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Abstrakt

S vyjimkou velkych ampulovitych zlaz je vyzkum vSech ostatnich typd pavoucich
snovacich zldz znan¢ opomijen. Porozuméni snovacimu aparatu pavoukd vsak
vyzaduje mnohem komplexnéjsi znalosti nejen morfologie riznych typii snovacich
zlaz, ale také vlastnosti produkovanych vldken a jejich vyuziti v nejriiznéjSich
situacich, pfedevSim pifi lovu kofisti. Morfologicky a histologicky vyzkum
nezaostdva pouze v otdzce snovacich zlaz. Jen malo studii se zabyvalo
ultrastrukturou a vyznamem meékkych tkani v okoli kopulacnich organti pavoukd.
Stepnici hraji diky svému fylogeneticky bazalnimu postaveni mezi entelegynnimi
pavouky zasadni roli a stavba jejich kopulacnich organti mize hrat dulezitou roli ve

snaze porozumét vyvoji entelegynnich pavouki.

V ramci predkladané disertacni prace jsme se pokusili zodpovédét nésledujici
otazky: (1) Jakd je morfologickd a histologickd struktura kopulacnich organi u
stepnika rudého (Eresus kollari)? (2) Jak se lisi morfologie malych a velkych
ampulovitych zlaz u kribelatnich a nekribelatnich pavouki a jaka je jejich funkce?
(3) Jaka je morfologie piriformnich snovacich 714z u ¢eledi Gnaphosidae a k ¢emu

slouzi a jaké vlastnosti ma vlakno produkované témito zlazami?

Pomoci svételné a elektronové mikroskopie jsme zkoumali morfologickou stavbu
samicich kopulacnich organt a histologické charakteristiky okolnich tkani stepnika
rudého (Eresus kollari). Nalezli jsme dva typy pori asociovanych s riznymi ¢astmi
kopulacnich organii: (1) na anteriornich vydutich se vyskytujici malé mnozstvi
velkych porti a (2) na spermatékach se vyskytujici velké mnoZstvi velmi malych
pért. Kolem téchto pori jsme nalezli dva typy epitelu. Anteriorni vyduté jsou
obklopeny epitelem, ktery je slozen z glandularnich jednotek Tiidy 3, zatimco
spermatéky jsou obklopeny transportnim epitelem, ktery je charakteristicky
napadnym basalnim labyrintem a apikalnim komplexem nesoucim velké mnozstvi

mikrovily.

Vldkna malych ampulovitych Zzldz jsou u kribelatnich pavoukii vyuzivany
k formovani adhezivniho komplexu, ktery slouzi k lovu kofisti. Malé ampulovité
zlazy se ovSem zachovaly i u nekribelatnich skupin pavouki, kde se adaptovaly
k jiné ¢innosti. V této praci srovnavame morfologii velkych a malych ampulovitych

zlaz u pfibuznych kribelatnich a nekribelatnich celedi v ramci nadceledi



Amaurobioidea. Zjistili jsme, ze u kribelatnich zastupcti jsou malé¢ ampulovité zlazy
velmi Casto vidlicovité vétvené. Toto vétveni mize hrat dulezitou roli pii formovani

kribelatniho adhezivniho svazku.

U celedi Gnaphosidae jsme se zaméfili na vyzkum piriformnich snovacich zlaz. U
této celedi jsou piriformni zldzy vcetné jejich spigotli oproti bézné situaci vyrazné
zvétsené. Divodem této morfologické adaptace je dulezita role téchto z1az pii lovu
koftisti. VIdkno produkované témito zlazami ma silné adhezivni vlastnosti a zaroven
je dostatecné pevné s vysokou elasticitou a houzevnatosti. VIlakno s témito

vlastnostmi je tak idealni pro lov a imobilizaci kofisti.

Kli¢ova slova: spermatéka, kopulacni kanalek, kribelatni vlaSeni, mala ampulovita

snovaci zlaza, piriformni vlakno, snovaci bradavka



Abstract

With the exception of major ampullate glands, the research of all other types of
spider silk glands is considerably overlooked. The understanding of the spider silk
apparatus requires much more complex knowledge not only of the morphology of
different types of silk glands, but also of the properties of the fibers produced and
their use in various situations, especially in prey capturing. Morphological and
histological research lags behind not only in the silk glands. Only a few studies have
dealt with the ultrastructure and with the importance of the soft tissues around the
spider female genital system. Velvet spiders play a crucial role due to the most basal
position in phylogeny of entelegynous spiders, and the construction of their genital
system can play an important role in an understanding of the evolution of

entelegynous spiders.

In this thesis | tried to answer the following questions: (1) What is the morphological
and histological structure of the copulatory organs of the velvet spider Eresus
kollari? (2) How does the morphology of minor and major ampullate glands differ in
the cribellate and ecribellate spiders and what is their possible utilization? (3) What
is the morphology of the piriform glands in the family Gnaphosidae, what are the
glands used for and what properties does the fiber produced by these glands have?

Using light and electron microscopy, we investigated the morphological structure of
the female genital organs and the histological characteristics of the surrounding
epithelium of the velvet spider Eresus kollari. We found two types of pores
associated with different parts of the copulatory organs: (1) a small amount of large
pores occurring on anterior bulges, and (2) a large number of very small pores
occurring on spermathecae. Around these pores we found two types of epithelium.
Anterior bulges are surrounded by an epithelium composed of class 3 gland cells,
while spermathecae are surrounded by a putative transport epithelium characterized
by an extensive basal labyrinth and an apical complex carrying a large amount of

microvilli.

Silks of the minor ampullate glands in cribellate spiders are used to form an adhesive
complex for capturing prey. Minor ampullate glands, however, have not been lost in
ecribellate groups of spiders and adapted to other activities. In this work, we compare

the morphology of major and minor ampullate glands in related cribellate and



ecribellate groups within spider families of the traditional Amaurobioidea. We have
found that minor ampullate glands are very often bifurcated in the cribellate
members of this group and this bifurcation can play an important role in cribellate

capturing band formation.

We also focused on the piriform glands in the family Gnaphosidae. In these spiders,
the piriform glands, including their spigots, are significantly enlarged. The reason for
this morphological adaptation is the important role of these glands for capturing prey.
The fibers produced by these glands have strong adhesive properties and also are
strong enough with high elasticity and toughness. The fiber with these properties is

so ideal tool for capturing and immobilizing prey.

Keywords: Spermatheca, copulatory duct, cribellate capturing band, minor

ampullate silk gland, piriform silk, spinneret
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UvVOD

1. Uvod

Na svété se vyskytuje cca 47 000 druhtt pavoukt fazenych piiblizn¢ do 100 celedi
(World Spider Catalog 2017). Tato diverzita s sebou nese i mnoho ¢ernych mist na
poli védecké prace, tim spiSe na poli popisné morfologie a histologie. Tyto zakladni
znalosti jsou vSak velmi dulezité pro pochopeni dalSich procest, které se od nich

odvijeji.

Studie, zabyvajici se morfologii snovacich zldz, se zaméfuji predevSim na velké
ampulovité zlazy a jejich vlakna. Tyto zZlazy, které jsou nejveétsi ve srovnani napfic
vSemi dal§imi typy, se oteviraji na pfednich postrannich snovacich bradavkach a
produkuji dlouha silné vlédkna, kterad patii k nejpevnéjsSim mezi pavouky. Pavouci je
vyuzivaji jako vlecna jistici vlakna, pro konstrukci rama u siti kiizak nebo jako
balon slouzici k Sifeni vétrem (Foelix 2011). Dalsi velké Zlazy otevirajici se na
zadnich stfednich snovacich bradavkach se nazyvaji malé¢ ampulovité a jejich
morfologie do zna¢né miry odrazi morfologii velkych ampulovitych 714z, jsou ovsem

mensi.

U nékterych kribelatnich pavoukd malé ampulovité zlazy produkuji vlakna, ktera
jsou spolecné s kribelatnimi, parakribelatnimi a pseudoflageliformnimi vldkny
soucasti adhezivniho svazku vldken slouzicitho k lovu kofisti. Na rozdil od
kribelatnich a parakribelatnich snovacich zlaz, které vzdy chybi u nekribelatnich
pavouki, malé ampulovité Zlazy zustaly ve vétsiné€ piipadt zachovany, dokonce i u
druht, které jiz po delsi dobu nemaji schopnost produkovat kribelatni adhezivni
vlaSeni. Misto toho zafal produkt malych ampulovitych zlaz plnit jiné funkce
(Tillinghast et al. 1981; Work 1981; Peters 1990; Peters & Kovoor 1991; La Mattina
et al. 2008). V této disertacni praci jsme se zaméfili na srovnani morfologie velkych
a malych ampulovitych zldz u blizce ptfibuznych kribelatnich a nekribelatnich
zastupct nadceledi Amaurobioidea s cilem upfesnit roli malych ampulovitych zlaz u
kribelatnich pavouktl p¥i formovéani adhezivniho kribeldtniho svazku (Reza¢ et al.
2017).

Nebezpeci hrozici ze strany koftisti zna¢né ovlivituje volbu predatora, zda se pokusit
danou kofist ulovit (Mukherjee & Heithaus 2013). Navzdory vysokym rizikiim se
vSak mnoho pavoukl na lov nebezpecné kofisti specializuje (Pekar & Toft 2015).
Zastupci celedi Gnaphosidae patii k aktivné lovicim pavoukim, kteti se pohybuji po

1
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povrchu zemé¢ a netkaji lapaci sité. U mnoha druhti této Celedi byl zaznamenan lov
nebezpecné kofisti, jako jsou mravenci ¢i jini pavouci (Bristowe 1958; Grimm 1985;
Jarman & Jackson 1986; Jager 2002; Pekar et al. 2012). Velké ampulovité Zlazy jsou
obvykle jediné velké snovaci zlazy otevirajici se na prednich postrannich snovacich
bradavkach araneomorfnich pavouki. U ¢eledi Gnaphosidae vSak doslo v disledku
adaptace na lov nebezpecné kofisti k enormnimu zvétSeni piriformnich zlaz (Kovoor
1987; Platnick 1990; Murphy 2007). Nasim cilem bylo detailn¢ popsat techniku lovu,
zjistit, jak morfologické zmény ve snovacim aparatu na piednich postrannich
snovacich bradavkach ovlivnily jednu ze zdkladnich funkci piriformnich zlaz —
tvorbu pfichytnych diskti, a déale popsat fyzikalni vlastnosti piriformnich vlaken

(Wolff et al. 2017).

Jen nékolik malo studii se soustfedilo na vyzkum ultrastruktury a moznou funkci
epiteld sloZzenych z glandularnich jednotek 3. tfidy, které obklopuji samici pohlavni
organy u pavouku (Cook 1966; Uhl 1994a; Uhl 2000; Michalik et al. 2005). Tento
glandulérni epitel je obvykle soustiedén v mistech, kde dochazi ke skladovani
spermatu, avSak funkce sekretu produkovaného témito buinikami neni zndma.
Piedpoklada se, Ze hraje roli ve vyzivé a aktivaci spermii (Herberstein et al. 2011,
Vocking et al. 2013). Fylogeneticky nejbazalnéjsi postaveni v ramci entelegynnich
pavouki ma celed’ Eresidae (Miller et al. 2012) a znalosti o stavbé jejich kopulacnich
organi mohou hrat dulezitou roli v porozuméni vyvoje entelegynnich genitélii.
V ramci nasi studie jsme se pokusili odpovédéet na otazky zabyvajici se uskladnénim
spermii a ultrastrukturou epitelit obklopujicich samic¢i kopulaéni organy (Krejci et al.
2015).
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2. Cile prace

Hlavnim cilem ptedkladané disertani prace bylo pomoci transmisni a skenovaci
elektronové mikroskopie popsat histologické a morfologické charakteristiky
kopulaénich organu stepnika rudého (Eresus kollari (Rossi, 1846)), dale pak popsat
morfologii malych a velkych ampulovitych snovacich zlaz u vybranych kribelatnich
a nekribelatnich zastupcli nadceledi Amaurobioidea a objasnit funkci piriformnich

zlaz v lovecké strategii pavoukt ¢eledi Gnaphosidae.
Disertacni prace si klade za cil zodpoveédét nésledujici otazky:

A. Jaka je morfologicka struktura kopula¢nich organti u stepnika rudého (Eresus
kollari)? Jaka je funkce glandularnich poru vyskytujicich se na kopulacnich
kanalcich a spermatékach? Jaké Zlazy jsou s témito pory asociovany? Kde je

uskladnéno sperma?

B. Jaka je morfologie malych a velkych ampulovitych snovacich zZlaz v ramci
nadceledi Amaurobioidea? Jak se lisi morfologie malych a velkych
ampulovitych zlaz u kribelatnich a nekribelatnich pavoukd? Jaka je funkce

rozvétveni malych ampulovitych 714z u kribeldtnich pavouka?

C. Jaka vlakna vyuZivaji pfi lovu kofisti pavouci ¢eledi Gnaphosidae? Jaka je
morfologie snovacich Zlaz usticich na pfednich postrannich snovacich
bradavkach? Jaké jsou wvlastnosti snovacich vldken produkovanych

piriformnimi snovacimi zlazami?
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3. Literarni reserse

3.1. Skladovani spermatu u pavouki

U fady druhti musi sperma ptezit po dlouhou dobu uvniti reprodukéniho traktu
samice, aby mohlo nasledné dojit k fertilizaci. U druhti, kde je inseminace a
fertilizace Casové oddé€lena, ptirodni selekce favorizovala mechanismy K zajisténi
preziti spermii uvnité samice. Proto u vétSiny druhd bezobratlych nalezneme vysoce
specializované organy pro skladovani spermatu. Tyto organy jsou oznacovany jako

spermatéky (Pitnick et al. 1999) a nalezneme je taktéz téméf u vSech druht pavouk.

Na zéklad¢ nékolika somatickych charakteristik a morfologie samicich pohlavnich
organt jsou pavouci déleni do dvou skupin, Haplogynae a Entelegynae (Simon
1892-1903). U téchto dvou skupin pavoukl existuji dva strukturdlné odlisné typy
samiCich kopula¢nich orgénd. Samice ze skupiny haplogynnich pavoukd maji
primitivnéj$i reprodukéni systém sestdvajici z ektodermalni pohlavni dutiny a
prostorové oddélenych spermaték (receptacula seminis), kdy spermatéka je
propojena s pohlavni dutinou jednim kanalkem, ktery slouzi jak jako inseminacni,
tak jako fertiliza¢ni. Z takového uspotadani poté tézi samec, ktery se Se samici spari
jako posledni, jelikoz jeho sperma je uloZeno nejblize vyvodu k vajickiim (Austad
1984). Odvozeny kopulaéni systém samic entelegynnich pavoukl sestava taktéz
z pohlavni dutiny a spermaték. AvSak na rozdil od samic haplogynnich druht
dochazi k inseminaci a fertilizaci skrze samostatné kanalky. Kopulacni kanalek
spojuje sklerotizovanou pohlavni desticku (epigynu) se spermatékou, fertilizacni
spojuje spermatéku s uterus externus, kde dochazi k oplodnéni vajicek (Uhl 2000).
Toto usporadani je naopak vyhodné pro samce, ktery se se samici pati jako prvni,

jelikoz jeho sperma je piti fertilizaci vaji¢ek prvni na fad€ (Austad 1984).

Spermatéky jsou obvykle obklopeny sekre¢nim epitelem slozenym z riznych typi
sekrecnich bunék. Noirot & Quennedey (1974, 1991) popsali tfi typy glandularnich
bunék. Prvni typ glandularni bunky (Ttida 1) je pfimo napojen na kutikulu a sekret
musi prekrocit tuto bariéru. Druhy typ bun¢k (Ttida 2) je inkorporovan do epidermis,
nepiichazi vSak do pfimého kontaktu s kutikulou. Sekret musi projit bud skrze
prilehlé epidermalni buiiky, nebo skrze hemolymfu. Tteti typ (Ttida 3) je tvofen
nckolika bunikami propojenych s kutikulou skrze kutikuldrni kanalek, kterym proudi

sekret pres kutikulu.
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Informaci o sekrecnim epitelu asociovaném se sami¢im pohlavnim Ustrojim je velmi
malo. Ttresavka Pholcus phalangioides (Fuesslin, 1775) jako jedna z mala druhi
pavouku neskladuje sperma ve spermatékach, ale pfimo v pohlavni dutin¢ (Uhl
1994a). Na dorzalni stén¢ pohlavni dutiny se naléza sklerotizovana porovita
struktura, na kterou se napojuji sekrecni zlazy tiidy 3. Kazda glandularni jednotka
sestava ze dvou propojenych sekrecnich bunék, které jsou obklopeny dalsimi dvéma
bunikami tvoficimi jednak schranku celé sekrecni jednotky a jednak kanalek, kterym

je odvadeén sekret skrze pory do uteru (Uhl 1994b).

U dvou druhti haplogynnich pavouk, Sestiocek Dysdera crocata C. L. Koch, 1838 a
Dysdera erythrina (Walckenaer, 1802), byl demonstrovan vyskyt dvou struktur
slouzicich k uskladnéni spermatu: anteriorni spermatéka tvorena dvéma laloky a
posteriorni divertikulum, velka dilatace pohlavni dutiny (Cook 1966; Uhl 2000).
Divertikulum je lemovédno zvinénou kutikularni vrstvou s velkymi glandularnimi
pory. Tyto pdry jsou asociovany pouze s jednou glandulérni bunikou (Ttida 1), ktera
vylucuje sekret skrze kutikularni tuberkula do prostoru divertikula. U spermatéky,
ktera ma taktéz porovitou strukturu, ale péry jsou mnohem mensi, je tato jednotka
tvotfena nékolika glanduldrnimi bunkami (Ttida 3), které vylucuji sekret do jednoho
spole¢ného kanélku, tvofené¢ho tfemi pary kanalkovych bunék. Jednotlivé funkéni
jednotky jsou od sebe oddéleny interkalarnimi buiikami. Dva typy velmi odlisnych
zlaz asociovanych s ruznymi uskladiiovacimi prostory pro spermie budou
pravdépodobné produkovat odlisné sekrety, které budou vytvatet odlisné podminky
pro skladovani spermii. Spermie ve spermatéce jsou na rozdil od spermii
v divertikulu pevné natésnané u sebe a obklopeny men$im mnozstvim sekretu.
Posteriorni divertikulum je pravdépodobné vyuZzivano pro kratkodobé uskladnéni

spermii, zatimco spermatéka pro dlouhodobé (Uhl 2000).

Sekre¢ni epitel u druhu Segestria senoculata (Linné, 1758), ktera ma podobné
usporadani pohlavnich organti jako rod Dysdera, je slozen taktéz z jednotek tiidy 3
(tfi sekre¢ni bunky a jedna kanalkova bunka). Na rozdil od rodu Dysdera je tento typ
asociovan jak s divertikulem, tak se spermatékami (Suhm 1992, nepublikovana

diplomova prace, University of Heidelberg, Némecko in Uhl 2000).

Michalik et al. (2005) nalezl na spermatékach u sklipnika Antrodiaetus unicolor
(Hentz, 1842) taktéz glandularni bunky tiidy 3 a stejn¢ jako Uhl (2000) se priklani
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k hypotéze, ze sekret téchto bunck se pravdépodobné podili na dlouhodobém

skladovani spermii.

I mezi entelegynnimi pavouky nalezneme zastupce s diferenciovanymi prostory pro
ulozeni spermatu. Piikladem muze byt plachetnatka Pityohyphantes phrygianus (C.
L. Koch, 1836), u které se nachazeji dva druhy spermaték. Jedna spermatéka je rovna
a tvarem piipomina palec, druha obtaci zhruba v polovin€ prvni. Stejné¢ jako u D.
erythrina se i zde li$i Zlazy asociované se spermatékami. Prvni spermatéka je
vybavena jednoduchymi glandularnimi bunkami, zatimco druha, stoCena, je
obklopena velkymi glanduldrnimi bunkami rtizného typu, které vylucuji svlij sekret
skrze dlouhé sekre¢ni kanalky. Praveé tato spermatéka by mohla slouzit pro

dlouhodobé skladovani spermatu (Uhl & Gunnarsson 2001).

Zajimavym piipadem je i Amaurobius fenestralis (Strom, 1768), u kterého se na
jednom typu spermatéky vyskytuji dva rizné typy port. Velké mnozstvi malych port
a po jednom velkém poru na kazdé spermatéce. I zde jsou tyto pory asociovany

S riznym typem sekre¢nich bun¢k (Suhm & Alberti 1993).
3.2. Morfologie sami¢ich pohlavnich organii u stepnikt rodu Eresus

Stepnici jsou fylogeneticky nejbazalnéjsi skupinou entelegynnich pavouki (Miller et
al. 2012). Uspotfadani samicich kopulac¢nich organi je stejné jako u ostatnich
entelegynnich pavouk, tzn. s odd¢lenym kopula¢nim a fertilizaénim kanalkem (Uhl
2002). Epigyna stepnika rudého (Eresus kollari) je charakteristicka nepfitomnosti
zfetelnych kopulacnich otvorti. Misto nich zde nalézdme podélné zahyby, které
pronikaji hluboko a jsou propojeny s vnitini ¢asti kopulacnich orgéni (Krej¢i et al.
2015). Dale nasleduje kanalek, jehoz stavbu prezentuji rizni autofi odliSné. Miller et
al. (2012) prezentuje tuto ¢ast jako anteriorni soucast spermatéky, zatimco Rezad et
al. (2008) jako kopulacni kanalek, ktery je tvofen sklerotizovanym eliptickym
organem v predni ¢asti vulvy. Na tento kanalek déle navazuji spermatéky, které jsou
tvofeny vyraznymi laloky. Spermatéky vyustuji fertilizaénim kanalkem do d€lohy

(Rezag et al. 2008).
3.3. Kopula¢ni zatky

Kompetice spermii je velmi silnym selekénim tlakem pro vznik mnoha

fyziologickych, behaviordlnich a morfologickych adaptaci (Parker 1970). Jednou
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z mnoha takovychto adaptaci jsou i kopulacni zatky. Vyskytuji se zejména u
entelegynnich pavouki, kde diky odd¢lenému kopulacnimu a fertiliza¢nimu kanalku
nedojde znepfistupnénim kopula¢niho kandlku zaroven k nemoznosti oplodnit
vajicka spermiemi uloZenymi ve spermatéce samice (Uhl et al. 2010). U
haplogynnich pavouki, kde je spermatéka s jedinym kanalkem, jsou kopula¢ni zatky
vzéacnosti (Huber 2005; Uhl et al. 2010). U pavoukt jsou kopulacni zatky tvoreny
riznymi amorfnimi materialy (Strand 1906; Roberts 1993; Raven & Stumkat 2005;
Marusik & Crawford 2006), zalamovanim sam¢ich sekundarnich kopula¢nich organi
(Knoflach 2002, Kuntner et al. 2008, Uhl et al. 2007) ¢i celym télem samce, které
funguje jako kopulacni bariéra (Foellmer & Fairbairn 2003; Knoflach & Benjamin
2003).

Kopulaéni zatky z amorfnich materialti obvykle tvoii samci. Zlazy slouzici k tvorbé
amorfniho sekretu mohou byt umistény v sam¢im pohlavnim traktu (Knoflach 1998,
2004), v oblasti ust (Braun 1956) ¢i v saméim bulbu vedle reservoaru pro spermie

(Suhm et al. 1996).

Material pro tvorbu kopula¢nich zatek vsak miize byt kombinaci samcich i1 samicich
produktii. U celistnatky Leucauge mariana (Taczanowski, 1881) samice dokaze
ovlivnit kvalitu sekretu pfidanim ¢i nepfidanim vlastni slozky (Eberhard 2004;
Aisenberg & Eberhard 2009). Spoluprace na tvorbé amorfni zatky byla pozorovana
také u nékolika snovacek rodu Theridion (Knoflach 1998, 2004). Moznosti samice
ovlivnit kvalitu kopulacni zatky mlZze slouzit jako ,.cryptic female choice®, kdy

samice muZe ovlivnit osud ejakulatu bud’ preferovaného ¢i nechténého samce (Uhl et
al. 2010).

3.4. Usporadani spermii

Pohlavni buiiky se u pavoukli vyvijeji v parovitych strukturdch uvnitt zadecku.
Vajicka jsou tvofena v hroznovitych vaje¢nicich samic. Spermie samci se vyvijeji v
trubicovitych varlatech. Samici jsou spermie pfeddvany zabalené a nepohyblivé.
Obal chrani spermie béhem skladovani v samicich spermatékach a béhem transportu
sam¢im sekundarnim pohlavnim organem (Foelix 2011). Spermie jsou aktivovany az

teprve té€sné pred fertilizaci vaji¢ek (Brown 1985).
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Uspotadani spermii v obalu je rizné a u pavoukil rozliSujeme tii druhy: (1)
cleistospermie, kde kazda spermie ma vlastni obal (Alberti & Weinmann 1985), (2)
coenospermie, kde je az 100 spermii uzavieno ve spole¢ném obalu (Bertkau 1877), a
(3) synspermie, kde nékolik spermatid splyva do jednoho syncitia (Alberti 1990).
Mesothelae a Theraphosidae maji coenospermie, které jsou proto povazovany za
nejprimitivnéjs$i typ (Alberti et al. 1986; Michalik et al. 2004, Michalik 2007,
Michalik & Ramirez 2014). U vétSiny arancomorfnich pavoukt se vyskytuji
cleistospermie (Michalik & Ramirez 2014), synspermie se pak vyskytuji témét u
vsech nekribelatnich Haplogynae (Michalik & Ramirez 2014).

3.5. Morfologie snovaci Zlazy

Snovaci Zlaza se skladd ze sekrec¢ni Casti, na kterou navazuje snovaci kanalek
vyustujici spigotem na snovacich bradavkach. Sekre¢ni ¢ast je obvykle prodlouzena
a trubicovita (oznacovana jako tail). U pavouki, ktefi stavi velké sité ¢i potiebuji
produkovat velké mnozstvi vlakna v kratkém case, je pfitomna také tzv. ampula. Je
to roz$ifena proximalni ¢ast sekrecni zony, kterd se nachazi pred snovacim kandlkem
a slouzi k uskladnéni vétsiho mnozstvi materialu pro tvorbu vlakna (Kovoor 1987).
Rychlejsi potiebé produkce velkého mnozstvi vldkna odpovida také délka tailu.
Vzacnym ptipadem je vyskyt dvou ramen (Apstein 1889; Anatasiu-Dumitresco
1941; Reza¢ et al. 2017) & mnohadetného vétveni (Apstein 1889; Kiesow-Starck
1932; Kovoor 1976, 1987; Rezaé et al. 2017). Mnozstvim sekre¢nich bun¢k a
objemem produkovaného materidlu tail nékolikanasobné pfevySuje ampulu. Velikost
velikost ampuly, ktera tak slouzi spiSe jako skladovaci prostor (Peakall 1969;
Pouchkina et al. 2003). Hranice mezi ampulou a tailem je tvofena prostym zuZenim,

tail i prilehla ¢ast ampuly jsou tvofeny stejnym typem bunék (Reza¢ et al. in prep.).

Sekrecni Cast je obvykle sloZzena ze dvou sekrecnich zon (u nékterych ampulovitych
zlaz az ze ti1), které se liSi prihlednosti ¢i barvou a jsou od sebe jasné oddéleny
(Reza¢ et al. in prep.). Tyto zény se lidi typem sekreénich bunék a produkuji riizné
¢asti vldkna. Distalni ¢ast produkuje jadro vldkna, zatimco proximalni ¢ast produkuje
obal vlakna (Kovoor 1987). Prvni zona (oznacovana jako A) je slozena z tailu a
pocatecni Casti ampuly. Dalsi jedna ¢i dvé zony formuji zbyvajici ¢ast ampuly

(Reza¢ et al. in prep.). Zfidka se vyskytujici stfedni zéna (oznaGovana jako A2) se



LITERARNI RESERSE

vyskytuje u zlaz produkujicich dlouhd a tuhd vlakna (Palmer 1985). Tato zoéna
produkuje amfifilicky protein, ktery spojuje hydrofobni jadro a hydrofilni obal
(Palmer 1985). Zéna piiléhajici k duktu (oznacovana jako B) obvykle produkuje
pevny glykoproteinovy obal vlakna. Chrani vlakno pted vznikem trhlin, pfed vodou

nebo muze slouzit jako lubrikant usnadnujici prichod vlédkna skrze spigot (Palmer
1985).

Material produkovany v sekreni Césti je déale zpracovavan v kandlku, ktery je
s ampulou velmi ¢asto propojen skrze kutikularni trychtyt (Vollrath & Knight 1999).
Tato struktura zpeviiuje pocatek duktu, kde je tlak produkovaného materialu velmi
vysoky, zejména kdyz je potieba rychle velké mnozstvi vlakna, a brani tak poskozeni

7lazy (Rezad et al. in prep.).

Sitka duktu se smérem ke spigotu postupné zmensuje (Knight & Vollrath 1999;
Casem et al. 2002). V duktu dochazi k postupné preméné tekutého krystalu v pevné
vladkno. Dochazi k prodluzovani a ftazeni proteinovych molekul (Work 1977),
reabsorbci vody (Kovoor & Zylberberg 1972) a vyméné K™ a Na” ionth (Tillinghast
et al. 1984). Cim delsi dukt, tim 1épe probiha fazeni molekul a vldkno je delsi a
pevnéjsi (Kovoor 1987). Dilezitou roli hraje také Sitka duktu. Uzsi dukt umoznuje
lepsi fazeni a krystalizaci molekul, vldkna jsou pevnéjsi, ale méné elastickd nez u
SirSiho duktu (Swanson et al. 2007). Dukt je Casto (zejména u ampulovitych a
flageliformnich 714z) stocen do klicky pfipominajici pismeno S, kterd je uzaviena
V bazalni membran¢ (Vollrath et al. 1996). Diky tomuto uspofadani dochazi k lepsi

reabsorbci vody a soli (Vollrath et al. 1998; Vollrath & Knight 2001).

Na bazi snovaci bradavky u velkych a malych ampulovitych Zldz se u nékterych
araneomorfnich pavoukii nachazi region se zesilenou kutikulou (Wilson 1969). Tato
oblast byva nazyvana valva. Tato struktura umozfiuje pavoukovi kontrolovat pohyb
pfi spousSténi se na ampulovitém vlakn€ (Vollrath et al. 1998) nebo umoZiuje
restartovani produkce vlakna v ptipadé, Ze se ptetrhne v kanalku (Vollrath & Knight

1999).

Dukt kon¢i v duté struktufe, ktera je oznacovana jako spigot, jehoz hlavnim tkolem
je spravné umisténi vldkna. Spigot je obvykle slozen ze tii Casti: Siroké a kratké
zakladny, prodlouZeného rezervoaru a S§tihlého koncového oddilu, ktery uzavira

spigot (Kovoor & Peters 1988; Vollrath et al. 1998). Koncova ¢ast ma podobu
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flexibilnich pysk a tésn€ objima produkované vlédkno. Spigoty zlaz, které produkuji
tekuty sekret, jsou §iroké a pii uzavieni dojde k jejich zplosténi (Reza¢ et al. in

prep.).
3.6.  Struktura vlakna

Vsechna pavouci vldkna jsou slozena z jednoho ¢i vice proteind, které se u pavoukt
nazyvaji spidroiny. Velka centrdlni cast je tvofena mnoZstvim repetitivnich
aminokyselinovych sekvenci. Centralni Cast je zjedné strany ohraniCena N-
zakonCenim a z druhé C-zakoncenim (Ayoub et al. 2007; Garb et al. 2010).
Spidroiny jsou syntetizované v tailu snovaci zlazy a jsou uchovavané v lumenu
zlazy. Tyto zprvu ndhodné orientované proteiny se postupné tfadi a vytvareji
jednotky, které spolu diky vysoké koncentraci roztoku interaguji za pomoci
nekovalentnich sil. Dochazi k paralelni orientaci téchto jednotek a vzniku tzv.
tekutého krystalu, ktery se chova jako tekutina, ale zaroven si zachovava nékteré
vlastnosti krystalu (Viney et al. 1994; Viney 1997; Knight & Vollrath 1999; Vollrath
& Knight 2001).

Vlékna produkovana pavouky jsou velmi tenkd. Drobny primér Setfi materidl a
zaroven jsou tato vlakna pro kofist Spatné viditelna (Vollrath & Knight 2001).
Vlékno je obvykle na prafezu lehce eliptické (Thiel et al. 1994) a ma dvé hlavni
slozky — jadro a obal. Obal se skladd z né&kolika tenkych vrstev produkovanych
pfislusnymi sekre¢nimi zoénami. Vrstva lezici nejblize povrchu vldkna je

produkovana zénou lezici nejblize k duktu a naopak (Vollrath & Knight 1999).

Nejsvrchngjsi vrstva je tvorena lipidy (Schultz & Toft 1993a; Frische et al. 1997) a
byva nosi¢em feromonut (Schultz & Toft 1993b).

Pod lipidovou vrstvou je tenka vrstva tvofena hydrofobnimi glykoproteiny (Casem et
al. 2002). Tato vrstva mize slouzit jako lubrikant béhem snovani vldkna skrze dukt a
zabranovat tak povrchovému poSkozeni vldkna ¢i muize regulovat vodni rezim
(Sponner et al. 2007). U piriformnich Zlaz také zajistuje adhezi vlakna (Reza¢ et al.

in prep.).

U velkych ampulovitych zlaz kiizakh je pfitomna jest¢ dal$i proteinova vrstva pod
glykoproteinovou vrstvou, ktera je produkovana pravdépodobné A2 zénou (Dicko et

al. 2004). Proteiny, které tvoii tuto vrstvu, maji tendenci se agregovat jeSt¢ mnohem
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vice nez ty v jadfe vlakna. Diky tomu je obal vldkna mnohem pevnéjsi nez jeho jadro
(Vollrath 2000) a obsahuje vyssi koncentraci B-listi (Knight et al. 2000; Sponner et
al. 2007). Tato vrstva je dale také hydrofobné&jsi nez jadro (Vollrath 2000).

v

Jadro vlakna se sklada ze dvou vrstev. Vnéjsi vrstva je pevnéjsi, jelikoZz obsahuje
veétsi mnozstvi B-listh (Sponner et al. 2007). Vnitini vrstva je sloZzena ze silné
nahloucenych spidroinovych nanofibril. Toto uspofadéani, kdy je v jadie vétsi
mnozstvi fibril, zajistuje vlaknu lepsi vlastnosti, nez kdyby zde bylo pouze jedno
silné vlakno, brani tak mnohem ucCinngji pietrzeni vlakna (Vollrath et al. 1996;
Vollrath 2000; Sponner et al. 2007). Kazda nanofibrila obsahuje tésné uspoiadané
krystaly tvofené B-listy propojené amorfni matrix (Thiel et al. 1994).

3.7.  Typy snovacich zlaz

Diverzita pavoudich snovacich zlaz je velka (Kovoor & Peters 1988). Zlazy
produkuji vldkna sriznymi fyzikalnimi vlastnostmi, kterd jsou vyuzivana
K nejriznéj$im funkcim. Jednotlivé zlazy vyuast'uji na snovacich bradavkach (ptedni
postranni (PPB), zadni stfedni (ZSB) a zadni postranni (ZPB)). Namisto pifednich
sttednich bradavek se u kribeldtnich pavouki vyvinulo snovaci policko, nazyvané
kribelum. Nize nasleduje jednoducha definice jednotlivych typt zlaz (prevzato

z Rezag et al. in prep.):

Zlazy otevirajici se na kribelu kribelatni zlazy
Zlazy otevirajici se na PPB
Malé pocetné piriformni zlazy
Velké jednotlivé velké ampulovité zldazy
Zlazy otevirajici se na ZSB a ZPB
Malé pocetné, neclankovany spigot, dvé sekrecni zony
aciniformni zldzy

Malé pocetné, clankovany nebo zplostély spigot, jedna sekrecni zona, pouze u

nékterych kribelatnich pavoukt parakribelatni Zldzy
Velké jednotlivé, pouze u dospélych samic tubuliformni Zlazy
Velké jednotlivé

Zl4zy otevirajici se na ZSB malé ampulovité zlazy

Zlazy otevirajici se na ZPB

U kribelatnich pavoukt pseudoflageliformni zZlazy

11
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U Araneoidea
Jeden par, spigot neni zplostély, sekrec¢ni region neni
lalo¢naty flageliformni Zlazy
Dva pary, spigot je zplostély, sekrecni region je

lalo¢naty agregatni zlazy

Velké ampulovité Zlazy

Velké ampulovité Zlazy jsou obvykle jediné velké Zlazy na piednich postrannich
snovacich bradavkach u araneomorfnich pavouki (Reza¢ et al. 2017). Pouze u &eledi
Pholcidae dosahuji podobné velikosti piriformni snovaci zlazy otevirajici se taktéz na
ptednich postrannich bradavkach (Kovoor 1987; Huber 2000). U zastupct podéeledi
Gnaphosinae (Gnaphosa a Zelotes) dochazi naopak k redukci velkych ampulovitych

zlaz a ke zvétSeni zlaz piriformnich (Wolff et al. 2017).

Nazev téchto 714z je odvozen od zvétsené skladovaci ¢asti nazyvané ampula (Kovoor
1977). Tento tvar sekrecni c¢asti je u téchto zlaz ovSem spiSe vzdcny (napf.
Araneoidea, Lycosoidea, Agelenidae nebo Dionycha). U vétSiny celedi (napf.
Hypochilidae, Dysderidae, Lycosidae, Sicariidac) maji velké ampulovité Zlazy
trubicovity tvar, bez vyrazného pfechodu mezi ampulou a tailem (Kovoor 1977).
Kanalek je obvykle napojen na ampulu skrze siln€ sklerotizovanou nalevku (tzv.
funnel). Velmi napadna je napf. u Araneoidea ¢i Oxyopidae, naopak chybi napf. u

Dysderidae ¢i Sicariidae (Knight & Vollrath 2002; Rezag et al. in prep.).

Délka kandlku se u jednotlivych druhli velmi lisi. Velmi dlouhy je u celedi
produkujicich dlouh4 a pevna vlakna (Araneidae, Thomisidae, Oxyopidae) (Rezaé et
al. in prep.). U mnoha haplogynnich ¢eledi je dukt rovny (Dysderidae, Diguetidae,
Scytodidae, Telemidae) nebo miZze byt esovité prohnuty (Hypochilidae, Filistatidae,
Sicariidae) (Knight & Vollrath 2002; Rezaé et al. in prep.). U nékterych
haplogynnich pavouki (Pholcidae, Gradungulidae, Segestriidae) a entelegynnich je
dukt stoen do podoby klicky, kterd je ulozena v samostatné bazdlni membrané
(Rezad et al. 2017). Kli¢ka mize byt relativné kratka (Titanoecidae, Amaurobiidae,
Agelenidae, Eresidae, Lycosidae), ale také velmi dlouha (Araneidae) (Rezag et al. in

prep.; Reza¢ et al. 2017).
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Tyto zlazy produkuji dlouhd, velice pevnd, ale zarovenn pomérné pruzna vlakna,
kterymi se pavouk jisti pfi lezeni po vegetaci, vyuziva je pfi stavbé ramu a radidlnich
vlaken sité, pro Sifeni vétrem (tzv. ballooning) (Kovoor 1987) ¢i pro vnitrodruhovou
komunikaci (Richter 1972). Samci nekterych druhii celedi Pisauridae, Thomisidae
(Xysticus), Tetragnathidae (Meta) a Nephilidae (Nephila) se brani kanibalistické
predaci ze strany samice tim, ze samici za pouziti tohoto vlakna pied kopulaci
imobilizuji (Bristowe 1941; Robinson & Robinson 1973; Bruce & Carico 1988;
Merret 1988). VIdkno z velkych ampulovitych zlaz je také soucasti stabilimenta u
ktizaka (Peters & Kovoor 1980).

Malé ampulovité Zlazy

Tyto Zlazy jsou podobné velkym ampulovitym zl4zdm (Moon 1998). Tato podobnost
neni pouze morfologickd, ale u nékterych celedi (napt. Agelenidac a Eresidae,
Kovoor 1977) produkuji stejné/podobné produkty plnici stejné/podobné funkce. Tyto
zlazy jsou vSak mensi nez velké ampulovité (Kovoor 1977), s jedinou vyjimkou u

rodu Pholcus, kde malé ampulovité zlazy samic jsou vétsi nez velké ampulovité

(Hopfmann 1934).

Malé ampulovité zlazy chybi u mnoha haplogynnich skupin pavoukt, vzacnéji také u

né&kterych entelegynnich (Rezag et al. 2017).

Tyto Zlazy produkuji také dlouha a pevna vldkna jako velké ampulovité zlazy, kterd
vSak nejsou zdaleka tak pruznd jako u velkych ampulovitych Zlaz a pavouk je
vyuziva v piipadech, kdy by elasticita byla na obtiz (Stauffer et al. 1994; Hayashi et
al. 1999). Na rozdil od velkych ampulovitych zlaz spigot malych ampulovitych zlaz
neni asociovan se spigoty piriformnich Zlaz. Je tak mnohem téZ§i tato vlakna
ptipevnit K podkladu ¢i jednotliva vlakna k sobé. U vétSiny kribelatnich pavouku
malé ampulovité zlazy produkuji silnéjSi spirdlovitd vldkna tvofici podporu pro

kribelatni vldkna, adhezivni materidl v jejich lapacich sitich (Peters 1987).

U nekribelatnich pavoukt vldkna malych ampulovitych 714z zesiluji vldkna velkych
ampulovitych Zlaz, napt. u vlecnych vlaken nebo u radidlnich vldken kiizakt (Work
1981; Peters & Kovoor 1991). Jsou také dulezitou slozkou vlakna slouziciho
k obalovani ulovené kofisti, kde drzi pohromadé diky produktu aciniformnich zlaz

(La Mattina et al. 2008). Spolecné s dalSimi typy vldken je nalezneme také ve
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stabilimentu ktizakt (Tillinghast et al. 1981). Nephilidae pouzivaji vldkna malych
ampulovitych Zzlaz pro konstrukci prvni, nelepivé spiraly, po které se pavouk
pohybuje béhem pokladani druhé, jiz lepivé spiraly (Work 1981). V neposledni fadé
jsou tato vlakna pouzivana v kombinaci s aciniformnimi vldkny pro tvorbu

premosténi mezi vzdalenymi objekty (Peters 1990; Peters & Kovoor 1991).
Piriformni Zlazy

S vyjimkou ¢eledi Plecteuridae a samct nékterych druhti ¢eledi Caponiidae (Platnick
et al. 1991) jsou piriformni Zlazy pfitomny u vSech araneomorfnich pavouki.
Obvykle jsou to malé poc¢etné zlazy hruskovitého tvaru (Mullen 1969; Kovoor 1977).
U nékterych celedi (Eresidae, Hersiliidae, Gnaphosidae, Oxyopidae, Araneidae) jsou
ovSem také trubicovité prodlouzené (Kovoor & Muioz-Cuevas 1998; Wolff et al.
2017), nékdy i s kratkym tailem (Kovoor & Lopez 1983; Wolff et al. 2017).

Produktem piriformnich zldz je vlakno srychle tuhnoucim Ilepivym obalem
(Andersen 1970; Wolff et al. 2017). Piriformni vlakna slouzi jako multifunkéni
stmelovaci produkt. Pavouci jej pouzivaji pro ptichyceni vldken z ampulovitych Zlaz
k substratu, kdy pavouk pokryje konec téchto vlaken shlukem piriformnich vlaken,
tzv. pripevilovacim diskem (Wolff et al. 2017). Déle jsou piriformni vldkna
pouzivana pro spojeni dvou a vice ampulovitych vldken (Work 1981). Piriformni
vlédkna také slouzi jako nosi¢e feromond (Richter & van der Kraan 1970). Diky
kombinaci lepu a vldken slouZi piriformni Zlazy k tvorb¢é papiru podobnym sténam
(Craig 1997). Tyto stény se uplatiuji v hnizdech slouzicich k odpocinku, hibernaci,
pareni nebo ke kladeni ¢i strazeni vaji¢ek (Melchers 1963; Richter 1970; Kovoor &
Zylberberg 1980). Taktéz se piriformni vldkna vyskytuji ve vn&jsi vrstvé kokonu
(Richter 1970; Peters & Kovoor 1989; Peters 1993; Craig 1997). Tato vrstva je
velice pevna a chrani vajicka pfed specializovanymi predatory (Hieber 1992).
Pavouci Celedi Gnaphosidae vyuzivaji piriformni vlakna k lovu kofisti (Wolff et al.
2017). Obihaji kolem kofisti a pomoci piriformnich vlaken ze zvétSenych
piriformnich Zlaz se ji snazi znehybnit. Pavouci rodu Seothyra (Eresidae), ktefi
obyvaji pisecné duny, pouzivaji piriformni vlakna k zafixovani ¢astecek piski béhem
kopani nor (Peters 1992). Rod Cyrtophora ma dokonce dva typy piriformnich zlaz
(Kovoor & Lopez 1982). Prvni typ slouzi k pfichycovani vldken =z velkych
ampulovitych zlaz k podkladu, druhy pak spojuje vlakna z malych ampulovitych zlaz
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pfimo v siti. Pavouci Celedi Pholcidae maji s pfednimi postrannimi snovacimi
bradavkami vedle velkych ampulovitych Zlaz asociovany dalsi ¢tyfi typy zlaz, které
pravdépodobné vSechny vznikly specializaci a diverzifikaci piriformnich zlaz
(Kovoor 1986). Taktéz u samci zapiednika Clubiona phragmitis C.L. Koch, 1843 se
z piriformnich zldz vyvinul novy typ zlaz (Wasowska 1969; WiSnievsky 1986),

pomoci kterych samci sptadaji ukryt pro pareni a umisténi kokonu.
Aciniformni Zlazy

Aciniformni Zlazy jsou malé, velmi pocetné, lokalizované na zadnich stfednich a
postrannich snovacich bradavkach téméf viech araneomorfnich pavouki (Rezaé et
al. in prep.). Obvykle jsou mensi nez piriformni zlazy (Kovoor 1972). Tvar je ovalny
(Kovoor 1972), u nékterych druhit mohou byt ale i trubicovité (napt. Tetragnathidae
a Gnaphosidae; Kovoor 1974, 1990). U druhti, které produkuji velké mnozstvi
aciniformnich vlaken, jsou zlazy slozeny z ampuly a kratkého tailu (napi. Oxyopidae

a Agelenidae; Kovoor & Mufoz-Cuevas 1998).

Aciniformni Zlazy maji obvykle dvé sekre¢ni zony (Richter 1970; Kovoor 1977;
Kovoor & Muioz-Cuevas 1998), Casto se ale také vyskytuje pouze jedna (napf.
Araneidae, Gnaphosidae, Pholcidae; Kovoor 1977; Peters & Kovoor 1991). Ve
vyjimecnych piipadech (Hypochilidae, Dysderidaec) mohou mit az ¢tyii zony (Glatz
1972; Kovoor 1977).

Aciniformni Zlazy produkuji Siroky pas sloZzeny z mnoha vlaken, ktery je obvykle
pouzivan k pokryti nejriznéjSich objektli nebo k tvorbé stény ukrytl. Spolecné
s tubuliformnimi vlakny jsou pouzivany v kokonech, obvykle na stavbu vnéjsi pevné
vrstvy (Kovoor 1984). U haplogynnich pavouki, kde tubuliformni Zlazy nejsou
vyvinuty a pocet aciniformnich je redukovan (napt. Scytotidae a Pholcidae), kokon je
také redukovan pouze na nékolik vlaken (Huber 2000). Aciniformni vlakna ve
svazku spole¢n¢ s piriformnimi a ampulovitymi vlakny jsou dilezitou soucésti past
pouZzivanych na obalovani kofisti (La Mattina et al. 2008). Pavouci ¢eledi Oecobiidae
obihaji koftist a prichytavaji ji k podkladu pomoci pasu aciniformnich vldken (Glatz
1967). Aciniformni vldkna jsou také pouZivana na stény ukrytl, kde probihé svlékani
a kopulace (Richter 1970). Tato vldkna jsou dale pouZivdna na spermatické sitky
(Melchers 1963; Richter 1970), stabilimenta u kiizaka (Peters 1993) nebo spole¢né

s malymi ampulovitymi vlakny na pfemost'ovani vzdalenych objektl (Peters 1990).
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Tubuliformni Zlazy

Tubuliformni zlazy se vyskytuji pouze u dospélych samic a produkuji specialni
vlakna slouzici k ochran¢ vaji¢ek (Kovoor & Lopez 1983; Kovoor 1987). Vymizely
u druhd, kde neni potieba zesilena ochrana sntsky (napft. Salticidaec a Clubionidae,
kde samice snisku chrani; Millot 1935). Oteviraji se na zadnich stfednich i
postrannich bradavkach. Obvykle jsou dlouhé a trubicovité, ¢asto také zbarvené dle
barvy vldkna, které produkuji (Mullen 1969; Kovoor 1972). Jsou tvofeny jednou
sekre¢ni zonou se silnym epitelem (Mullen 1969; Kovoor 1972, 1977, 1990).

Tubuliformni Zlazy se pravdépodobné vyvinuly specializaci ¢asti aciniformnich zlaz.
U primitivngj§ich skupin araneomorfnich pavoukli je kokon tvofen pouze
aciniformnimi Zlazami. U druhli, kde se tyto dva typy vyskytuji spolecné, se

aciniformni zl4zy stale podileji na tvorbé kokonu (Kovoor & Peters 1988).

Tubuliformni vlakna jsou dlouhd a pfilnava (Richter 1970). Zarovein jsou to
nejsilngjsi vlakna v kokonu (Kovoor 1972; Stubbs et al. 1992). Jsou méné pevna a
pruzna nez ampulovitd vldkna (Lucas 1964; Stauffer et al. 1994). Tubuliformni
vldkna poskytuji komplexni ochranu vajickim. Chréni je jak pied specializovanymi
predatory s dlouhym ovipozitorem (Hieber 1992), tak pied vodou (diky svym
hydrofobnim vlastnostem) a mechanickym poskozenim (Kovoor 1977). Dale
zajiStuji snlsce idedlni teplotni podminky nebo ji svym zbarvenim maskuji pred

predatory (Schlinger & Hall 1959).
Kribelatni Zlazy

Jsou to nejmensi Zlazy, které se svymi drobnymi spigoty oteviraji na snovaci desticce
lezici pted snovacimi bradavkami (tzv. kribelum). Kribelum je struktura
homologicka s prednimi stfednimi snovacimi bradavkami (Eberhard 1980). Vlakna
jsou ze spigoth kribelatnich zldz vyCesdvdna specidlni strukturou zvanou
kalamistrum (fada S$té€tin na ventralni stran¢ metatarsadlniho segmentu na ¢tvrtém paru
koncetin; Eberhard 1980). Kribelatni vlakna slouzi jako adhesivni slozka kribelatnich
lapacich svazki. Jelikoz jednotlivd vldkna jsou velmi tenkd a jejich pocet je
obrovsky, konecna ptilnavost je tak velmi vysoka. Pocet kribelatnich zlaz se 1i§1 mezi
jednotlivymi ¢eledémi, od 50-60 u Leptonetidae (Ledford & Griswold 2010) po
16000—40000 in Eresidae (Kullman 1969). Kribelatni vlakna jsou velmi jemna a
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musi byt proto podeptena slozitou strukturou dalSich druhii vldken. Tato struktura
obsahuje az dalsi tfi druhy vlédken. Kostru pro kribelatni vlakna tvoii parakribelatni
vldkna. Parakribelatni vldkna jsou fixovédna zvIinénymi vlakny z malych
ampulovitych zl4az a tato vlakna jest¢ nakonec vlakny z pseudoflageliformnich zlaz.
Obvykle se vtomto kribelatnim systému vyskytuji bud’ parakribelatni nebo
ampulovita vlakna, nebot jeden typ miize druhy ve funkci zastoupit. Casta je absence
pseudoflageliformnich vlaken (Reza¢ et al. in prep.). Systém kribelatnich Zlaz
slouzicich klovu kofisti je povazovan za primitivni znak, vyskytuje se 1 u

fylogeneticky nejprimitivnéjSich araneomorfnich ¢eledi (Miller et al. 2012).
Parakribelatni Zlazy

Parakribelatni zlazy jsou asociovany se zadnimi stfednimi snovacimi bradavkami
(Kovoor & Peters 1988), vzacné je 1ze nalézt také na zadnich postrannich bradavkach
(Griswold et al. 2005). Histologicky jsou tyto zZlazy podobné kribelatnim, ale jsou
dvakrat vétsi (Peters & Kovoor 1980; Kovoor & Peters 1988). Diky extrémné
dlouhym parakribelatnim spigotim je moznd kombinace kribeldtnich a

parakribelatnich vldken (Kovoor & Peters 1988).

Funkce téchto zlaz byla popsana u celedi Uloboridae (Peters 1984), kde
parakribelatni vlakna poji dohromady pseudoflageliformni osova vldkna a kribelatni
adhezivni vldkna. U druht, kde jsou pseudoflageliformni vldkna nahrazena vldkny
zmalych ampulovitych Zlaz, poji parakribelatni vlakna tato ampulovitd vlakna

s kribelatnimi (Rezag et al. in prep.).
Pseudoflageliformni Zlazy

Pseudoflageliformni Zl4zy jsou asociovany se zadnimi postrannimi snovacimi
bradavkami (Peters 1984, 1992). Vyskytuji se u kribelatnich pavoukli a u
nekribelatni nadceledi Araneoidea (zde jsou vSak nazyvany jako flageliformni)
(Reza¢ et al. in prep.). Pseudoflageliformni vldkna tvoii osova vlakna lapacich

kribelatnich past (Peters 1984).
Flageliformni Zlazy

Flageliformni Zl4zy jsou asociovany se zadnimi postrannimi snovacimi bradavkami.

Spigot této Zlazy je umistén mezi dvéma spigoty agregatnich 714z na stejné snovaci
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bradavce. Toto uspofadani spigotli se nazyva triada. Flageliformni vlakno slouzi jako
axialni vlakno, na které je nanasen lep z agregatnich zlaz. Tento proces je umoznén
praveé diky efektivnimu uspotadani spigotii flageliformnich a agregatnich zlaz (Peters

1987; Craig 1997).

Flageliformni vldkno je siln¢ kontrahovano vodou z agregatniho lepu, ktera vstupuje
do vlédken. Diky tomu je vlakno extrémné pruzné (Mullen 1969; Denny 1976;
Vollrath & Edmonds 1989) a je schopné se natdhnout az na pétinasobnou délku
(Gosline et al. 1999).

U kiizakt pfipomind flageliformni zldza stavbou ampulovité Zzlazy. Sklada se
z dlouhého tailu, cylindrické ampuly a duktu s klickou (Mullen 1969; Kovoor 1977).
U Nephilidae je namisto dlouh¢ho tailu Zldza vybavena kratkymi vétvenymi
strukturami (Peters 1955). U Theridiidae a Linyphiidae jsou flageliformni zlazy malé
a jednoduché¢ (Kovoor 1977).

Agregatni Zlazy

Agregatni zlazy jsou nejvice specializovanymi pavoucimi snovacimi zldzami
(Kovoor 1977). Jsou asociovany se zadnimi postrannimi snovacimi bradavkami
(Kovoor 1972, 1977). Sekreéni zona u pavouku Celedi Araneidae a Nephilidae je
lalo¢nata (Mullen 1969; Kovoor 1990). U Tetragnathidae a Linyphiidae je sekrecni

Cast tvofena jednoduchym vakem (Kovoor 1990; Peters & Kovoor 1991).

Produkt agregatnich Zlaz slouzi jako lep, ktery je nandsSen na flageliformni vlakno
(viz vySe). Pivodné uniformni povlak pfitahuje atmosférickou vodu, bobtna, stava se
nestabilnim a rozpada se na pravidelné rozptylené kapicky, které jsou propojené
velmi tenkou vrstvou tekutiny (Volrath & Edmonds 1989; Vollrath & Tillinghast
1991; Edmonds & Vollrath 1992; Peters 1995). Rychlost tohoto procesu zavisi na
relativni vzdusné vlhkosti, pii vyssi vlihkosti je rychlejsi. Obvykle trva nékolik minut
(Vollrath 1994; Vollrath 2000). Ve stiedu kazdé kapicky se nachazi vysoce
adhezivni glykoprotein obalujici flageliformni vldkno (Vollrath et al. 1990; Vollrath
& Tillinghast 1991; Tillinghast et al. 1993).

Pravidelné rozlozeni kapicek lepu v kombinaci se schopnosti glykoproteinu klouzat
po flageliformnim vlakné umoznuje tésné piilnuti lapaciho vldkna k povrchu kofisti.

Krom adhezivni funkce zvySuje produkt agregatnich 7l4z elasticitu flageliformniho
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vlakna (Higgins et al. 2001) a byva také pouZzivan pfi baleni kofisti do pavuciny (La
Mattina 2008). Zajimavé vyuziti se vyvinulo u rodu Mastophora, kde pavouk drzi
Vv prednich koncetinach vladkno, na jehoz konci je umisténa kapicka agregatniho lepu.
Toto usporadani pouziva jako laso, které rozkmitd a na lep je schopen odchytit
prolétajici mury (Eberhard 1980; Yeargan 1988). U celedi Theridiidae doslo
k morfologické a funkéni pfeméné jednoho paru agregatnich zlaz (Kovoor 1977;
Reza¢ et al. in prep.). Pomoci hiebene sét na zadnich nohou dokazi pavouci umistit

velké kapky paralyzujiciho lepu na kofist ¢i na predatora (Vetter 1980).
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A Female genital morphology and sperm storage in the velvet

spider Eresus kollari (Araneae: Eresidae)

Toma$ KREJCI, Milan REZAC & Peter MICHALIK

Journal of Arachnology 43(2): 182-187

Abstract. In the present study, we examined the female genital system of a velvet
spider (Eresus kollari) using light and electron microscopy. The female entelegyne
genitalia of E. kollari comprises an epigyne with an anterior wide longitudinal bar
and folds which are incurvated sidewards. The anterior end of these folds
corresponds to enlarged anterior bulges, which are connected to a distinct copulatory
duct leading to lobular spermathecae. The anterior bulge is equipped with many large
pores whereas the spermathecae has many small pores. At present, only a few studies
focussed on the ultrastructure and possible function of adjacent epithelia in
entelegyne genitalia of spiders revealing the presence of complex class 3 gland cells
units around the spermathecae and ducts. Alternatively our analysis finds two
different types of epithelia. The anterior bulge is equipped with class 3 gland cells
whereas the spermathecae are surrounded by a putative transport epithelium. This
epithelium is characterized by an extensive basal labyrinth, numerous mitochondria,
and an invaginated cell apex with microvilli. The functions of the different parts are
dubious, but the secretion produced by the class 3 cell glands in the anterior bulge
could be involved in the transport of sperm by flushing a considerable quantity of
secretion towards posterior. Alternatively, it could also contribute to the amorphous
mass, which is formed during mating covering most of the epigyne. On the other
hand, the epithelium around the spermathecae might only be involved in the
alteration of the milieu in the spermathecal lumen but not contribute to the nutrition

of spermatozoa during sperm storage.

Keywords: Spermatheca, copulatory duct, glandular unit, spermatozoa

34



KREJCIET AL. 2015 - FEMALE GENITALIA OF E. KOLLARI

A.1l. Introduction

In spiders, females often mate with more than one male and sperm is often stored in
the sperm storage organs (usually spermathecae) until fertilization takes place (e.g.,
Schneider & Andrade 2011). The sperm storage organs are distinct sclerotized areas
equipped with a glandular epithelium consisting of glandular units consisting of
several cell types and a distinct canal for discharging glandular products - class 3
gland cell units (e.g., Suhm & Alberti 1993, 1996; Uhl 1994a, 2000; Michalik et al.
2005). Moreover, glands can be also present around the ducts that lead to the
spermathecae (e.g., Ramirez 2014). However, the function of glandular products is
not known. It was suggested that secretion plays a role in nutrition and activation of

spermatozoa (e.g., Herberstein et al. 2011; Vocking et al. 2011).

In general, two different types of female genitalia are known for spiders — haplogyne
and entelegyne. In haplogyne genitalia the copulatory duct also serves as fertilization
duct whereas in entelegyne genitalia distinct copulatory and fertilization ducts as
well as a sclerotized plate (epigyne) are present (e.g., Uhl 2002). This fundamental
difference led to the division of Araneomorphae into Haplogynae and Entelegynae
(Simon 1892-1903), which is supported by several phylogenetic studies (e.g.
Platnick et al. 1991; Griswold et al. 1999, 2005; Ramirez 2000).

Phylogenetically the most basal group of entelegynous spiders are velvet spiders
(Eresidae) (summary in Miller et al. 2012). They are a small spider family with 96
species. Besides one exception they are restricted to the Old World and live as sit-
and-wait predators. Prominent taxa including the genus Stegodyphus, which shows
various degrees of sociality (e.g. Kraus & Kraus 1988; Johannesen et al. 2007), and
the European species of the genus Eresus, named ladybird spiders due to the eye-
catching coloration of the male opisthosoma. Considering the phylogenetic position
within Entelegynae, Eresidae could be crucial for understanding of the evolution of
entelegynous genitalia. Their female genitalia are conspicuous as no distinct
copulatory openings are present in the epigyne. Instead the epigyne is characterized
by longitudinal folds, which extend deeply and are connected to the internal part of
the genitalia. According to Kraus & Kraus (1988) the vulva consists of three
intergrading parts (anterior tips, an intermediate region, and posterior multilocular

receptacular cavities). The anterior tips are located in front of the copulatory opening
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(fold) and are equipped with glandular structures (Kraus & Kraus 1988).
Interestingly, this part is somehow ambiguously defined. For example, Miller et al.
(2012) named it “spermathecal head” whereas Rezad et al. (2008) defined it as
“copulatory ducts”. Certainly, this different terminology implies also different
functions as copulatory ducts are used for the transport of sperm into the spermatheca
whereas the spermathecal head as part of the spermatheca is likely related to sperm
storage. In contrast, the spermathecae in the abovementioned studies resembles the
receptacular cavities described by Kraus & Kraus (1988). However, it is not known
where sperm storage takes place. Thus, we adressed following questions in this
study: Where sperm is stored? What kind of epithelial tissue is associated with the
sperm storage organ and how it differs from the epithelium associated with
spermathecae? In order to answer these questions we investigated the female genital

tract of Eresus kollari Rossi 1846 by means of light and electron microscopy.
A.2.  Methods

Eresus kollari Rossi, 1846 occurs mainly in rocky steppes of the alliance Festucion
valesiacae in Central Europe (Rezag et al. 2008). Spiders of this species spend most
of their lives underground in well-camouflaged tube webs (Baumann 1997); their
most common prey is beetles (Bellmann 1992; Kofler & Mildner 1993; Leist 1994;
Baumann 1997; Walter 1999). We collected adult females after mating (indicated by
the presence of a mating plug) from their burrows at three different localities in
North Bohemia (Czech Republic) during September 2013: Ctindves, Rip hill
(50°2322.986"N, 14°1722.811"E); Obrnice, Zlatnik hill (50°30'52.424"N,
13°42'54.487"E); Klapy, Hazmburk hill (50°25'59.093"N, 14°0'57.017"E). Voucher
specimens are deposited in the Crop Research Institute, Prague (Czech Republic).

For scanning electron microscopy, the genitalia of five females were dissected and
soft tissue was digested using Pancreatin (Alvarez-Padilla & Hormiga 2008).
Specimens were dehydrated in graded acetone series, critical-point dried, sputter-
coated with gold and examined under the JEOL JSM-7401F.

For light and transmission electron microscopy, genitalia of five females were
dissected in a solution of 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.4).
Samples were post-fixed in osmium tetroxide for 2h, washed for another 1h and

dehydrated in a graded series of acetone and then embedded in Spurr’s resin (Spurr
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1969). Semi-thin sections (1 um) were cut with glass knives using a Leica UCT
microtome, stained with toluidin blue and examined under a light microscope
(Olympus CX41 with Olympus E510 IS digital camera). Ultrathin sections (80-160
nm) were cut with both glass knives and a diamond knife, stained with uranyle
acetate, counterstained with lead citrate (Reynolds 1963) and examined using a
JEOL JEM-1010 electron microscope.

A.3. Results

The epigyne of E. kollari is depicted in Reza¢ et al. (2008) and is characterized by an
anterior wide longitudinal bar and folds which are incurvated sidewards. The anterior
end of these folds corresponds to the enlarged anterior bulge that is connected to a
distinct copulatory duct (Fig. 1A). The copulatory opening is fold-like and situated
posterior to the anterior bulge. The anterior bulge is equipped with numerous large
pores (up to 10 um) that are connected to a thick layer of the glandular epithelium
(Figs. 1A, B, 2). The epithelium is composed of highly elongated gland units
consisting of sheath, canal and secretory cells (Fig. 2). Most conspicuous are the
canal cells, which are characterized by extensive microvilli and a thin-walled
complex duct (Fig. 2A-C). The canal and secretory cells are surrounded by highly
interdigitated sheath cells (Fig. 2A). The large pores may contain one or two
cuticular ducts (Fig. 2D) that likely discharge glandular products into the bulge
lumen. Numerous mitochondria and small vesicles are found in all cell types (Fig.
2). Secretory cells contain the largest number of small vesicles and a considerable
number of large vesicles. Sheath cells are characterized by a large number of

microtubules, bright cytoplasm, and carry no microvilli.

The spermathecae consist of lobes that vary in number, shape and size (Fig. 1). The
cuticle of the spermathecae is perforated by a large number of small pores (0.1-3
um). These pores connect to a conspicuous epithelium that is most developed in
areas around the lobes and reaches a thickness of approximately 70 um. We could
only detect one type of cell in the spermathecal epithelium, which is characterized by
an extensively folded basal plasma membrane resulting in a prominent basal
labyrinth (Figs. 3A, B). The basal labyrinth extends more than two third of the cell’s
height. The nucleus and some endoplasmic reticulum are located in the basal part of

the cell. The cell apex is invaginated and bears numerous microvilli surrounding
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extracellular space connecting to the spermathecal lumen through the pores (Figs.
3A, C, D). Thin extensions of the spermathecal cells extend into the pores and are
characterized by numerous microtubules (Fig. 3E). The cells contain a high number
of mitochondria, which can be oval-shaped or elongated (Figs. 3A-C). Moreover,

small vesicles and bundles of microtubules are present (Fig. 3C).

In all studied specimen sperm was only present in the spermathecae but not in the
anterior bulge. The spermatozoa were encapsulated and densely packed within the
lobes of the spermathecae (Fig. 1D).

A.4. Discussion

Eresus kollari resemble the typical organization of eresid female genitalia with an
epigyne characterized by two conspicous folds leading into a tripartite vulva (Kraus
& Kraus 1988). As sperm was always absent in the anterior bulge and only present in
the lobulated spermathecae, we conclude that the bulge is not involved in sperm
storage. Thus, the term “spermathecal head” used by Miller et al. (2012) is
misleading as it implies some role in sperm storage. Whether the anterior bulge is
somehow involved in the mating process cannot be answered based on our data.
However, as already described by Kraus & Kraus (1988), the copulatory opening is
located posteriorly to the anterior bulge and thus the bulge might not be involved in
anchoring of the male genitalia. Other potential functions may be explained by the
presence of the glandular epithelium around the anterior part of the bulge. We found
numerous glandular units that resemble the class 3 gland organization according to
the classification of Noirot & Quennedey (1974, 1991). This type of glandular units
is typically found adjacent to sperm storage organs as it likely contributes products
for the nutrition of spermatozoa (e.g., Uhl 1994a,b; Suhm & Alberti 1996; Uhl 2000;
Berendonck & Greven 2005; Michalik et al. 2005; Useta et al. 2007). For example,
Coyle et al. (1983) reported carbohydrates and glycogen for the spermathecal gland
cells of some Antrodiaetus species. Because no spermatozoa are stored in the bulge,
we hypothesize that the bulge secretion could be involved in the transport of sperm
by flushing a considerable quantity of secretion towards posterior. Another possible
function might be related to the amorphous mass that appears on the epigyne after
copulation (Fig. 4). This amorphous mass consists of secretion and may resemble a

mating plug as described for many different spider taxa (Uhl et al. 2010).
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Interestingly, a mating plug was also reported for several species of another eresid
genus, Stegodyphus (for example, figs 26 and 259 in Kraus & Kraus 1988).
However, whether this mass really prevents consecutive matings must be addressed
in future behavioural and genetic studies. Although males usually produce such
plugs, a female contribution to the production of such mass could be possible and has
been reported for several other entelegyne taxa (e.g., Knoflach 1998, 2004). Thus,
future studies on eresid genitalia should consider a role of the anterior bulge in the

production of the amorphous mass as a potential prevention of female remating.

Another peculiar feature of the female genital system of E. kollari is the
spermathecal epithelium. As mentioned above, usually class 3 glands are present
around the sperm storage organs of female spiders. Alternatively, Uhl (2000)
reported another gland cell type for the female genitalia of the dysderid Dysdera
erythrina (Walckenaer, 1802). In addition to the class 3 cells that occur on the
anterior spermatheca, she reported class 1 gland cells to be present on the large
posterior diverticulum. The occurrence of two different types of glands likely results
in different sperm storage condition and is thus is highly relevant to addressing the
function of the different storage sites (Uhl 2000). However, the spermathecal
epithelium of E. kollari does not consist of typical gland cells because only a few
secretory droplets and endoplasmic reticulum are present. Instead, the cells are
characterized by a very prominent basal labyrinth and numerous partly elongated
mitochondria. Moreover, the cell apex is invaginated and bears numerous microvilli
forming an apical complex. These features resemble the organization of transport
epithelia, which are for example found in coxal and other complex glands (e.g.,
Rosenberg 1983; Alberti & Coons 1999; Rosenberg et al. 2006). The main function
of transport epithelia is the transport of ions that may lead in the case of E. kollari to
an alteration of the storage condition in the spermathecae. However, it is not clear
how such change in the milieu in the lumen of the spermatheca affects the
spermatozoa. Females of E. kollari store sperm for months, as mating occurs in early
autumn but oviposition does not occur before spring. Because we only studied
females during the mating season we do not know when sperm become active and
whether spermatozoa need nutrients from the female to stay viable given they often
contain glycogen and mitochondria (Michalik & Ramirez 2014). Sperm of E. kollari

are encapsulated and very densely packed in the spermathecae and we could not
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detect extensive amounts of secretion. Moreover, the timing of sperm activation
varies depending on the species as shown for variety of spider taxa (Eberhard &
Huber 1998; Useta et al. 2007; Vocking et al. 2013) and thus a general inference

cannot be made given present state of knowledge.
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A.6. Figures

Fig. 1. Overview of the vulva. SEM and LM. A. Dorsal view of the vulva; B. Transversal section of

the vulva (asterisk mark the spermathecal epithelium); C. Detail of the cuticle of the spermatheca; D.
Section of the spermatheca.
AB, anterior bulge; CD, copulatory duct; ESptc, epithelium of spermatheca; FD, fertilization duct; Sp,

spermatozoa; Sptc, spermatheca; Ue, uterus externus
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Fig. 2. Glandular epithelium of the anterior bulge. TEM. A. Overview of the region close to the

cuticle showing several canal cells. B-C. Longitudinal and cross-section of the cuticular ducts in the
canal cell. D. Cross section through a cuticular pore showing two canal cells with cuticular ducts.
Ca, cuticular duct; CaC, canal cell; Cu, cuticle; Mv, microvilli
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Fig. 3. Epithelium of spermathecae. TEM. A-B. Apical and basal region of the epithelium. The basal

labyrinth is very prominent and mitochondria are present in high quantities. C-D. Apical part of the
cell which is invaginated apex and bears numerous microvilli. The cells are connected by desmosomes
and contain numerous mitochondria and bundles of microtubules. E. Cross-section through the
cuticular pores showing the extension of the epithelial cell, which are characterized by numerous
microtubules.

Cu, cuticle; Mi, mitochondria; Mt, microtubules; Mv, microvilli

46



KREJCIET AL. 2015 — FEMALE GENITALIA OF E. KOLLARI

Fig. 4. Ventral view of the epigyne after copulation showing the amorphous mass which covers large

parts of the epigyne including the copulatory pores. Usually, the plug occurs only in anterior part of
longitudinal folds. SEM.
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B Morphological and functional diversity of minor ampullate
glands and silk in spiders from the superfamily Amaurobioidea
(Entelegynae: RTA clade)
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Veronika REZACOVA

Journal of Arachnology 45(2): 198-208

Abstract. Minor ampullate glands produce fibres that are involved in construction of
the complex adhesive band for capturing prey, which is produced by particular
cribellate spiders. Despite such a specific role, however, the glands persist even in
species where production of cribellate capturing bands no longer occurs. In these
species, minor ampullate fibres are instead used to reinforce major ampullate fibers
in draglines and capturing webs. The fibres are also used in combination with the
aciniform fibrils to make silk for bridging lines — airborne lines used by spiders to
allow them to move to points on the substrate where these threads adhere. In this
study we compare the morphology of minor and major ampullate glands in related
cribellate and ecribellate groups within spider families of the group traditionally
termed the Amaurobioidea, which lies at the base of the RTA clade. We found that
the minor ampullate glands are bifurcated in the cribellate members of this group, in
particular in the representatives of the families Amaurobiidae, Titanoecidae, Desidae,
Amphinectidae and Phyxelididae. In ecribellate representatives the major ampullate
glands are never bifurcated. We found irregularly branched minor ampullate glands
in some representatives of the family Agelenidae. In other ecribellates the glands are
either unbranched or they are absent. Thus, bifurcation of the minor ampullate gland
seems to be important in determining some aspect of cribellate capturing band

formation that is as yet undetermined.

Keywords: Cribellate capturing threads, major ampullate, silk glands, spinnerets

48



REZAC ET AL. 2017 - MINOR AMPULLATE GLAND MORPHOLOGY

B.1. Introduction

Spiders exhibit a great diversity of silk gland types (Kovoor & Peters 1988). The
glands produce silks with a range of different physical properties that are used for
different functions. Most attention so far has been paid to the major ampullate glands
and their silks. These glands are conspicuous in being the largest in size, and they
produce long, thick fibers that are the toughest of all the silk fibers. Spiders use them
for walking or dropping draglines, for constructing frames of webs, or as gossamer
threads for ballooning (Foelix 2011). The major ampullate glands are usually the
only large glands that open onto the anterior (anterior lateral) spinnerets of
araneomorph spiders. The large glands that open onto the median (posterior median)
spinnerets are called the minor ampullate glands because their morphology resembles

that of the major ampullate glands but they are usually smaller in size.

In some cribellate spiders, minor ampullate glands produce fibers that form part of
the complex adhesive band used for capturing prey. In this capturing band a mass of
adhesive fibrils produced by cribellar glands is supported by products from three
other gland types. The product of the paracribellar glands probably fixes the
cribellate fibrils to the fibers from the minor ampullate glands. These fibers also act
as springs, tending to contract the whole band (Peters 1987). The last component of
the cribellate capturing band is the pair of axial fibers produced by the
pseudoflagelliform glands, which open onto the posterior lateral spinnerets. The
pseudoflagelliform fibers are straight because they are not combed out using the
calamistrum on the hind legs. This is in contrast to products from the previously
mentioned glands that open onto the cribellum and the posterior median spinnerets.
The pseudoflagelliform glands are phylogenetically homologous to the flagelliform
glands that produce the axial fibers of the sticky spiral of Araneoidea orb webs.

In contrast to the cribellar and paracribellar glands, which are always absent in
ecribellate spiders, minor ampullate glands have not been lost in the majority of
cases, even where species no longer produce the cribellate capturing band. Instead,
the products of the minor ampullate gland have diversified to fulfil other functions.
In spiders from the group Araneoidea they reinforce the major ampullate fibers in
draglines or in construction elements of the webs (Work 1981; Peters & Kovoor

1991). In the family Theridiidae they have been found to be an important part of prey
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wrapping silk, where they are held together by aciniform fibers (La Mattina et al.
2008). They are also present, together with other silk types, in orb web stabilimenta
of Argiope (Tillinghast et al. 1981).

Spiders of the family Nephilidae use minor ampullate fibers to construct the first,
nonadhesive spiral of the orb web (Work 1981). This first spiral is necessary for
constructing the second, sticky spiral, which is laid by walking on the first one. In the
Nephilidae, both spirals stay in the web, but in other orb weaving Araneoidea the
spiders cut the first spiral out whilst completing the second (Work 1981). Spiders of
the genus Cyrtophora (Araneidae) use only minor ampullate fibers for constructing
the meshed-sheet-resembling orb web (Peters 1993). Finally, minor ampullate silk
combined with aciniform fibrils is used for bridging lines in the Araneoidea (Peters
1990). Bridging lines are the airborne lines used by the spider for moving to distant

places, once these threads have adhered to a substrate (Peters & Kovoor 1991).

The quantities produced and the physical properties of materials produced by silk
glands depend on the size and morphology of each gland. The glands are composed
of two main parts, the secretory part and the spinning duct. The secretory part is
usually composed of two secretory zones that differ in their transparency and/or
colour. They produce different products: the distal zone produces the core and the
proximal one the coat of the fiber (Kovoor 1987). The secretory part is usually
tubular (called the tail), and in those glands that are required to produce a large
amount of silk very rapidly there is also a wide globular ampulla just before the
spinning duct, for storing the silk precursor prior to usage (Kovoor 1987). The
spinning duct processes the material from a liquid solution to the solid fiber. In
ampullate glands it starts with a heavily sclerotised funnel, makes two switchbacks
en route to the spinnerets to form a loop, and the three segments of the loop are all
enveloped in a single sheath. The spider’s silk glands open on the appendages at the

posterior end of its abdomen (spinnerets) through hollow setae called spigots.

The glands that produce large amounts of silk dope usually have an elongated
secretory part. However, in some spider groups the secretory part is branched rather
than being simple and elongated. Thus far, bifurcated tail sections of minor
ampullate glands have been found in Amaurobius fenestralis (Apstein 1889: plate 5,
fig. 75) and A. ferox (Anatasiu-Dumitresco 1941: plate 2, figs 4 and 5). Irregularly
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branched tails of both the major and minor ampullate glands have also been found in
some Agelenidae, such as Eratigena atrica (Kiesow-Starck 1932: figs 6-8 — under
the name Tegenaria atrium; Kovoor 1976, 1987) and Agelena labyrinthica (Apstein
1889: fig. 67; Kiesow-Starck 1932: figs 18 and 20). The precise gland morphology in
the latter remains uncertain, however, because other studies have found simple
ampullate glands in this species (Kovoor 1976: fig. 1). Misidentification of the
studied material, or observation of only some of the ampullate glands, might explain
this apparent anomaly. Morphological features of the spinning glands are not
mentioned in other studies of similar species, such as A. limbata (Park & Moon
2002). Irregularly branched tails in ampullate glands have also been found in
Tegenaria ferruginea, although the results were erroneously presented under the
name T. domestica in Johansson (1914) and Kiesow-Starck (1932: fig. 11).
Notwithstanding uncertainty regarding species identity, the morphology of the silk
glands is certainly variable even within the family Agelenidae. For example, simple
ampullate glands have been found in other agelenid species such as T. domestica
(Johansson 1914: fig. 5; Kiesow-Starck 1932: figs 12-14 — both authors refer to this

species under the name T. derhami; Anastasiu-Dumitresco 1941: figs 9-10).

The aim of this study is to compare the morphology of the minor ampullate glands in
closely related cribellate and ecribellate groups of spiders, where the phylogenetic
relationships indicate that the cribellate band has been lost more than once. These
species come from within the Amaurobioidea, the monophyletic sister clade to the
clade containing Dionycha and Lycosoidea (see fig. 5 in Miller et al. 2010, and fig. 1
in Garrison et al. 2016). We also compare these glands with the major ampullate
glands within each species. We identified a bifurcated secretory part of the minor
ampullate glands in cribellate spiders from the families Amaurobiidae, Titanoecidae,
Desidae, Amphinectidae and Phyxelididae. Furthermore, we found ramified (more
than two branches) secretory parts of both major and minor ampullate glands in some
Agelenidae, a spider group that no longer has a cribellum (Miller et al. 2010). In
other Agelenidae, Dictynidae, and also the studied outgroups of Amaurobioidea,
Hersiliidae and Eresidae, the minor ampullate glands are simple, i.e. without
bifurcation. In Antistea and Cybaeus (Hahniidae) and the studied representatives of

Zodariidae, another outgroup of Amaurobioidea, the minor ampullate glands are
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absent. We use our data to discuss the functional significance of bifurcation of the
minor ampullate glands in cribellate spiders.

B.2. Methods

The material studied (Table 1) includes representatives of ten spider families that are
at the base of the RTA clade, the majority of which are usually included in the
superfamily Amaurobioidea. We also studied representatives of the families Eresidae

and Hersiliidae as outgroups to the RTA clade.

The spinning glands of fresh spiders were dissected in embryo dishes using
physiological solution (0.9% aqueous solution of sodium chloride) and viewed under
an Olympus SZX12 stereomicroscope. They were subsequently transferred in a drop
of physiological solution onto a microscope glass slide with a small prefabricated
circular impression and photographed under a Nikon Eclipse 80i light microscope.

Voucher specimens are deposited in the Crop Research Institute, Prague (Czechia).
B.3. Results

Minor ampullate glands.—We found no minor ampullate glands in Zodarion,
Psammorygma, Cybaeus, and the species from the Hahniidae. In the majority of
studied species only one pair of minor ampullate glands was present (Figs 1, 3C-E).
More pairs were observed in outgroup species (Eresidae, Hersiliidae; also
representatives of the clades Lycosoidea and Dionycha, which were not included in
this study) and the Agelenidae. In the Agelenidae there were either two pairs of
glands of almost the same size (Agelenopsis, Fig. 2L; Coelotes, Fig. 2A; Wadotes,
Fig. 2B — here only one gland is shown; Eratigena, Figs 2H and 2I), or one large and
two smaller’dwarf pairs’ (Histopona, Tegenaria, Figs 2C-G; Agelena, Allagelena,
Figs 2J and 2K). Dwarf glands can easily be lost during dissection and are thus not
always apparent (e.g. Fig. 2). A system consisting of three pairs of co-occurring
glands has previously been shown to allow production of fibers, even during

proecdysis (Townley et al. 1993).

The minor ampullate glands were found to possess two secretory zones in the studied
species. The zones differed in visual parameters (transparency and colour). The

proximal zone is usually smaller than the distal zone (e.g. Fig. 2D), although in

52



REZAC ET AL. 2017 - MINOR AMPULLATE GLAND MORPHOLOGY

representatives of the agelenid subfamily Coelotinae (Coelotes, Fig. 2A; Wadotes,

Fig. 2B) it is significantly larger.

The proximal portion of the secretory part is in some cases widened to form a storage
ampulla (e.g. Figs 1D, 1H, 2E, 2H). The most proximal part of the ampulla is
sometimes constricted (e.g. Figs 1D, 1F, 2E). In the majority of the studied species
the minor ampullate glands have an unbranched tubular tail (Figs 2A-E and 3, Table
2), but in some species the tail is bifurcated (Fig. 1**). One branch usually continues
anteriorly in the axis of the gland (axial branch), whereas the second one grows to
the side (side branch) and then it turns backwards, toward the spinneret (Figs 1A-G,
11). The side branch is either shorter (Figs 1B, 1C, 1G) or of the same length as the
axial branch (Figs 1D, 1F, 1H). In a minority of cases it is longer (Fig. 1I), and
occasionally both branches protrude to the side (Fig. 1H). In T. ferruginea the tail has
2-3 branches in juveniles (Fig. 2F) and 3-4 branches in adult females, while in
Eratigena and the primary glands of Agelena (Fig. 2J) and Allagelena it is multiply
branched (Figs 2H, 21, 2K). In some Amaurobiidae, Phyxelididae and Titanoecidae
we found slight marks of additional branching (Figs 1A, 1B, 1F, 1I).

The spinning duct is usually relatively short and carries a short loop on its most distal
part, close to the duct funnel, although in Dictynidae (Fig. 3D), Desidae (Fig. 1H)
and some Amaurobiidae (Figs 1D-G) the loop is longer, covering more than one

third of the distance between the funnel and the spinneret.

Major ampullate glands.—In contrast to the minor ampullate glands, the major
ampullate glands are present in all the studied species. In the majority of species they
are well developed, although there are exceptions, for instance in Seothyra (Eresidae)
they are relatively small and are hidden within the piriform glands (Fig. 6A). There
are three major ampullate glands attached to one anterior lateral spinneret: the first
gland is large and functional, and the second is very small and reduced in size. The
third gland is intermediate in size, ranging from almost the same size as the large
gland (Figs 4D, 4F, 5H, 6B) to approximately the size of the small gland (Figs 4E,
41, 5C, 5F). The major ampullate glands appear to possess two secretory zones. The
zones differ in visual parameters such as transparency or colour, the B zone being
lighter or darker than the A zone, or brownish. Zone A is always white or

transparent. The observed colouration does not seem to be constant and probably
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depends on the actual stage of epithelial cells in their secretory cycle (the height of
the epithelial cells and presence of product droplets inside the cells changes during
the cycle). The proximal zone (zone B) is always smaller than the distal zone (zone

A), and constitutes less than one quarter of the length of the secretory part (Figs 4-6).

In the majority of the studied species the proximal portion of the secretory part is
widened to form a storage ampulla (this was most apparent in Tegenaria, Eratigena
and Desidae; Figs 4H, 5E, 5G—I1). In a small number of cases the secretory part of the
gland is a tube of uniform width (Eresidae, Hersiliidae; Figs 6A and 6B). In the
majority of the studied species the major ampullate glands have an unbranched
tubular tail. In some species it is slightly elongated (Cicurina, Fig. 6C), but in most
of the others the elongation is extensive (most apparent, for example, in
Psammorygma; Fig. 6G). In order to harbour the entire length of the tail in the
limited space available in the abdomen, the tail is often undulated. In some
Tegenaria species and in the family Desidae the tail is sparsely branched (Figs 4H,
5D-F), whereas in Eratigena and the primary glands of Agelena (Fig. 5J) and
Allagelena the tail is densely branched (Figs 5H, 51, 5K). The spinning duct of the
major ampullate gland is relatively short and carries a short loop on its most distal

part, which lies close to the duct funnel.
B.4. Discussion

We have shown that bifurcated minor ampullate glands are restricted almost
exclusively to cribellate representatives of Amaurobioidea, sensu Garrison et al.
(2016). The bifurcation might simply be a means through which more material can
be produced, but the co-occurrence of cribellar glands with bifurcated minor
ampullate glands suggests that bifurcation may be important for correct formation of

the cribellate band structure.

A comparison between the morphology and function of the minor and major
ampullate glands in cribellate and ecribellate Amaurobioidea spiders provides some
insight. In the cribellate spiders that were studied the products of the major and
minor ampullate glands presumably serve different functions. The major ampullate
fibers are used for draglines, ballooning or construction of webs. The minor

ampullate glands presumably produce undulating fibers supporting cribellate fibrils
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in the adhesive bands for capturing prey (shown for Deinopidae and Eresidae —
Peters 1992a, b).

The morphology of the major and minor ampullate glands in cribellate spiders was
also found to differ — the major ampullate glands being simple (Fig. 4), in contrast to
the bifurcated nature of their minor ampullate counterparts (Fig. 1). Bifurcation of
the secretory part might produce a fiber that is asymmetric in its cross-section, with
one side containing more product from the adjacent branch of the secretory part. The
asymmetry of the fiber could enhance its undulating properties and/or could secure
different adhesion forces on its different sides. The latter seems unlikely, since
presumably the products of both branches are ensheathed by the product of the
proximal portion of the secretory epithelium. Alternatively, the undulating of these
fibers could also be caused simply by combing the cribellate band out using the
calamistrum. If the bifurcation of the gland is an adaptation for the production of
asymmetric fibers, the epithelium in the different branches, as well as their products,
should differ. Furthermore, the sides of the resulting fiber should express different
physical properties. We did not notice any visual differences (for example, different
colouration or transparency) between the epithelium of particular branches (Fig. 1).

Both branches contain transparent liquid crystalline material.

Surprisingly, we did not find any obvious reduction of the minor ampullate glands in
adult males when compared with females and juveniles (compare scale bars in Figs
1D and 1E). Such a reduction might be expected, because adult males do not have
functional cribellar glands, and thus cannot produce adhesive capturing bands (which
are supported by fibers from the minor ampullate glands in females and juveniles).
Our finding of unreduced, thus probably functional, minor ampullate glands in adult
amaurobiid males suggests that minor ampullate fibers may fulfil some additional

function in adult males.

Cribellar glands are believed to have been lost independently several times in spider
evolution (Spagna & Gillespie 2008; Miller et al. 2010; Dimitrov et al. 2016). The
species described in this study represent at least four cases of independent loss of the
cribellum: two outgroups of Amaurobioidea — Hersiliidae (with the cribellate sister
family Oecobiidae) and Zodariidae (with the cribellate sister family Penestomidae),

and Argyroneta (ingroup of the otherwise cribellate Dictynidae) and the clade
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composed of Agelenidae, Hahniidae and Cicurinidae (sensu Murphy & Roberts
2015, with the cribellate sister family Dictynidae). In addition to the cribellar glands,
the paracribellar glands and frequently also the pseudoflagelliform glands have been
lost. In contrast, minor ampullate glands often remain in taxa that have lost their
cribellum (see, for example, Griswold et al. 2005; Murphy & Roberts 2015). We
studied representatives of two groups that have lost the minor ampullate glands
independently, in particular Hahniidae (Antistea, Cybaeus) and some Zodariidae
(Zodarion, Psammorygma). However, the spigots of the minor ampullate glands have

been observed in some other Zodariidae (Ramirez 2014).

In contrast to cribellate spiders, in the ecribellate spiders and Dictyna that are studied
here the products of the major and minor ampullate glands presumably serve the
same respective functions,. i.e. minor ampullate fibers are mainly used for
reinforcing the major ampullate fibers in draglines or in construction elements of the
webs, such as in species studied by Work (1981) and Peters and Kovoor (1991).
Dyctina produces cribellate capturing bands but they do not contain undulating fibers
(Eberhard & Pereira 1993). Such undulating fibres are, however, found in some other
dictynids, for example the genus Mallos (Griswold et al. 2005). It is thus not
surprising that the morphology of these two gland types is almost identical in these
spiders. In the family Agelenidae, this similarity also includes the presence of the
system of three pairs of glands (i.e., three pairs of minor ampullate and three pairs of
major ampullate glands), which, according to the findings of Townley et al. (1993) in
Araneus, suggests that each of them function in different instars or at different times
during the molt cycle (Townley et al. 1993). The two accessory pairs produce fibers
during alternate proecdyses (i.e., one pair producing fibers in odd-numbered stadia,

the other pair producing fibers in even-numbered stadia).

The presence of non-functional pairs of glands is also manifested in spinneret
morphology. There could be a tartipore — a scar on new cuticle after the collared
opening — that allows the ducts of the functional secondary ampullate gland to
remain attached to the spigot on the old exoskeleton during proecdysis (Townley et
al. 1993). The spigot of the last open secondary gland is replaced by a so-called
nubbin in adults, i.e., the stage where the secondary ampullate glands are not
necessary any more (Townley et al. 1993). Moulting spiders do not capture prey,
thus the absence of this system in the studied cribellate spiders, where the minor
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ampullate glands play a role in production of adhesive capturing bands, is not
surprising. In contrast, in the Agelenidae the minor ampullate glands presumably
play the same role as the major ampullate glands — their products might participate in

draglines and shelters that are produced even during proecdysis.

Spiders of the family Agelenidae build relatively large horizontal sheet webs instead
of producing cribellate bands in order to capture their prey. For such webs they need
a large amount of silk. Therefore, it might have been advantageous for them to retain
minor ampullate glands that have greater numbers of branches (Fig. 2F), thereby
creating a larger surface area of secretory epithelium than the simple gland
structures. Some species producing remarkably large webs, for example, the genus
Eratigena, and primary glands of Agelena and Allagelena, appear to have further
enlarged the secretory epithelium surface area through increasing the number of
branches (Figs 2H, 2J, 2K). These branches probably produce the same product

(potentially in contrast to cribellate relatives).

In the other representatives of this family branching is absent. In the species with
simple glands that construct large webs (for example, some species of Tegenaria,
and the genera Agelenopsis and Histopona) the secretory epithelium is enlarged by
elongation (Figs 2C-E).

Multiple branching of the secretory part of the minor and also the major ampullate
glands in some Agelenidae is a unique feature among spider silk glands. Evolution of
elongation instead of branching of the secretory part could have been driven by more
advantageous rheology inside the simple glands. In order to decrease the energetic
demands of spinning, spiders spin the fibers from the protein solution behaving as a
liquid crystal (Knight & Vollrath 1999). The initially randomly oriented proteins
aggregate end-to-end into rod-shaped units. Due to a very high concentration of the
solution (up to 50% of proteins, Tillinghast et al. 1984), these rods interact by non-
covalent forces. As a result, they orient themselves parallel to one another (Viney et
al. 1994; Viney 1997). This phase flows as a liquid but maintains some molecular
orientation of the crystal (Knight & Vollrath 1999). In branched glands, formation of
the liquid crystal might be more complicated. From particular branches the
differently oriented protein molecules flow together. In contrast, in simple glands the

formation of the liquid crystal is not disturbed by flows from different directions, and
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thus it is probably faster and more accurate. Therefore, in simple glands, the spinning
is perhaps energetically less demanding.

The species from the agelenid subfamily Coelotinae have only very small funnel
webs. They possess relatively small minor ampullate glands that significantly differ
from the minor ampullate glands of other studied species by very short distal and
very long proximal secretory zone (Figs 2A and 2B). Such glands probably produce
fibers with a thin core and a thick outer coat. The ratio between the size of the
proximal and the distal secretory zone resembles that of piriform glands that produce
fibers covered by glue (Kovoor 1987). It is possible that the minor ampullate glands
in the Coelotinae also produce adhesive fibers functionally substituting for cribellate
capturing bands.

The mentioned conclusions are based only on our knowledge about the studied group
of RTA spiders (Amaurobioidea in broad sense). Outside this group the
morphological and functional features of the minor ampullate glands are different.
For example, cribellate members of the Eresidae from the very base of araneomorph
spiders also possess undulating fibers in the adhesive capturing bands, but the minor
ampullate glands are simple (Fig. 3A). Simple minor ampullate glands are also
observed in other cribellate, uloborid spiders (Kovoor 1977; Kovoor & Peters 1988),
which are known for their orb webs with a cribellate spiral instead of a gluey one.
However, in these cases their cribellate bands do not contain undulating fibers
(Eberhard & Pereira 1993), and instead minor ampullate fibers are used, together

with the major ampullate fibers, for frames of their orb webs (Peters 1983, 1984).

The phylogenetic relationships among the families at the base of the RTA clade are
still very unclear. The difficulties with uncovering relationships of particular groups
of this clade are caused by the conflict among characters (homoplasy) and the lack of
informative synapomorphies. Many characters from spigot morphology, related to
silk glands, have been already extensively used in phylogenetic analyses (for
example, Griswold et al. 2005). However, internal silk gland morphology provides

many more characters that might be informative for future phylogenetic analyses.
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B.6. Tables

Table 1. The spider material studied. The classification to the families is after World Spider Catalog
(2016) and Cicurina, Argyroneta and Cybaeus after Murphy & Roberts (2015).

Family/Species Higher taxon (after Miller et Material Date of Site
al. 2010) dissection

Cribellum present

Amaurobiidae RTA: Amaurobioidea

Amaurobius fenestralis (Stroem, 1768) 33,49 19 Nov 2015 Czechia: Hostivice

Amaurobius ferox (Walckenaer, 1830) 59 4 Dec 2014 Czechia: Bitov

Amaurobius jugorum L. Koch, 1868 49 3Jun 2014 Czechia: Bitov

Callobius bennetti (Blackwall, 1846) 29 6Jul 2014 USA: OH: Licking County, Dawes
Arboretum

Amphinectidae RTA: Amaurobioidea

Metaltella simoni (Keyserling, 1878) 14,19 6Jul 2014 USA: CA: Riverside

Desidae RTA: Amaurobioidea

Phryganophorus candidus (L. Koch, 1872) 19 28 Jul 2014 Australia: Kinchega National Park

Dictynidae RTA: Amaurobioidea

Dictyna arundinacea (Linné, 1758) 29 18 May 2017 Czechia: Praha-Ruzyné

Dictyna uncinata Thorell, 1856 49 19 May 2015 Czechia: Praha-Ruzyné

Eresidae Outgroup of RTA

Seothyra schreineri Purcell, 1903 29,2 juv. 15 Dec 2015 South Africa: Bankfontein

Phyxelididae RTA: Amaurobioidea

Themacrys silvicola (Lawrence, 1938) 29 3 Nov 2015 South Africa: Royal Natal National Park

Vidole sothoana Griswold, 1990 29 3 Nov 2015 South Africa: Amanzi Private Game
Reserve

Titanoecidae RTA: Amaurobioidea

Titanoeca quadriguttata (Hahn, 1833) 49 6 Jun 2014 Czechia: Havraniky

Titanoeca schineri L. Koch, 1872 29 6Jun 2014 Czechia: Hodonin

Cribellum absent

Agelenidae RTA: Amaurobioidea

Agelena labyrinthica (Clerck, 1757) 1?9 13 Jul 2016 Czechia: Praha-Ruzyné

Agelenopsis pennsylvanica (C.L. Koch, 1843) 29 10 Sep 2009 USA: OH: Akron

Allagelena gracilens (C. L. Koch, 1841) 19, 5juv. 12 Jul 2016 Czechia: Valtice

Coelotes terrestris (Wider, 1834) 49,2 juv. 19 Nov 2014 Czechia: Podmoli

Eratigena agrestis (Walckenaer, 1802) 59 18 Nov 2014 Czechia: Lukov

Eratigena atrica (C. L. Koch, 1843) 59 5Jun 2014 Czechia: Hostivice

Histopona torpida (C. L. Koch, 1837) 49 18 Nov 2014 Czechia: Lukov

Tegenaria campestris C. L. Koch, 1834 49 18 Nov 2014 Czechia: Lukov

Tegenaria domestica (Clerck, 1757) 3Q 6 Jun 2014 Czechia: Znojmo

Tegenaria ferruginea (Panzer, 1804) 5juv., 29 7 Dec 2015 Czechia: Praha-Ruzyné

Tegenaria silvestris L. Koch, 1872 49 4 Nov 2015 Slovenia: Orehek, Zegnana jama

Wadotes calcaratus (Keyserling, 1887) 29 13 Jul 2014 USA: OH: Licking County, Dawes
Arboretum

Dictynidae RTA: Amaurobioidea

Argyroneta aquatica (Clerck, 1757) 14,59 5 Nov 2014 Czechia: Doksy

Cicurinidae RTA: Amaurobioidea

Cicurina cicur (Fabricius, 1793) 49 21 May 2015 Czechia: Praha-Ruzyn&

Hahniidae RTA: Amaurobioidea

Antistea elegans (Blackwall, 1841) 79 4 Oct 2016 Czechia: Staré Splavy

Cryphoeca silvicola (C. L. Koch, 1834) 134 4 Oct 2016 Czechia: Pec pod Snézkou

Cybaeus angustiarum L. Koch, 1868 59 19 Sep 2015 Czechia: Pec pod Snézkou

Hersiliidae Outgroup of RTA

Tyrotama australis (Simon, 1893) 29, 1 juv. 15 Dec 2015 South Africa: Bankfontein

Zodariidae RTA: outgroup of

Amaurobioidea
Psammorygma sp. 23,29 13 Jan 2016 South Africa: Ndumo Game Reserve
Zodarion germanicum (C. L. Koch, 1837)
143,29 21 May 2015 Czechia: Praha-Liboc
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Table 2. The morphological features of the minor ampullate glands of studied spider species from
representatives of the RTA clade and its outgroups. The term "variable" characterizing the length of

branches means intraspecific variation in this character. x — the character is irrelevant in the species

Family/Species Shape of tail Length of Direction of Ampulla Constri  No. of MIAG  No. of Refere
branches shorter branch ction of  spigots in ¢ undulating nce to
ampull  (Murphy & lines figure
a close Roberts 2015;  (Eberhard &
toduct Milleretal. Pereira 1993;
funnel  2012) Griswold et al.
2005)
CRIBELLUM PRESENT
Amaurobiidae 1 1
Amaurobius fenestralis Bifurcated Almost same Toward spinneret Inconspicuous  Absent
Amaurobius ferox Bifurcated Almost same Toward spinneret Obvious Present 1D-E
Amaurobius jugorum Bifurcated Almost same Toward spinneret Inconspicuous  Present 1F
Callobius bennetti Bifurcated One Toward spinneret Absent Absent 1G
significantly
shorter
Amphinectidae 1
Metaltella simoni Bifurcated One Toward spinneret Absent Absent 0-1 1Cc
significantly
shorter
Desidae ! P

(Paramatachia)
-1 (Badumna)

Phryganophorus candidus Bifurcated Almost same To the sides Obvious Present 1H
Dictynidae 1 0 (Dictyna)-1
(Mallos)
Dictyna arundinace, uncinata Unbranched X X Absent Absent 3D
Eresidae 1-4 34
(Stegodyphus)
Seothyra schreineri Unbranched X X Present Inconsp 3A
icuous
Phyxelididae 1 1
Themacrys silvicola Bifurcated Almost same Toward spinneret Absent Absent 1A
Vidole sothoana Bifurcated One Toward spinneret Absent Absent 1B
significantly
shorter
Titanoecidae 1
Titanoeca quadriguttata Bifurcated Almost same To the front Inconspicuous  Absent 1H
Titanoeca schineri Bifurcated Almost same To the front Inconspicuous  Absent

CRIBELLUM ABSENT

Agelenidae 1-2 0
Agelena labyrinthica 10 pairs Variable X Present Absent 2]
irregularly
branched, 20
pairs
unbranched
Agelenopsis pennsylvanica Unbranched X X Obvious Present 2L
Allagelena gracilens 10 pairs Variable X Present Absent 2K
irregularly
branched, 20
pairs
unbranched
Coelotes terrestris Unbranched X X Absent Absent 2A
Eratigena agrestis Irregularly Variable X Obvious Absent 2H
branched
Eratigena atrica Irregularly Variable X Obvious Absent 21
branched
Histopona torpida Unbranched X X Absent Absent 2C
Tegenaria campestris Unbranched X X Absent Absent 2D
Tegenaria domestica Unbranched X X Present Present 2G
Tegenaria ferruginea Irregularly Variable X Absent Inconsp 2F
branched icuous
Tegenaria silvestris Unbranched X X Present Present 2E
Wadotes calcaratus Unbranched X X Absent Absent 2B
Dictynidae 1 0
Argyroneta aquatica Unbranched X X Absent Absent 3E
Cicurinidae 0 0
(Cryphoeca)—
1 (Cicurina,
Tuberta,
Mastigusa)
Cicurina cicur Unbranched X X Absent Absent 3C
Hersiliidae 1 (Hersiliola)- 0
2 (Hersilia)
Tyrotama australis Unbranched X X Absent Present 3B
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B.7. Figures
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Fig. 1. Bifurcated minor ampullate glands of cribellate representatives of the superfamily
Amaurobioidea. Either ,,one side“ or ,both sides” of the abdomen, split medially, are depicted.
A, Themacrys silvicola, female, the side branch is approximately the same length as the axial one,
apparent is the additional branching; B, Vidole sothoana, female, the side branches are slightly shorter
than the axial one, the side branch of the left gland is unusually turned to the front, apparent is the
additional branching; C, Metaltella simoni, female, the ampulla is completely missing, the proximal

secretory zone is much darker than the distal one, the side branches are much smaller than the axial
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ones, the side branch of the right gland is not seen because it is behind the axial one; D, Amaurobius
ferox, female, the ampulla and the constriction proximally from it are apparent, the side branch is
approximately the same length as the axial one; E, Amaurobius ferox, male, in comparison with the
conspecific female the storage ampulla is smaller, but besides that other reductions are not apparent;
F, Amaurobius jugorum, female, apparent is the constriction proximally from the ampulla, the side
branch is approximately the same length as the axial one, apparent is the additional branching; G,
Callobius bennetti, female, the ampulla is completely missing, the side branches are shorter than the
axial ones; H, Phryganophorus candidus, female, the ampulla and the constriction proximally from it
are apparent, both branches are approximately the same length, they direct to the sides, the duct is
relatively long, the loop covers a third of the distance between the funnel and the spinneret (marked by
an arrow); |, Titanoeca quadriguttata, female, initially both branches direct to the front and then the
side one turns backwards, the side one is longer than the axial one, apparent is the additional

branching. The scale bars represent 200 um.
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Fig. 2. Minor ampullate glands of representatives of Agelenidae spiders. Either ,,one side* or ,,both
sides* of the abdomen, split medially, are depicted. A, Coelotes terrestris, female, two glands of
almost the same size open on each posterior median spinneret, the ampulla is completely missing, the
distal secretory zone is lighter and much shorter than the proximal one; B, Wadotes calcaratus,
female, one gland from the couple was lost during dissection, the ampulla is completely absent, the
distal secretory zone is shorter and lighter than the proximal one; C, Histopona torpida, female, the
proximal secretory zone is darker than the distal one; D, Tegenaria campestris, male, apparent is the
long distal secretory zone and the short proximal zone; E, Tegenaria silvestris, female, apparent is the

constriction proximally from the ampulla, the proximal secretory zone is darker than the distal one,

67



REZAC ET AL. 2017 — MINOR AMPULLATE GLAND MORPHOLOGY

the secretory part is enlarged by elongation; F, Tegenaria ferruginea, juvenile female, the secretory
part is enlarged by bifurcation; G, Tegenaria domestica, female; H, Eratigena agrestis, female, the
secretory part is enlarged by irregular branching; I, Eratigena atrica, female, the secretory part is
enlarged by irregular branching, the dwarf gland is marked by an arrow; J, Agelena labyrinthica,
female; K, Allagelena gracilens, female; L, Agelenopsis pennsylvanica, female. The scale bars

represent 200 pm.
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Cicurina
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Fig. 3. Simple minor ampullate glands of the representatives of the superfamily Amaurobioidea and
its outgroups. Either ,,one side” or ,both sides* of the abdomen, split medially, are depicted. A,
Seothyra schreineri, juvenile female, two functional and probably four (the fourth is not visible)
accessory glands; B, Tyrotama australis, female, the ampulla and the two accessory glands are
apparent; C, Cicurina cicur, female, the secretory part is not elongated (the tail is missing), the distal
secretory zone is darker than the proximal one; D, Dictyna uncinata, female, the secretory part is not
elongated (the tail is missing), the duct is relatively long, the loop covers one third of the distance
between the funnel and the spinneret; E, Argyroneta aquatica, subadult male. The scale bars represent
200 pm.
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Fig. 4. Major ampullate glands of the cribellate representatives of the superfamily Amaurobioidea.
Either ,,one side* or ,,both sides* of the abdomen, split medially, are depicted. A, Themacrys silvicola,
female; B, Vidole sothoana, female; C, Metaltella simoni, female; D, Amaurobius ferox, female; E,
Amaurobius ferox, male; F, Amaurobius jugorum, female; G, Callobius bennetti, female; H,
Phryganophorus candidus, female, the secretory part is enlarged by irregular branching; I, Titanoeca

quadriguttata, female. The scale bars represent 200 pm.
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Fig. 5. Major ampullate glands of the representatives of Agelenidae spiders. Either ,,one side“ or ,,both

sides® of the abdomen, split medially, are depicted. A, Coelotes terrestris, female; B, Wadotes
calcaratus, female; C, Histopona torpida, female; D, Tegenaria campestris, male; E, Tegenaria
silvestris, female; F, Tegenaria ferruginea, juvenile female; G, Tegenaria domestica, female; H,
Eratigena agrestis, female; |, Eratigena atrica, female; J, Agelena labyrinthica, female; K, Allagelena
gracilens, female; L, Agelenopsis pennsylvanica, female, the distal (unbranched) part of the secretory
zone is broken. In D—F and H-K, the secretory part is enlarged by irregular branching. The scale bars

represent 200 pm.
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Fig. 6. Major ampullate glands of the representatives of the superfamily Amaurobioidea and its
outgroups. Only ,,one side* of the abdomen, split medially, is depicted. A, Seothyra schreineri,
juvenile female; B, Tyrotama australis, female; C, Cicurina cicur, female; D, Argyroneta aquatica,
subadult male; E, Dictyna arundinacea, female F, Cybaeus angustiarum, female; G, Psammorygma
sp., female; H, Antistea elegans, female; 1, Cryphoeca silvicola, male. The scale bars represent 200

pm.
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C Hunting with sticky tape: Functional shift in silk glands of

araneophagous ground spiders (Gnaphosidae)

Jonas O. WOLFF, Milan REZAC, Toma$ KREJCI & Stanislav N. GORB

Journal of Experimental Biology 220(12): 2250-2259

Abstract. Foraging is one of the main evolutionary driving forces shaping the
phenotype of organisms. In predators, a significant, though understudied, cost of
foraging is the risk of being injured by struggling prey. Hunting spiders that feed on
dangerous prey like ants or other spiders are an extreme example of dangerous
feeding, risking their own death over a meal. Here we describe an intriguing example
of the use of attachment silk (piriform silk) for prey immobilization that comes with
the costs of reduced silk anchorage function, increased piriform silk production, and
additional modifications of the extrusion structures (spigots) to prevent their
clogging. We show that the piriform silk of gnaphosids is very stretchy and tough,
which is an outstanding feat for a functional glue. This is gained by the combination
of an elastic central fibre and a bi-layered glue coat consisting of aligned nanofibrils.
This represents the first tensile test data on the ubiquitous piriform gland silk, adding

an important puzzle piece to the mechanical catalogue of silken products in spiders.

Keywords: Spider silk, piriform silk, adhesion, prey capture, tensile test, spinneret,

araneophagy
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C.1. Introduction

Severe injury by prey is a high cost of predatory foraging, and the danger imposed by
prey may affect a predator’s choices considerably (Mukherjee and Heithaus, 2013).
Counter intuitively, some predators do not avoid, but specialize on risky prey, and
although different hypotheses have been raised to explain the evolution of such
specializations, it remains an enigma (Pekar and Toft, 2015). Ground spiders
(Gnaphosidae) are free hunting spiders, some of which are very abundant in harsh
arid environments. With currently 2,200 described species in 125 genera and a
worldwide distribution from sub-arctic to tropical regions they are one of the major
spider families (World Spider Catalog, 2016). Many gnaphosids have been reported
to prey on ants or spiders (Bristowe, 1958; Grimm, 1985; Jager, 2002; Jarman and
Jackson, 1986; Pekar et al., 2012), but the degree of specialization is unknown.
Gnaphosids exhibit some distinct characters, which are presumably adaptations
towards a specialization of hazardous prey. The most conspicuous characteristic is a
strong modification of the spinning apparatus. Among araneomorph spiders the first
pair of spinnerets (ALS, anterior lateral spinnerets) usually bears the openings of
single large major ampullate (MA) glands and numerous tiny piriform (PI) glands
(Eberhard, 2010). The MA silk produces the main structural thread, the dragline, and
from the PI glands short glue-coated micro-fibres emerge that fasten the dragline to
substrates (Apstein, 1889; Wolff et al., 2015). This configuration is extremely
conserved among araneomorph spiders, presumably because it is the basis for a
versatile application of silk (Coddington, 1989; Coddington and Levi, 1991;
Eberhard, 2010; Murphy and Roberts, 2015). However, in the Gnaphosidae, this
configuration is strongly derived.

The gnaphosid P1 glands and their nozzle-like openings, the spigots, are enormously
enlarged and retractable, whereas the MA gland is comparably small (Kovoor, 1987,
Murphy, 2007; Platnick, 1990). This was related to the following special technique to
subdue hazardous prey (i.e. other spiders or ants). The spider quickly runs past the
prey, thereby leaving a band of sticky silk behind, which immobilizes the prey’s legs
(Bristowe, 1958; Grimm, 1985). This mechanism, however, has never been studied
in detail, due to the lack of suitable techniques. Furthermore, it is unclear, how the
morphological derivations of the ALS to suit a prey capture function affect the
original function, namely the spinning of silk anchorages (attachment discs). Is prey
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capture a functional substitution or extension, and are there trade-offs between both
functions? Generally, silk anchorages with attachment discs should be much more
robust against pull-offs than a thread’s own glue coat, because the attachment disc
structure generates a much higher contact area and effectively controls the peel-off
angle (Pugno et al., 2013; Sahni et al., 2012; Wolff, in press; Wolff and Herberstein,
2017). Nonetheless, an enormous mechanical impact is expected in case of a
struggling prey attached to a substrate by glue-coated silk. To understand the efficacy
and significance of this predatory technique it is therefore of high importance to
know the tensile properties of the swathing silk. Furthermore, the mechanism and
functional role of the infolding mechanism of the PI spigots was unclear.

We approach these questions by a multi-methodological approach, including (1)
behavioural observations using high speed videography to reveal the use of silk
during predatory attacks, (2) morphological investigations of the ALS (in the active
and inactive state) and their glands using light microscopy, Cryo-scanning electron
microscopy (Cryo-SEM) and micro-computed tomography (uCT), to reveal the
modification of glands and the biomechanics of the spigots, (3) micro-tensile tests
and fracture analysis of isolated PI silk fibres to reveal the mechanical properties of

the sticky swathing silk.
C.2. Methods

Collection of spiders and silk samples

Gnaphosid spiders were collected by turning stones, peeling bark and sifting litter. If
spiders were found resting inside a silken webbing, its structure was photo
documented. A list of studied material is provided in Tab. 1. Spiders were kept in
plastic containers with paper tissue that was slightly moistened once a week. Alpine
species were kept at 15°C, all other species were kept at room temperature. Glass
slides were laid into the containers and removed after some days, in order to collect

silk samples. Silk samples were studied with dissecting microscopes.

Gland preparation and light microscopy
The spinning glands of freshly killed spiders were dissected in embryo dishes using
physiological solution (0.9% aqueous solution of sodium chloride) and viewed under

an Olympus SZX12 stereomicroscope. They were subsequently transferred in a drop
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of physiological solution onto a microscope glass slide with a small prefabricated
circular dimple and photographed under a Nikon Eclipse 80i light microscope.

Scanning electron microscopy (SEM)
Conventional SEM: Air-dried silk samples were sputter coated with 5 nm Au-Pd and
viewed in the S4800 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) at an

acceleration voltage of 3.0 kV.

Cryo-SEM: A juvenile Drassodex cf. heeri was attached to a sample holder using
Tissue-Tek®™ compound, and then shock frozen in liquid nitrogen. The frozen
specimen was directly sputtered with 10 nm Au-Pd using the Gatan ALTO-2500
cryo system (Gatan Inc., Abingdon, UK) and viewed in the S4800 SEM equipped
with the stage cooled down to -120°C.

Microcomputed tomography (uCT)

A female individual of Scotophaeus scutulatus was fixed in 70% ethanol, dehydrated
in a series of increasing ethanol concentrations and then critical-point dried. Dried
samples were glued onto plastic pipette tips with cyanacrylate glue and scanned with
a SkyScan 1172 HR micro-computer tomograph (Bruker microCT, Kontich,
Belgium) with an acceleration voltage of 40 kV and a voxel size of 0.5 um. 3D
images were reconstructed using NRecon 1.6.6 software and processed with AMIRA
6.0.0.

High speed videography

Prior prey capture trials, spiders were starved for 1-2 weeks. To investigate the use
of silk during prey capture, we placed a gnaphosid and a prey animal into a
cylindrical plastic container (diameter 4 cm, height 12 cm). The bottom of the
container was removed and replaced by a clear glass slide. The glass slide was sitting
in a custom-built 3D-printed frame, which contained lateral tunnels, in which the
lenses of a gooseneck lamp were inserted. This induced frustrated reflection in all
strands of silks contacting the glass surface (see (Kleinteich and Gorb, 2015) for
details). Additional lighting was applied from below the glass slide. As prey items
we used other spiders (Eratigena atrica, Amaurobius fenestralis, Zygiella x-notata),
collected on the campus of Kiel University, and crickets (Acheta domesticus),

obtained from a pet shop. Videos were recorded from below, using a Photron
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Fastcam SA 1.1 (Photron Inc., San Diego, CA, USA) with 250 or 500 frames per
second.

We obtained high speed video recordings of Drassodex cf. heeri capturing Eratigena
atrica (N=3) and Amaurobius fenestralis spiders (N=5); of Scotophaeus scutulatus
capturing E. atrica (N=2), Zygiella x-notata (N=1) and a cricket (Acheta domesticus,
N=1); and Zelotes sp. capturing E. atrica (N=1). Additionally we observed S.
scutulatus capturing an A. fenestralis (N=1); and Gnaphosa sp. capturing a cricket
(N=1). All prey spiders and crickets were of equal or larger size than the gnaphosid,
except for Z. x-notata, which was approximately 1/3 of the gnaphosid body size. One
additional video was captured on a reflection interference contrast microscope
(RICM) to investigate the extrusion and application of the PI silk and the change in
its optical properties shortly after extrusion. Since the RICM was an inverted
microscope, the setup was basically similar, and the image was directed onto the
camera chip via a beam splitter. After prey capture trials, glass slides with silk on

them were stored and further studied by means of light microscopy.

Micro tensile tests

To obtain single Pl fibres for tensile testing, starved gnaphosids were placed into a
Petri dish with a polymer film (ACLAR®-foil, Plano GmbH, Wetzlar, Germany) as a
ground substrate and a prey spider (Eratigena atrica). After the attack, often trails of
parallel PI fibres were found on the plastic substrate. The adhesion of the PI glue to
the polymer film was so low, that fibres could be carefully peeled off without
damaging stress. For this purpose 0.3-2.0 mm long pieces of Pl silk trails were cut at
both ends with a razor blade. One end of the PI silk fibre was glued to the tip of a
minute insect pin with a tiny amount of cyanoacrylate glue and then carefully
detached from the substrate. The pin with the attached silk fibre was then attached to
a three-axis micromanipulator (F-131.3SS, Physik Instrumente GmbH & Co. KG,
Karlsruhe, Germany), and the free end of the fibre was glued onto another pin that
was attached to a force transducer (FORT-10, 10g capacity; World Precision
Instruments, Inc., FL, USA). The thread was positioned such that it was pulled
perpendicular from the force transducer at a constant rate of 50 um/s, which
represents a quasistatic measurement. Forces were recorded with a Biopac data
acquisition system (MP-100, Biopac Systems Ltd, Goleta, CA, USA). Tensile tests
were recorded with the Photron Fastcam video camera using a frame rate of 50
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frames per second and a shutter speed of 0.002 s, and equipped with x5—x10 macro

lenses.

Stress-strain curves were calculated from the force-time curves after Blackledge and
Hayashi (2006). First, the curves were smoothened (averaging of each 25 data points,
which corresponds to the frequency of the static noise of the transducer), to reduce
the inherent noise of the data signal. True stress was calculated from the tensile
forces divided by the cross-sectional area of the fibre. The initial fibre diameter was
determined from SEM images of untested pieces of the same fibres. The cross-
sectional area of the fibre was modelled assuming constant volume throughout the
test and simplifying the geometry of the fibre as a half cylinder. This cross-sectional
shape was found in the scanning electron microscopy observation of fracture faces of
failed piriform threads. We thereby neglected the thin lateral extensions of the glue
coat, since these do not significantly contribute to the thread volume. True strain was
calculated as the natural logarithm of the actual length divided by the initial length,
whereby the actual length was the initial length plus the test time multiplied by the
strain rate. Because the deformation of the thread could potentially be non-linear, we
additionally exemplary determined the strain from the video recordings at chosen
time points and compared this with the calculated values. No clear difference was

found here.

From stress-strain curves certain mechanical parameters were determined, namely
extensibility (true strain at breakage), tensile strength (stress at breakage), yield
strength (stress at the transition between elastic and plastic deformation as seen as a
clear change in slope), toughness (integral of the stress-strain curve until breakage),

and Young’s modulus (initial slope).

In total, 17 PI silk fibres of Drassodex and 2 PI silk fibres of Scotophaeus were
tested. Some test data had to be omitted, because they did not contain single, but
paired fibres. The fibres of Scotophaeus were not included into the statistics, because

of the small sample size.
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C.3. Results

Silk utilization and prey capture behaviour

Prey capture. In more than half of the observed cases, silk was extruded during
attacks and applied both to the substrate and the prey’s legs and mouth parts (Fig. 1
F-L). Only PI silk was involved in such attacks. Prior to the silk extrusion, a
protrusion and spreading of the spinnerets and inflation of the ALS apex was
observed, leading to a wide spreading of PI spigots. However, there were cases, in
which no silk was extruded, and the prey was directly grabbed with the front legs and
then overwhelmed with a full leg basket (Fig. 1 O-Q). This occurred three times in
D. cf. heeri capturing A. fenestralis of equal size, in S. scutulatus capturing a smaller
Z. x-notata and a cricket of equal size, and Zelotes sp. capturing E. atrica of equal
size. From our anecdotal observations it is unclear, which cues trigger either the use
of silk or a direct attack. However, most spiders first tried a direct attack but quickly
extruded silk, if the prey turned out to be too large, after the first physical contact
(e.g. Fig. 1 A-E). In case of large prey items, the gnaphosid started several swathing
attacks and rested still in between. The prey was then often already entangled so that

it was significantly hampered in its movements.

The prey spiders often tried to defend by biting. Whereas E. atrica was never
successful in defence, A. fenestralis frequently succeeded in biting the predator (all

of observed cases), which led to a fatality in at least one case.

Silk left behind after the attacks included irregular puddles of solidified silk material
(presumably resulting from an uncontrolled flow in the beginning of silk emergence)
(Fig. 2 S), parallel PI silk trails on the substrate with a tape-like morphology (Fig. 2
K, O-P), and suspended PI threads with a cylindrical glue coat. We frequently
observed plumose setae attached to the glue (Fig. 2 U), which presumably originated
from the spider prey. The PI silk exhibits a distinct core-coat structure that is well
discernible in a dissecting microscope (Fig. 2 Q-R). In Drassodex cf. heeri the
central fibre has a diameter of 2.2+0.3 pm (N=14), and the glue strip may spread to a
width of 8-15 um, depending on the wettability of the substrate. In the rapidly
extruded PI threads, the width of the glue stripe may vary, and the central fibre may
sometimes appear bloated, but in the parallel trails, the structure is usually very

regular. With means of reflection interference microscopy we recorded the
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emergence and application of the PI silk onto a glass slide during a predatory attack
(Fig. 2 L). This revealed that the core-coat structure is already present at emergence,
and that the glue coat completely cures within less than one second, as indicated by a

change in translucence (Fig. 2 M—N).

Silk shelters. Gnaphosids produce silken shelters, in which they hide during periods
of inactivity (usually day time) and egg sac guarding (Fig. 2 A-C). The shelters
consist of a meshwork of different thread types, including very fine fibres with sub-
micron diameter and thicker ones (Fig. 2 D, G). In contrast to comparable shelters in
Clubionidae and Salticidae, the threads are not anchored to substrates by attachment
discs. However, occasionally short irregularly curved trails of Pl silk are applied onto
the loose meshwork to hold it in place on the substrate (Fig. 2 D—H). Whereas in
Scotophaeus and Drassodex only few of such glue points were found, their use was
more frequent in the webbings of Hemicloea. Overall, the silk shelters can be easily
removed from smooth surfaces without major damaging. Considerable adhesion of
the gnaphosid webbing is observed on rough substrate surfaces, such as rocks and
tree bark, indicating that the fibres are attached by mechanical interlocking. Silk is

also extensively applied in egg sacs, which we did not analyse here in detail.

Draglines. Of all studied species, occasional draglines and abseiling behaviour were
only observed in Arboricaria sociabilis. A. sociabilis are very small gnaphosids,
which do not exhibit such a high degree in Pl spigot enlargement, and hence no
widened PI silk trails. Still, the attachment discs used to fasten the draglines to the
substrate (glass slide) exhibit an irregular shape like in the silk anchorages of silk

shelters in other gnaphosid species (see above) (Fig. 2 I).

Functional morphology of spinnerets

In the Cryo-SEM study of a juvenile Drassodex cf. heeri we observed both the
activated and the deactivated state of the ALS. In the deactivated state, the PI spigots
are folded inwards and not visible from outside (Fig. 3 A). However, the single MA
spigot is situated on a separate part of the ALS apex that is not retracted, and thus
durably erected (Fig. 3 E). With the help of pCT the position of the PI spigots in the
resting position in the ALS of Scotophaeus scutulatus was visualized. The basal ALS
apex is invaginated in this state, such that the conical PI spigots are clustered and

situated in a horizontal position (Fig. 3 D—F).
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In the activated state, the ALS apex is inflated, causing the PI spigots being erected
and widely spread (Fig. 3 B—C). The PI spigots are approximately 40 um wide at the
base and 8-10 um wide at the tip, which is very large for a silk spigot in spiders. The
cuticle appears rather thin and flexible at the tip, which leads to the opening being
expanded under high pressure (when silk emerges) and collapsing under low pressure
(in the resting state). This passively opens and closes the spigot opening, which

presumably prevents uncontrolled silk loss and glue curing in the duct.

Gland morphology
Two types of spinning glands open on the ALS of studied gnaphosids, the piriform
(PI) and the major ampullate (MA) glands (Fig. 3 G-J).

Pl glands (Fig. 3 I). We found a set of usually less than ten large piriform glands and
the same number of reduced ones that were active in the previous instar
(corresponding number of tartipores is visible next to well-developed spigots,
towards the middle of the spinneret). The PI glands are large and whitish, they
possess long cylindrical ampulla with a narrow proximal part, composed of the
secretory zone B and a tiny tail composed of less translucent secretory zone A. The
proximal and distal secretory zones are not clearly separated, but two products can be
distinguished inside the lumen of the gland based on their different colour and/or
transparency. The piriform glands occur in one cluster, including the long, relatively

wide ducts that constitute an opened loop.

MA glands (Fig. 3 J). The MA glands produce liquid crystalline material (the content
of the gland lumen keeps its shape even when it is taken out, the material behaves
like paste). Three pairs of the major ampullate glands can be seen, the large
functional primary one (the only functional one, sensu Townley et al. (1993)), the
smaller secondary open one (the one that was functional during the last moulting)
and the dwarf secondary blocked one (the one that was functional during the
moulting before the last one) (e.g. Fig. 3 G).

The secretory part is tubuliform, its distal part is curled. The secretory zones are not
apparent (perhaps there is only one); both are transparent to white and of the same
width. They just seem to slightly differ in their translucence. The duct is relatively

short. It possesses an opened loop in its distal third.
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The ALS silk gland system of the representatives of the clade Gnaphosinae
(Gnaphosa and Zelotes) differs from that of phylogenetically more basal Drassodes
by reduction of the MA glands on one hand and further enlargement of PI glands on
the other hand (Fig. 3 H).

Tensile properties of giant piriform silk

Of 11 useful tensile test replicates of Pl fibres of Drassodex, we obtained the
following mechanical properties (mean + standard deviation): extensibility = 0.51 +
0.26 mm/mm,; true strength = 511.0 + 123.6 MPa; yield strength = 250-350 MPa;
toughness = 140.7 + 74.3 MPa; Young’s Modulus = 5.59 + 1.75 GPa. The loading
curve exhibits a shape that is characteristic for silks, with an initially high slope
during plastic deformation, followed by a drop of the force increase and an extensive

section of plastic deformation (Fig. 4 G).

During tensile tests, we observed the occurrence of cracks in the glue coat after
exceeding the yield point (at 5-10% extension) (Fig. 4 B-C). A study of the
fractured PI silk in the SEM revealed that in these cracks only the outermost skin
layer of the glue coat was ruptured, which is a thin homogeneous film (Fig. 4 E, H).
Underneath, aligned nano-fibrils were apparent, which form the bulk of the glue
material (Fig. 4 H). At cracks in the surface layer, especially at the underside of the
thread, we often observed crystals (Fig. 4 E, H, J, K), which may indicate salt-like
substances that are embedded in the glue in the native state. Apparently, cracks in the
glue coat were only present in the lateral extensions of the glue strip, but were evenly
scattered above and next to the embedded central Pl fibre (Fig. 4 E, F). Fractured
threads always curled towards the upper side (Fig. 4 1), indicating an elastic
behaviour of the embedded fibre. Transverse fracture faces exhibited smooth
breaking edges of the glue coat and irregular, fibre-like fractures of the central thread
(Fig. K, L). However, in longitudinal fractures the core fibre showed a comparably
smooth fracture face (Fig. 4 J, K). This may indicate that the central core fibre is a
highly anisotropic material. The central fibre was often pulled out of the glue coat at
the breaking edge.
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C.4. Discussion

Consequences of the functional shift

We showed that gnaphosids are bold predators that are able to subdue prey that are
extraordinary large and hazardous. All tested species attacked other spiders and
preyed on them. An accessibility of a wide prey spectrum may explain, why
gnaphosids are especially successful in barren habitats with low arthropod
abundance. Araneophagy is also known from related families, such as Lamponidae
(Platnick, 2000) and Cithaeronidae (Edwards and Stiles, 2011), which, however, do
not exhibit a modified spinning apparatus. This may indicate that araneophagy
evolved earlier than the ALS modification. Of all families within the Gnaphosoidea
and allies, the Gnaphosidae are the most diverse and widespread family, which may
speak for their great ecological success, that may be linked to their novel use of

piriform silk.

The use of sticky silk is an efficient strategy to immobilize the prey before handling
it, in order to reduce the risk of injury. Thus the modification of the spinning
apparatus might be an adaptation to handle hazardous prey. However, this special
adaptation comes with the cost that gnaphosids (except for Micaria) cannot spin
functional draglines any more, and the function of attachment discs is extremely
reduced. The ability to attach threads to substrates via attachment discs (Fig. 2 J) is
regarded as one of the key innovations of araneomorph spiders that presumably
highly enhanced the versatility of silk use and made the building of webs in a 3D-
space possible (Coddington and Levi, 1991). Draglines play a role to secure the
spider against unpredicted falls (Ortlepp and Gosline, 2008), to control jumps (Chen
et al., 2013) and on-water locomotion (Gorb and Barth, 1994), to navigate in webs
(Barth et al., 1998), as elemental structures for webs (Denny, 1976), as egg sac
suspension (Gheysens et al.,, 2005), for shelter building, and for intra- and
interspecific communication (Leonard and Morse, 2006; Tietjen, 1977). Hence, a
deviation from the usual ALS configuration (single large MA and an array of
multiple small Pl spigots) is extremely rare among araneomorph spiders
(Coddington, 1989; Coddington and Levi, 1991; Eberhard, 2010; Murphy and
Roberts, 2015). Although many (but not all) gnaphosids are living at the ground and
do not build webs, the reduced functionality of attachment discs may represent a
significant draw-back, especially for the security of locomotion through a structured
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terrain, and the stability of shelters and egg sacs, all of which may potentially
increase the vulnerability towards predation. For instance, we observed that the silk
shelters of gnaphosids are easily removable from smooth surfaces and relatively
easily teared open. In contrast, silken shelters of Clubionidae and Salticidae adhere
strongly to smooth glass surfaces and are destroyed, when attempting to pull them
apart under the application of high forces.

Furthermore, silk use for prey capture is costly. Accordingly, in our prey capture
trials the spiders did not always make use of their silk. We presume that the spiders
start swathing after an assessment of the prey’s strength and dangerousness, because
it was never started without a previous physical contact with the prey. For direct
attacks the dense hairy adhesive pads (scopulae) in the front legs help the spider to
get hold onto the prey’s body and subdue it (Eggs et al., 2015; Grimm, 1985; Wolff
and Gorb, 2012; Wolff et al., 2013) (Fig. 1 R). The fact that spiders precisely budget
secretions that are potentially metabolically costly is also known for venom, which

amount is adjusted to the type of prey (Boevé, 1994).

The use of sticky silk for prey immobilization is well-known from various web-
building spiders, such as orb-web spiders (Araneidae) and cobweb-spiders
(Theridiidae) (Foelix, 1982). However, these have evolved an additional set of
glands, the aggregate glands, which produce viscid glue, and the ALS are not
modified (Coddington, 1989; Peters, 1987; Sahni et al., 2010; Sahni et al., 2011).
However, in daddy-longleg spiders (Pholcidae) the piriform glands have diversified,
including a highly enlarged gland and spigot (Huber, 2000; Kovoor, 1987). This
modification may be related to special wrapping attacks, too (Huber and
Fleckenstein, 2008; Jackson and Brassington, 1987). Despite the modifications in the
ALS spigots pholcids retain the ability to spin attachment discs, however, with a
modified shape. Pholcids rarely spin draglines during locomotion (pers. observation),
but it is unclear, if this is due to an inefficiency in dragline attachment or because the
glue material must fulfil both functions, dragline attachment and prey

immobilization, and should therefore not excessively used.

Set of modifications in the ALS spinning apparatus related to the functional shift
Both gland types that open on the anterior lateral spinnerets differ morphologically

from the situation that can be seen in related spider groups. The MA glands are
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usually the largest spinning glands of spiders. However, in Gnaphosidae (especially
in the representatives of the clade Gnaphosinae: Gnaphosa and Zelotes) we found
them to be reduced, and smaller than the Pl glands. The secretory part is not
remarkably elongated and is not widened proximally (structure for storing silk
precursor before its usage, called ampulla, is missing). The spinning duct is relatively
short. In contrast, the PI glands and their spigots are highly enlarged, if compared to
other spiders, especially their proximal zone that produces the glue coat (Kovoor,
1987; Kovoor and Zylberberg, 1980). Accordingly, the PI silk threads are 10-15
times wider as usual (compare with images in (Wolff et al., 2015)). Despite being
significantly enlarged, the secretion product of these Pl glands show a general
appearance, that is similar to the PI silk of other spiders, with a clear core-coat
structure and the glue being composed of aligned nano-fibrils and a thin isotropic
skin (Wolff et al., 2015).

The enlargement has probably two functions. First, it permits the quick expelling of
high amounts of glue, in order to ensure spreading on rather complex surfaces (like
the setose cuticle of arthropod prey). Silk trails left behind after a prey capture event
often contained plumose setae of the prey. This indicates, that gluing of body parts
with such setae is hampered, because of setal discharge. This effect is responsible for
the escape of insect prey from sticky webs (Nentwig, 1982), and is also known from
springtails that are densely covered in scale-like setae, that reduce the efficiency of
glue as a means to capture them (Wolff et al., 2016; Wolff et al., 2014). A thicker
glue coat may ensure that the glue not only spreads on the loose superficial, but also
the underlying stable surface (Voigt and Gorb, 2010). Second, a correlated increase
of the diameter of the PI silk core may enhance its breaking force, to meet the
increased demand of mechanical resistance in single Pl fibres due to high forces

elicited by the struggling prey.

The widened ducts and spigots come with three potential problems. First, the
pressure in the duct and nozzle is reduced. In most silks shear forces in the duct and
nozzle play an important role to align and elongate the proteins and form the fibre
structure (Knight and Vollrath, 1999). To what extend this is relevant in PI silk is
unknown. Since both the glue and the core are composed of aligned nano-fibrils it is
conceivable that shear forces and/or self-assembling driven by weak intermolecular

forces play a role for the formation of such anisotropy. Second, there might be an
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increased risk of desiccation of the aqueous silk dope in the spigot, which could lead
to clogged nozzles. The flexibility of the spigot openings and their self-closing
mechanism at reduced pressure might effectively prevent this. Interestingly, such
flexible and self-closing spigots seem also to be present in glue glands of other
spiders, like the aggregate glands of orb and cob web spiders (Coddington, 1989),
and the enlarged PI spigot of daddy-longleg spiders (Huber, 2000). Third, in such
voluminous nozzles it might be difficult to control pressure and silk flow. Silk
material might emerge from the openings and contaminate the exterior of the spigots
and surrounding structures. We interpret the unique spigot (de-)activation

mechanism as an evolutionary consequence to control the silk flow.

Properties of piriform silk

Our tensile test data represent the first mechanical assessment of piriform silk.
Blackledge and Hayashi (2006) have previously assembled mechanical data from
tensile tests of most of the silken products of the orb web spider Argiope argentata,
including major ampullate silk (dragline silk), minor ampullate silk (auxiliary spiral
and bridging silk), tubuliform silk (egg sac silk), flagelliform silk (capture spiral silk)
and aciniform silk (wrapping silk). The dragline silk is the strongest silk with 0.6-1.2
GPa in different orb web spiders, whereas flagelliform is the stretchiest with an
extensibility of 1.2-1.8 (Blackledge and Hayashi, 2006; Denny, 1976; Koéhler and
Vollrath, 1995). The toughest silk is aciniform silk with a toughness of
approximately 240 MPa (Blackledge and Hayashi, 2006). The piriform silk of
Drassodex is with 0.5 GPa not as strong as dragline silk and the wrapping silk of orb
weavers (Fig. 4 G inset). However, it is more extensible than any other silk, except
for the capture spiral threads of orb webs, which are three times stretchier, but less
strong. In consequence, the PI fibres are as tough as dragline silk of orb web spiders.
The PI silk of Drassodex is less stiff than most silks, with the exception of
flagelliform silk. These results are in line with previous theoretical estimations,
which predicted that piriform silk should be rather stretchy, although extensibility
and softness were extremely overestimated (Pugno et al., 2011). These properties can
be related to random coil structures, caused by regularly spaced proline domains in
the piriform spidroin, which were found to enhance flexibility (Chaw et al., 2017;
Geurts et al., 2010). The fractographic analysis revealed that after exceeding the

yield, cracks occur in the thin isotropic surface layer of the glue coat. Whereas wide
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cracks occur in the lateral extensions of the glue strip, they are regularly distributed
over the central fibre. This indicates that the fibre exhibits elastomeric properties,
which evenly distribute the stress in the superficial glue coat. The glue seems far less
elastic, since fractured threads always curled towards the upper side of the fibre,
where less glue material is deposited. Furthermore, fracture faces always show an
even breaking edge of the glue coat speaking for a highly ordered, crystalline-like
structure, whereas the central fibre exhibited irregular breaking edges. This was
likewise found in the piriform silk of orb web spiders (Wolff et al., 2015), showing
that the overall structure of Pl silk has been kept constant in course of the
evolutionary transition. The Pl glue is composed of aligned nano-fibrils that are
apparently pulled along each other during plastic deformation, which might delay
crack propagation and makes the glue highly ductile and tough, as it was shown for

similar materials (Brown et al., 2012).

For a glue these are outstanding features. In attachment discs of both web building
and wandering spiders PI silk breaks before detachment, in cases of surfaces with
moderate to high polarity (Grawe et al., 2014; Wolff et al., 2015). This means that
the adhesion of the glue coat exceeds its strength in these cases. Assuming that the
pull-off stress works only in a small zone near the detachment (peeling edge), as
proposed by previous authors (Pugno et al., 2011; Sahni et al., 2012), it would mean
that the glue can withstand a shear strength of 400-700 MPa. For comparison,
conventional artificial glues reach shear strengths of 0.9-1.7 MPa (Graham et al.,
2016). It is unsurprising that the PI silk of Drassodex is considerably stretchy, which
is likewise the case in the glue coated threads of the capture spiral in orb webs
(Blackledge and Hayashi, 2006). In orb webs the capture spiral must absorb the
mechanical impact of an insect flying in with high speed (Denny, 1976; Kohler and
Vollrath, 1995). The swathing silk of gnaphosids must likewise absorb high
mechanical stresses exerted by the struggling prey, because it is preferably applied
onto the mobile and strong appendages of the prey. It is anticipated that in thread
anchorages the demands are rather similar, because sudden and heavy load may
occur when a spider drops and stops its fall with an attached dragline, or in frame
threads of webs that must contribute to the shock absorption of the prey impact.
Thus, the changes in the spinning apparatus of Gnaphosids are probably rather

related to quantitative than qualitative adjustments.
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C.5. Conclusion

The functional shift of PI silk use in Gnaphosidae is an intriguing example of a trade-
off. We think that it can only have evolved, because of the pre-existing frequent
predation on hazardous prey, like spiders or ants. The immobilization of the prey
with sticky silk presumably highly reduces the risk of a fatality during foraging,
which may have contributed to the ecological success of this spider family. This
must have been so beneficial that it outweighed the cost of reduced ability to anchor
silk threads. Future behavioural experiments may shed light on the degree of
specialization and the balanced use of PI silk in different species of gnaphosids. Our
mechanical data on PI silk, further, adds an important puzzle piece to the catalogue
of properties of silken products in spiders. Whether the mechanical and chemical
properties of PI silk remained constant throughout, the functional shift from thread

attachment to prey capture remains to be studied.
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Tab. 1. List of spider material studied. Abbreviations of collections: CRI — Crop Research Institute,

Prague; CAU — Functional Morphology and Biomechanics Lab, Zoological Institute, University of

Kiel, Kiel; MQ - Behavioural Ecology Lab, Department of Biological Sciences, Macquarie

University, Sydney

Species Material Experiments Collection site Voucher
Drassodes cupreus 14,12 Gland dissection  Czechia: Kramolin, CRI
(Blackwall, 1834) 49.1399, 16.1106
Drassodes lapidosus 63,62, 6 juv. Gland dissection Czechia: Prague 5 — CRI
(Walckenaer, 1802) Hlubocepy, 50.0431N,

14.3930E; Hluboké

Mastivky, 48.9363,

16.0229
Drassodex cf. heeri 14,32, 1 juv. Silk sampling, Italy: Lombardi — CAU
(Pavesi, 1873) HSV, tensile Bagolino, 45.8494N,

testing 10.3678E; Valle

d’Aosta — Cervinia,

45.9557N, 7.6558E
Gnaphosa lucifuga 23,39 Gland dissection  Czechia: Mohelno, CRI
(Walckenaer, 1802) 49.1024N, 16.1605E
Gnaphosa lugubris 43,42, 5 juv. Gland dissection Czechia: Prague 5 — CRI
(C. L. Koch, 1839) Hluboéepy, 50.0431N,

14.3930E; Hluboké

Magtivky, 48.9363,

16.0229
Gnaphosa sp. 1? Silk sampling, Italy: Liguria — San CAU
Latreille, 1804 HSV Bernado, 44.0953N,

7.8011E
Hemicloea sp. 18,19 Silk sampling Australia: Sydney — MQ
Thorell, 1870 North Ryde, University

campus, -33.7707N,

151.1123E
Arboricaria sociabilis 3 juv. Silk sampling Czechia: Nové Mlyny, CRI
(Kulczynski, 1897) 48.8456858N,

16.7286386E
Scotophaeus scutulatus 19 Gland dissection  Czechia: Kramolin, CRI
(L. Koch, 1866) 49.1399N, 16.1106E
Scotophaeus scutulatus 29, 1 juv. Silk sampling, Germany: Kiel — CAU
(L. Koch, 1866) HSV, uCT, University campus,

tensile testing abandoned zoo,

54.3483N, 10.1161E
Zelotes latreillei 19 Gland dissection  Czechia: Vysocany, CRI
(Simon, 1878) 48.9617N, 15.6802E
Zelotes sp. 29 Silk sampling, Italy: Lombardi — CAU
Gistel, 1848 HSV Bagolino, 45.8494N,

10.3678E
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C.8. Figures

Fig. 1. Prey capture mechanisms in Gnaphosidae. All images, except R. show stills of high speed
video sequences filmed from below through a glass slide. Abreviations: cl, pretarsal claws; gn,
gnaphosid; p, prey; sc, scopula; ta, tarsus. A—-G. Sequence of a female Drassodex cf. heeri capturing
an Eratigena atrica. Arrows indicate direction of movement of the gnaphosid, and arrowheads
indicate silk discharge. A. The gnaphosid passes the prey spider (approach). B. When it gets in
physical contact with the prey, it tries to grab it (assessment). C—G. If the prey turns out to be too
strong or agile, the gnaphosid touches the ground to initiate the extrusion of sticky silk, and then runs
around the prey, thereby pulling strands of Pl silk from its spinnerets. The silk is placed on
appendages by directed movements of the opisthosoma. F. Enlarged detail of the swathing attack seen
in E. G. Enlarged detail of the swathing attack seen in D. Note the glued chelicerae of the prey

(arrowhead). H. Video still of a swathing attack of a male D. cf. heeri on an E. atrica. I-N. Video
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stills of a swathing attack of a female Scotophaeus scutulatus on E. atrica. O. Video still of an attack
of a juvenile S. scutulatus on a cricket (Acheta domesticus), showing direct grabbing with the front
legs (arrowhead) and omitted silk use. P. Video still of an attack of Zelotes sp. on E. atrica, showing
direct grabbing with the lega I-111 (arrowheads) and omitted silk use. Q. Video still of an attack of D.
cf. heeri on Amaurobius fenestralis, showing direct grabbing with a full leg basket (arrowheads) and
omitted silk use. R. Cryo-SEM image of the tip of a front leg of a juvenile D. cf. heeri, exhibiting
dense hairy adhesive pads (scopulae) that presumably assist in prey retention.
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0.5 mm

Fig. 2. Silken products of Gnaphosidae. Abreviations: co, core; dl, dragline; gl, glue; pi, piriform
gland silk; sp, spigot of the piriform gland. A. Female Drassodex cf. heeri guarding an egg sac, as
found in an opened silk shelter under a flat rock (alpine scree, Cervinia). B. Silken retreat of D. cf.
heeri in a rock crevice. C. Silken shelter and webbing produced by a female Scotophaeus scutulatus in
captivity. D. Detail of a shelter of D. cf. heeri spun against a glass slide in captivity. E. Detail of a
glue patch seen in D. F. Anchorage of an upper suspension of the shelter of S. scutulatus seen in C. G.
Detail of the patch of the silk anchorage seen in F. H. PI silk trails in the shelter lining of Hemicloea

sp. . Dragline anchorage of a juvenile Arboricaria sociabilis. J. Dragline anchorage (attachment disc)
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of Eriophora sp. (Araneidae) as an example of the usual structure of PI silk products in araneomorph
spiders. K. PI silk trails produced by a female S. scutulatus during an attack on an E. atrica. L. RICM
high speed video still of a juvenile D. cf. heeri discharging PI silk during an attack against A.
fenestralis. M—N. Details of the silk trails shortly after and 0.68 sec. after extrusion. Note the change
in translucence indicating a change in refraction index (getting more similar to glass), indicating
curing of the glue coat. O. Detail of Pl silk trails discharged by a D. cf. heeri during an attack on E.
atrica. P. PI silk trails produced by a Gnaphosa sp. during an attack on a cricket. Q. Detail of a Pl
thread discharged by Gnaphosa sp. during an attack on a cricket, attached to glass. R. Detail of a Pl
thread discharged by a female S. scutulatus during an attack on an E. atrica, attached to glass. S.
Detail of PI silk discharged by Gnaphosa sp. during an attack on a cricket, with an irregular core-coat
structure. T. Detail of a Pl thread discharged by D. cf. heeri during an attack on an E. atrica, with the
fibre being partly damaged by the struggling prey. Note that the core fibre is ripped out of the glue
coat (arrowhead). U. Detail of a bundle of PI threads discharged by S. scutulatus during an attack on

an A. fenestralis, with the silk being contaminated with plumose setae of the prey.
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Fig. 3. Spinning apparatus of Gnaphosidae. Abreviations: als, anterior lateral spinnerets; ma, major
ampullate gland (or gland opening); pi, piriform gland (or gland opening). A—C. Cryo-SEM images of
the anterior lateral spinnerets (ALS) of a juvenile shock frozen Drassodex cf. heeri. A. Inactivated
(resting) state, with the large PI spigots being hidden in the cylindrical ALS shaft. B-C. Activated
state, with the large PI spigots widely spread. D—F. Reconstruction of an inactivated ALS of a female
Scotophaeus scutulatus, showing the position of the PI spigots in rest, as obtained from pCT. Spigots
are coloured in E and F. G. Dissected ALS silk glands of a juvenile D. lapidosus. H. Dissected ALS
silk glands of a female Gnaphosa lugubris. I. Single Pl gland of a juvenile D. lapidosus. J. Detail of
MA glands of a female G. lugubris.
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Fig. 4. Mechanical characterization and fractrography of giant Pl silk in Gnaphosidae.
Abreviations: co, core fibre; cr, crystal; fi, nano-fibrillar interior of the glue coat; sk, skin layer of the
glue coat. A-D. Details of an isolated Pl silk thread of Drassodex cf. heeri during a tensile test, with
A at the start of the test, B approximately at the yield point, and D shortly before fracture. Grey dotted
lines indicate the respective positions in the plot G. Note the repeated occurrence of cracks in the
lateral glue-only extensions of the thread. E. Detail of the appearance of the tested thread, as seen in
the SEM. F. Detail of the central part of a tested thread, showing that the crack in the glue skin is
effectively stopped at the, putative elastic, central core fibre (right hand). G. Stress-strain plot of 11
tested PI silk threads of D. cf. heeri (different color for each sample). Inset shows a mean curve in
relationship to orb web spider dragline silk (the strongest type of silk) and capture spiral silk (the most
extensible silk), after Blackledge and Hayashi (2006). H. Detail of a crack in the glue, showing the
ruptured skin layer and the nano-fibrillar character of the underlying, ductile, glue portion. Also note
the formation of crystals at the edge of the crack, which might result from salts leaking out. I.
Appearance of the relaxed, ruptured thread, curling towards the upper side. J-L. Details of the fracture
faces of ruptured threads. J. Longitudinal fracture of the central fibre. K. Partial longitudinal fracture

of the core fibre and the glue coat. L. Transverse fracture.
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6. Zavér

Nedostate¢né prozkoumané morfologické a histologické charakteristiky kopula¢nich
a snovacich organii araneomorfnich pavoukii zasluhuji mnohem vice pozornosti.
Stepnici hraji diky svému fylogeneticky bazalnimu postaveni mezi entelegynnimi
pavouky (Miller et al. 2012) zésadni roli ptfi porozuméni evoluci entelegynnich
pohlavnich orgéni. Vyzkum snovacich zl4z se doposud zamétoval zejména na velké
ampulovité zlazy araneoidnich pavoukii a ostatni zldzy byly do zna¢né miry
prehlizeny. Pfitom funkce vSech typl snovacich zlaz se vyrazné promitad do vétsSiny
aktivit pavouku (Glatz 1967; Work 1981; Peters 1984; Kovoor 1987; Peters 1987,
Peters & Kovoor 1989; Peters 1993; La Mattina 2008; Reza¢ et al. 2017; Wolff et al.
2017).

Stepnik rudy (Eresus kollari) je entelegynni pavouk s typickou stavbou pohlavnich
organt (sensu Uhl 2002). Pro kopulaéni organy pavouku celedi Eresidae je typicka
tzv. anteriorni vydut, ktera komunikuje skrze epigynu S vnéjsim prostiedim a
Z vnitini strany navazuje na kopulaéni kanalek vedouci do spermatéky (Miller et al.

2012; Krejc¢i et al. 2015).

Krejci et al. (2015) popsal dva typy pért asociovanych s riznymi ¢astmi kopulacnich
organi: (1) na anteriornich vydutich se vyskytujici malé mnoZstvi velkych pori a (2)
na spermatékadch se vyskytujici velké mnozstvi velmi malych port. VSechny
genitalni struktury jsou v rizné mife obklopeny vrstvou sekre¢niho epitelu, jez je
nejvice vyvinut v oblasti kolem lalokll spermaték a ptedni ¢asti anteriornich bulbu.
Morfologickd a histologickd stavba sekre¢niho epitelu asociovaného se samic¢imi
kopulaénimi organy byla popsana i u dal$ich druhtt pavoukt (Cooke 1966; Coyle et
al. 1983; Lopez, 1987; Suhm & Alberti 1993; Uhl 1994a,b; Uhl 1996; Uhl 2000;
Berendonck & Greven, 2005; Michalik et al. 2005; Useta et al. 2007).

U E. kollari je epitel obklopujici velké poéry na anteriornich bulbech slozen
z glandularnich jednotek Ttidy 3 (Noirot & Quennedey 1974, 1991). Tento epitel je
typicky nalézan kolem organti skladujicich sperma, kde se produkt tohoto epitelu
pravdépodobné podili na zisobovani spermatozoa dostateCnym mnozstvim zivin
(Uhl 1994a,b; Suhm & Alberti 1996; Uhl 2000; Berendonck & Greven 2005;
Michalik et al. 2005; Useta et al. 2007). V anteriornich vydutich u E. kollari vSak
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sperma nalezeno nebylo (Krej¢i et al. 2015) a sekret ptilehlého epitelu je tak

pravdépodobné vyuzivan k jiné funkeci.

Prvni teorii je, ze produkci velkého mnozstvi sekretu a jeho rychlym transportem do
lumenu anteriornich vyduti skrze velké pory muze dojit k transportu spermatu do

spermaték, kde je sperma ulozeno az do doby fertilizace vajicek.

Druhé teorie se opira o tvorbu kopulac¢nich zatek. Stepnici rodu Eresus (Krejci et al.
2015) a Stegodyphus (Kraus & Kraus 1988) zalepuji po kopulaci kopula¢ni otvory
V epigyn¢ samice amorfnich sekretem, ¢imz je zabranéno dalsi Gspesné kopulaci.
Kopula¢ni zatky obvykle tvoti samci (Braun 1956; Suhm et al. 1996; Knoflach 1998;
Knoflach 2004), ale jsou znamé ptipady, kdy se na jejich tvorbé podili i sama samice
(Knoflach 1998, 2004; Eberhard 2004; Aisenberg & Eberhard 2009). Sekret
produkovany sekrecnim epitelem kolem anteriornich vyduti u E. kollari by mohl mit

podobnou funkci a podilet se tak na vzniku kopula¢nich zatek.

Jak bylo popsano vyse, spermatéky jsou asociované oproti anteriornim vydutim
s velkym mnoZzstvim malych pora (Krejéi et al. 2015). Tyto pory jsou opét obklopené
silnou vrstvou epitelu. Obvykle je epitel obklopujici spermatéky slozen
z glandularnich jednotek Tiidy 3. U Sestiocky Dysdera erythrina byl vSak popsan
epitel obklopujici posteriorni divertikulum, ktery se sklada z glandularnich jednotek
Ttidy 1 a epitel obklopujici spermatéku sloZen z glanduldrnich jednotek Ttidy 3. Uhl
(2000) ptredpoklada produkcei riiznych typt sekretu vedouci k riznym skladovacim
podminkam pro spermie. Podobna situace se vyskytuje i u E. kollari (Krej¢i et al.
2015). Avsak v tomto ptipad¢ epitel obklopujici spermatéky ma skladbu odpovidajici
spiSe transportnimu epitelu. Nejsou zde typické sekrecni buiky, namisto toho jsou
epitelidlni bunky charakteristické napadnym basalnim labyrintem, které spolecné
formuji apikalni komplex nesouci velké mnoZstvi mikrovily. Transportni epitel
zajiStuje predevsim transport iontl a vyskytuje se napf. v koxalnich zl1azach ¢lenovct
(Rosenberg 1983; Alberti & Coons 1999; Rosenberg et al. 2006). U E. kollari muze
tento sekret ovliviiovat podminky v lumenu spermaték, ale zaroven jiZ nemusi mit

vliv na vyZivu spermii.

Snovaci Zlazy se u pavoukl vyvinuly v zévislosti na jejich pouziti v nékolik riznych
typt (Kovoor & Peters 1988). Nejvice pozornosti bylo doposud vénovano vyzkumu

nejvétsich snovacich zlaz, nazyvajici se velké ampulovité. Reza¢ et al. (2017) se
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zaméfil na srovnani morfologie malych a velkych ampulovitych zlaz u blizce
ptibuznych zéstupct kribeldtnich a nekribelatnich skupin pavoukl v ramci nadceledi
Amaurobioidea, kde dle fylogenetické analyzy doslo nezavisle na sobé opakovan¢ ke
ztraté kribela (Spagna & Gillespie 2008; Miller et al. 2010; Dimitrov et al. 2016).
Vldkna malych ampulovitych zldz slouzi u kribelatnich pavoukd zejména jako
podpora pro kribelatni vlaseni. Cely tento komplex mohou dopliiovat jest¢ vlakna
parakribelatnich a pseudoflageliformnich zl4z a ma funkci adhezivniho materialu
slouziciho k lovu kofisti (Peters 1987). Na rozdil od kribelatnich a parakribelatnich
zlaz, které se u nekribelatnich pavoukii nikdy nevyskytuji, ke ztrat¢ malych
ampulovitych 714z ve vétsin¢ piipadii nedoslo, a to dokonce ani u druhti, kde doslo
ke ztraté kribela jiz velmi davno (Griswold et al. 2005; Murphy & Roberts 2015).
Pivodni funkce malych ampulovitych zlaz tak byla nutné¢ nahrazena funkei jinou.
Zesiluji vlakna velkych ampulovitych zlaz (Work 1981; Peters & Kovoor 1991), jsou
soucasti premostujicich vlaken (Peters 1990; Peters & Kovoor 1991) a stabiliment
(Tillinghast et al. 1981) ¢i slouzi k obalovani ulovené kofisti (La Mattina et al. 2008).

U kribelatnich zastupcii nadCeledi Amaurobioidea jsou malé ampulovité zlazy
rozvétvené (Rezad et al. 2017). Toto rozvétveni muze byt obdobou jednoduchého
prodlouZeni Zlazy, diky ¢emuz je umoznéna produkce vétStho mnozstvi materidlu.
Témer vyhradni vyskyt vétveni u kribeldtnich zastupcti vS§ak mize byt i dilezitou
adaptaci pro formovani kribelatniho adhezivniho svazku slouziciho k lovu kofisti.
Rozvétvena sekrec¢ni cast miZze vést k produkci asymetrického vlékna, kdy jedna
polovina vldkna obsahuje vice produktu nez druhd, coz miZe vést ke vzniku
typického zvlnéného vlakna, které tvoii podporu kribelatnimu vlageni (Rezag et al.

2017).

Koncept vétveni sekreéni zony malych ampulovitych Zlaz a taktéz velkych
ampulovitych 7l4z u celedi Agelenidae je unikdtni mezi pavoucimi snovacimi
zlazami. Dlvodem této ojedinélosti muze byt slozit€jsi formovani tekutého krystalu
u vétvenych zlaz vzhledem Kk rizné orientaci proteinovych molekul pfitékajicich
z odlisnych sméra (Rezad et al. 2017). Vétveni nemusi byt pouze dvoudetné, ale u
mnoha zastupcl celedi Agelenidae, kde pavouci stavi velké horizontalni sité¢ a
potiebuji tak také velké mnozstvi materidlu, jsou jak malé, tak velké ampulovité

7lazy vétvené mnohacetnd (Rezag et al. 2017).
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U nekribelatnich pavoukl slouzi vldkna malych ampulovitych zldz mimo jiné
Kk posileni jednoho z nejvyznamnéjsich produktd snovacich zlaz - vle¢nych vldken
z velkych ampulovitych zlaz (Work 1981; Peters & Kovoor 1991). Tato vlakna
slouzi zejména k jisténi pavouka pii lezeni po vegetaci, vyuziva je pii stavb¢é ramu a
radialnich vléken sité, pro Sifeni vétrem (tzv. ballooning) apod. (viz kap. Literarni
reSer$e; Kovoor 1987). Pro ukotveni vle¢ného vlakna je vyuzivano dalsiho produktu,
vladkna piriformnich snovacich zlaz (Apstein 1889; Wolff et al. 2015). Piriformni
snovaci zlazy jsou stejn¢ jako velké ampulovité lokalizované na ptednich
postrannich snovacich bradavkach. U vétSiny araneomorfnich pavoukl vyustuje
jedna velkd ampulovita zlaza jednim velkym spigotem a nékolik piriformnich zlaz
drobnymi spigoty (Eberhard 2010). Ustup od tradi¢niho uspotadani snovacich zlaz
na pfednich postrannich snovacich bradavkach je velmi vzacny (Coddington 1989;
Coddington & Levi 1991; Eberhard 2010; Murphy & Roberts 2015) a vyjime¢nou je
v tomto ohledu taktéz celed’ Gnaphosidae (Wolff et al. 2017).

U této Celedi jsou spigoty piriformnich zldz enormné zvétsené, zatimco spigot velké
ampulovité zlazy je maly (Kovoor 1987; Platnick 1990; Murphy 2007). Tomu
odpovida i morfologie snovacich zlaz, kdy piriformni zlazy jsou enormné zvétsené a
zatazitelné. U rodu Gnaphosa a Zelotes (fylogeneticky odvozenéjsi nez bazalni rod
Drassodes) doslo taktéz k vyrazné redukci velikosti velké ampulovité zlazy, u
ostatnich zastupcti Celedi Gnaphosidae je taktéz patrnd redukce sekrecni casti,
zejména ampuly a zkraceni snovaciho kanalku (Wolff et al. 2017). Toto uspofadani
je vysledkem lovecké strategie, jelikozZz mnoho pavoukld ztéto celedi lovi
nebezpecnou kofist, jakou jsou mravenci nebo jini pavouci (Bristowe 1958; Grimm
1985; Jarman & Jackson, 1986; Jager 2002; Pekar et al., 2012). Pavouk pfti lovu
obiha kofist a ze spigotl piriformnich Zlaz pfitom vypousti siln€ adhezivni vlakno,
které se snazi aplikovat pfimo na koncetiny €i chelicery a kofist tak imobilizovat.
Pted aplikaci piriformnich vldken dojde k aktivaci piriformnich spigotl (rozSifeni a
nafouknuti apexu snovacich bradavek vede k vysunuti spigoti a tlak proudiciho
vldkna vede k otevieni spigotl), které jsou v klidovém stavu zatazeny. Pted pouzitim
vldkna se pavouk snazi pfimym kontaktem nejprve odhadnout velikost kofisti, a
pokud usoudi, Ze kofist neni nebezpecna, usmrti ji bez aplikace vlakna (Wolff et al.
2017).
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Zmény v morfologii snovacich zlaz vedou ke ztraté schopnosti produkovat vle¢né
vlakno a k velmi omezené funk¢nosti prichytnych diskt (Wolff et al. 2017). Aktivni
zpusob lovu bez pouziti lapaci sité a pozemni zpisob Zivota vétSiny druht celedi
Gnaphosidae umoznuje absenci vle¢ného vlakna a piichytnych diskt ve prospéch
zlepSeni svych loveckych schopnosti. Vyjimku tvoii mikarie Arboricaria sociabilis
(Kulczynski, 1897), ktera lovi mravence luzni (Liometopum microcephalum (Panzer,
1798)) a pohybuje se po kmenech starych duba (Kurka et al. 2015). Zmény ve
velikosti piriformnich a velkych ampulovitych zlaz u tohoto druhu nejsou natolik
vyrazné a vzhledem k nebezpeci padu se také Caste¢né zachovala schopnost tvorit
ptrichytné disky (Wolff et al. 2017).

Zvétseni piriformnich zlaz umoznuje rychlou produkci velkého mnozstvi materialu a
velké spigoty umoznuji produkci silnéjsiho vldkna, které¢ je mechanicky odolngjsi
(Wolff et al. 2017). Piriformni vlakno pavoukl ¢eledi Gnaphosidae se sklada
Z centralniho jadra a lepivého obalu. Jak jadro, tak lepivd vrstva jsou tvofeny
jednosmérné orientovanymi nanofibrilami. Lepivy obal nese navic jest¢ svrchni
vrstvicku, tvofenou velmi tenkou vrstvou lepu. Pokud dojde k napinani vlakna,
nejprve se objevi praskliny pravé v této tenké svrchni vrstve€. Praskliny probihaji
z vn¢jSiho okraje kolmo na podélné centralni vlakno, které zamezi dal§imu Sifeni a
zvétSovani prasklin (Wolff et al. 2017). Piriformni vldkno testované u rodu
Drassodex neni tak pevné (0,5 GPa) jako vle¢né vlakno ktizaku (0,6-1,2 GPa), které

je povazovano za nejpevnéjsi (Blackledge & Hayashi 2006). Je vSak mnohem

24

[ 24

dosahuje stejnych hodnot jako u vle¢nych vlaken kiizaka (Denny 1976; Kohler &
Vollrath 1995; Blackledge & Hayashi 2006; Wolff et al. 2017). Vyjime¢na pruznost
a houZevnatost piriformnich vldken je dulezitd pro Usp&€$nou imobilizaci bojujici

kofisti, kdy vlakna musi absorbovat vysoky mechanicky stres.

Spole¢né vSechny tfi ¢lanky doplnuji znalosti o histologickych a morfologickych
charakteristikach kopula¢nich a snovacich orgédnti araneomorfnich pavoukti a do

budoucna kladou dalsi otazky a oteviraji nova pole piisobnosti pro dalsi vyzkum.
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