,086 genes, 
were kept for subsequent analysis.

A four- step filtering approach pinpointed variable major ampul-
late gland- specific genes (fig. S28). Initially, PCA on head and body 
samples distinguished the tissue types using the first PC, which ex-
plained 73.5% of the variation. Genes with a positive first PC load-
ing value were retained, totaling 7777 genes. Subsequently, PCA on 
major ampullate gland and body samples further differentiated the 
tissue types, with the first PC accounting for 76.8% of the variation. 
Genes with a positive first PC loading value, along with MaSp4 and 
SpiCE- LMa4, resulted in a set of 2776 genes. In the third step, PCA 
was conducted on tail, sac, and duct samples from the major am-
pullate gland. The first two principal components explained 77.0% 
of the sample variation. Genes with a Euclidean distance exceeding 
0.13 from the origin were classified as the major ampullate gland- 
specific gene set and annotated based on their PCA coordinates: tail 
(PC1 < 0, PC2 ≥ 0), sac (PC1 ≥ 0, PC2 ≥ 0), and duct (PC2 < 0).

Last, PLS- DA was performed on the same samples (tail, sac, and 
duct) and the major ampullate gland gene set using ropls (version 
1.34.0) (81). This analysis effectively distinguished tail, sac, and duct 
samples using two components, based on the Q value and visualized 
in Fig. 3. The PLS- DA loading of genes in the two principal compo-
nents facilitated the classification of major- specific genes into tail 
(PC1 < 0), sac (PC1 ≥ 0, PC2 ≤ 0), and duct (PC1 ≥ 0, PC2 > 0). DE 
analysis using DESeq2 with stringent criteria (adjusted P < 0.001, 
fold change > 4) identified DE genes in each major ampullate gland 
region (maximum 100 per part). DE analysis compared one part of 
the major ampullate gland, e.g., tail, against the other two, i.e., sac 
and duct. VST, PCA loadings, PLS- DA loadings, and DESeq2 fold 
change for all comparisons of the major ampullate gene set can be 
found in table S14.

Analysis of scRNA- seq data
Reads were mapped to transcripts using CellRanger (version 3.0.1, 
https://support.10xgenomics.com/single- cell- gene- expression/
software/pipelines/latest/what- is- cell- ranger). Initial QC analysis re-
moved all cells with fewer than 300 expressed genes and/or less than 
500 total transcripts. Only samples with more than 500 cells were re-
tained for further analysis. All steps to separate the different glands and 
identify corresponding marker genes were performed in Seurat (ver-
sion 4.0.3, https://satijalab.org/seurat/) (82, 83). Cells were normalized 
using SCTransform and integrated with canonical correlation analysis 
distances between samples.

After initial QC steps, 18,539 cells were obtained from seven 
samples that clustered into 23 clusters. Among these clusters, a sub-
set was identified where the marker genes overlapped with the ma-
jor ampullate tail, sac, and duct gene sets. By reevaluating this 
specific subset and restricting the genes analyzed to the intersection 
of the top 2000 most variable genes from the scRNA- seq data and 
the major ampullate gene set derived from the bulk RNA analysis, 

9700 cells were obtained from seven samples, which clustered into 
nine groups. The smallest cluster only contained cells from one sam-
ple and was removed from further analysis. Marker genes for each 
cluster were identified using FindAllMarkers from Seurat (version 
5.0.3). SCTtransformed values from gene counts, based on mapping 
using Cell Ranger (version 7.0.1), were used.

Analysis of spatial transcriptomics data and deconvolution
Eight slides were manually annotated as silk glands based on the mor-
phology using the annotation tool in the Loupe browser (version 6.4.1, 
https://support.10xgenomics.com/spatial- gene- expression/software/
visualization/latest/what- is- loupe- browser). Reads were mapped with 
Space Ranger (version 1.2.0, https://support.10xgenomics.com/spatial- 
gene- expression/software/pipelines/latest/what- is- space- ranger) to the 
reference genome and annotation. Initial QC removed samples with 
less than 300 genes and 500 transcripts. All steps were carried out in 
Seurat (version 4.0.3) (82, 83). Cells were normalized using SCTrans-
form and integrated with canonical correlation analysis distances be-
tween samples. The distance between the samples was visualized using 
UMAP. Marker genes for different classes were identified using a subset 
of 400 cells per class.

For analysis of the major ampullate gland, five samples with good 
annotation of the gland were kept. The image files were imported in 
QuPath (version 0.4.3) (46) and the regions identified as major 
ampullate gland were further separated into different zones A, B, and 
C based on H&E staining and cell morphology using the brush tool. 
Average eosin, average hematoxylin, and perimeter values were de-
termined for each region using QuPath default parameters. Marker 
genes for the different zones were identified using gene counts from 
Space Ranger (version 2.0.1) and findAllMarkers for SCTransformed 
data from Seurat (version 5.0.3).

Pairwise Pearson correlation was performed for eosin, hematox-
ylin, and perimeter values for the zone A regions. Zone A regions 
were split into three classes based on their perimeter value. Regions 
with a perimeter of less than 500 pixels were assigned proximal, re-
gions with a perimeter larger than 1000 were assigned distal, and the 
rest were assigned at the middle. Spots on the spatial transcriptomic 
sections were assigned to the closest region that overlapped with the 
zone annotation from the QuPath analysis.

To identify the proportion of different cell types on each spot on 
the slide, we used CARD version 1.0.0 (84). Only genes from the 
single- cell analysis with an average log2- fold >2 in at least one clus-
ter was kept to deconvolute the spatial spots. Only genes with at least 
200 counts and found in at least 50 spots in the spatial transcrip-
tomics data were kept for the deconvolution analysis. Cell- type pro-
portions were estimated for each spot in the major ampullate gland. 
The average proportion for the five classes zone C, zone B, and the 
subclasses proximal, middle, and distal of zone A was calculated by 
taking the average cell- type proportions from all spots that belonged 
to the five classes.

Sample preparation for proteomics
Major ampullate glands
The spiders were anesthetized and dissected as mentioned earlier. 
The major ampullate glands were carefully pulled out by holding the 
duct using micro tweezers. A cut was made in the sac of the gland 
allowing the dope to flow out for 15 min. The glands were washed 
three times with PBS and then transferred to a low- binding 1.5- ml 
microtube (Axygen) containing 60 μl of 8 M urea in 20 mM tris- HCl 
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at pH 8, vortexed, and sonicated in an ultrasonic bath sonicator 
(VWR) for 30 min at room temperature. The samples were stored at 
−20°C until further use. Three biological replicates were used for the 
final protein sequencing.

Sample aliquots were supplemented with 0.2% ProteaseMAX 
(Promega) in 20% ACN/20 mM tris- HCl, pH 8, to obtain 4 M urea 
concentration before water bath sonication for 5 min. Proteins were 
reduced with 8 mM DTT incubated at 24°C for 1 hour with 550 rpm 
and alkylated with 20 mM chloroacetamide (CAA) incubated for 
1 hour at room temperature in the dark. Digestion was started with 
the addition of 2 μg of LysC (Wako, Japan) incubated at 24°C for 
2 hours and completed with 2 μg of sequencing grade modified tryp-
sin (Promega) incubated at 37°C overnight (ca. 16 hours). Following 
centrifugation, the supernatants were collected, and proteolysis was 
stopped with 5% formic acid, and the samples were cleaned on a C18 
Hypersep plate with a 40- μl bed volume (Thermo Fisher Scientific) 
and dried using a vacuum concentrator (Eppendorf).
Major ampullate silk fibers
For collecting the silk, each spider was first anesthetized with CO2 
and gently pinned down to immobilize it, without injuring the ani-
mal. By using a Zeiss Stemi 305 stereo microscope, the major ampul-
late silk was identified, pulled out from the anterior spinneret (85) 
with the help of a tweezer. The silk was collected by rolling it onto a 
frame attached to a rotating wheel until the spider refused to spin 
silk. Several spiders were used to collect enough amount of silk for 
the experiments. After silking, the spiders were fed with fruit flies, 
watered, and not used again for the next 2 weeks.

The collected silk was treated in three different ways for solubili-
zation since it has been reported that the proteins detected might 
vary depending on the treatment procedure (22). About 450 μg of 
silk was taken for each set of samples and every treatment was done 
in triplicates. Three different methods were used to prepare silk sam-
ples. In the first method, the silk was dissolved by adding 100 μl of 
HFIP and brief vortexing. The samples were then sonicated in an ultra-
sonic bath sonicator (VWR) for 30 min at room temperature. The 
HFIP was evaporated on a Centrivap concentrator system (Labconco). 
The protein was resuspended in 60 μl of 8 M urea in 20 mM tris- 
HCl, pH 8, and stored at −20°C until further use. In the second 
treatment, the silk was dissolved in 60 μl of 8 M urea in 20 mM tris- 
HCl at pH 8, sonicated, and stored as mentioned above. For the third 
method, the silk was dissolved in 60 μl of 9 M LiBr in 20 mM tris- 
HCl at pH 8, sonicated, and stored as mentioned above. Low- binding 
1.5- ml microtubes (Axygen) were used throughout the experiments.

An aliquot of 30- μl samples (ca. 10 μg) was taken to further 
preparation. From samples with the HFIP and urea methods, pro-
teins were reduced with 3 μl of 100 mM DTT, incubated at 37°C for 
3 hours with 1200 rpm, and alkylated with 5 μl of 500 mM CAA 
incubated for 30 min at room temperature in the dark. Half of the 
samples were supplemented with 19 μl of 50 mM tris- HCl at pH 8.5 
and digested with the addition of 1 μg of LysC (Wako, Japan) incu-
bated at 24°C for 2 hours. Digestion was continued with 1 μg of 
sequencing- grade modified trypsin (Promega) after the addition of 
56 μl of tris- HCl and incubated at 37°C overnight (ca. 16 hours). 
Samples with the third method (LiBr) were prepared similarly, ex-
cept that 2 μl of 500 mM DTT was used for reduction, incubated at 
95°C for 30 min with shaking at 12,500 rpm. Alkylation with 5 μl of 
500 mM CAA (as above) was followed by digestion with LysC and 
trypsin as described above except that 3 μg trypsin was used. The 
digestion of all samples was stopped with 6.5 μl of concentrated 

formic acid, and the samples were cleaned on a C18 Hypersep plate 
with a 40- μl bed volume (Thermo Fisher Scientific) and dried using 
a vacuum concentrator (Eppendorf).
Layer- wise dissolution of major ampullate silk fibers
The major ampullate silk was collected by allowing each spider to 
fall freely from a wooden frame, and the extruded silk was rolled 
onto the same wooden frame. The silk from several individuals was 
collected in preweighed low- binding microtubes, which were mea-
sured again to determine the weight of the collected silk. After force-
ful silking, the spiders were fed with fruit flies, watered, and were 
not used again for the next 2 weeks. The collected silk was divided 
into three sets treated with the following: (i) 2 M urea in 50 mM tris- 
HCl and 0.5 M NaCl, (ii) 4 M urea in 50 mM tris- HCl and 0.5 M 
NaCl, and (iii) 8 M urea in 50 mM tris- HCl and 0.5 M NaCl. Sam-
ples were sonicated at room temperature for 2 to 3 hours followed by 
centrifugation at 17,000g. The supernatant was collected and stored 
at −20°C before being used for proteomics analysis. To ensure that 
the results obtained from sequential solubilization of the silk was 
not solely due to the relative solubility of the proteins in urea, the 
following experiment was performed: Two separate samples of the 
silk weighing 600 μg each were solubilized in 300 μl of formic acid 
each by vortexing. Each solubilized silk sample was then divided in 
three low- binding microtubes and subjected to speed vacuum for an 
hour. The obtained dried samples were further subjected to treat-
ment with the following: (i) 2 M urea in 50 mM tris- HCl, (ii) 4 M 
urea in 50 mM tris- HCl, and (iii) 8 M urea in 50 mM tris- HCl, re-
spectively. The urea- treated samples were sonicated at room tem-
perature for 2 to 3 hours followed by centrifugation at 17,000g. The 
supernatant was collected and used for proteomics analysis.
LC- MS/MS data acquisition
Peptides were reconstituted in solvent A and injected on a 
50- cm- long EASY- Spray C18 column (Thermo Fisher Scientific) 
connected to an UltiMate 3000 nano- flow UPLC system (Thermo 
Fisher Scientific) using a 90- min- long gradient: 4 to 26% of sol-
vent B (98% acetonitrile, 0.1% FA) in 90 min, 26 to 95% in 5 min, 
and 95% of solvent B for 5 min at a flow rate of 300 nl/min. Mass 
spectra were acquired on a Q Exactive HF hybrid quadrupole or-
bitrap mass spectrometer (Thermo Fisher Scientific) ranging from 
mass/charge ratio (m/z) 375 to 1800 at a resolution of R = 120,000 
(at m/z 200) targeting 5 × 106 ions for a maximum injection time 
of 100 ms, followed by data- dependent higher- energy collisional 
dissociation fragmentations of precursor ions with a charge state 
2+ to 7+, using 45 s dynamic exclusion. The tandem mass spectra 
of the top 17 precursor ions were acquired with a resolution of 
R = 30,000, targeting 2 × 105 ions for a maximum injection time 
of 54 ms, setting quadrupole isolation width to 1.4 Th and nor-
malized collision energy to 28%.

Analysis of proteomics data
Acquired raw data files were converted to Mascot Generic File (mgf) 
format using an in- house developed tool, Raw2MGF (version 2.1.3), 
and searched with Mascot Daemon version 2.5.1 (Matrix Science 
Ltd., UK) against a protein database obtained from 22,860 protein 
entries. A maximum of two missed cleavage sites were allowed for 
full tryptic digestion, while setting the precursor and the fragment 
ion mass tolerance to 10 ppm and 0.02 Da, respectively. Carbamido-
methylation of cysteine was specified as a fixed modification, while 
oxidation on methionine as well as deamidation of asparagine and 
glutamine were set as dynamic modifications. The search results 
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were imported into Scaffold version 4.11 (Proteome Software Inc.) 
to calculate the contribution of each protein to the total sum of spec-
tra (percentage of total spectra). For all proteins where there was no 
report of a percentage of total spectra for a sample, the percentage of 
total spectra value was set to 0.

To identify the proteins in the silk, we used MS/MS data from 
both the silk fibers and the glands. To determine their presence in 
the gland, the average percentage of total spectra for each protein 
was calculated by taking the mean of the three gland samples. All 
proteins that were reported in at least one of the samples were con-
sidered to be present in the gland. The average percentage of total 
spectra for each protein in the silk was calculated similarly by taking 
the mean of the nine samples, i.e., three biological replicates for the 
three different solvents (HFIP, LiBr, and urea). For a protein to be 
considered present in the major ampullate silk, four criteria had to 
be fulfilled: (i) it had to be present in the gland, (ii) it had to be 
found in at least two of the detergents, (iii) it had to have a signal 
peptide predicted at the 5′ end of its amino acid sequence, and (iv) 
it had to have an average percentage of total spectra greater than 
0.15. After applying these criteria, 18 proteins remained. The rela-
tive molecular abundance of proteins in the three HFIP silk samples 
was calculated using three different methods. MaxQuant (version 
2.5.2.0) used iBAQ and LFQ to determine protein relative abun-
dance. In addition, NSAF values, based on spectral counts, were 
obtained using Scaffold (version 5.3.3). Statistical differences in the 
percentage of total spectra for a protein between different urea con-
centrations were determined using an unpaired t test, focusing on 
these 18 proteins. Relative percentage of total spectra for the 18 silk 
proteins were estimated for urea extracts from fibers dissolved in 
formic acid and compared with those obtained from urea extracts 
of intact silk fibers. Pairwise Pearson correlation (r) based on the 
relative abundance of the total spectra of the 18 silk proteins was 
calculated between all urea extract samples, both intact and dis-
solved silk. Hierarchical clustering of all the samples was carried out 
based on the Pearson correlation values to identify similarities in 
expression patterns between the samples.

Tissue processing for histological analysis
Spiders were anesthetized with CO2 and then dissected at the 
pedicel on an ice- cooled wax plate using 154 mM sodium chloride 
solution (Fresenius Kabi AG, Germany). Dissections were per-
formed using a Leica M60 stereomicroscope with a Leica IC80 HD 
camera. Whole opisthosomas were fixed in 2.5% glutaraldehyde in 
67 mM phosphate buffer, pH 7.2, at 4°C for 24 hours, and later 
rinsed in 67 mM phosphate buffer. Tissues were dehydrated in 
graded ethanol (50, 70, 90, and 100%, for 30 min each), then infil-
trated and embedded in water- soluble glycol methacrylate (Leica 
Historesin). Sections of 2 μm thickness were obtained using a 
Leica RM 2165 microtome with glass knives. The sections were 
stained with H&E and mounted using Agar 100 resin. Evaluation 
was performed using a Nikon Microphot- FXA (Tekno Optik AB) 
microscope equipped with a Nikon FX- 35DX camera. Images were 
captured and edited using the software Eclipse Net version 1.20.0.

Tensile tests of major ampullate silk fibers
Major ampullate silk fibers were reeled and mounted on cardboard 
frames with a square window of 1 × 1 cm (gauge length, 1 cm). The 
diameters were measured by means of light microscopy using a Nikon 
Eclipse Ts2R- FL inverted microscope. The diameter was measured 

before the tensile test at five locations along the fiber and then aver-
aged. The tensile tests were performed with a 5943- Instron machine 
(USA) equipped with a 5 N load cell. A strain rate of 6 mm/min was 
used. Load- displacement curves were converted into engineering 
stress- strain curves assuming a circular cross section and using the 
average diameter for each fiber.
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