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Abstrakt

V soucasné dobé je popsano zhruba 3 000 druhl termitd, ktefi tvofi v tropickych
oblastech jednu z nejpocetnéjsSich skupin bezobratlych, jez svoji biomasou predci
napriklad i mravence. Termiti se predevsim v tropickych oblastech obrovskou mérou
podileji na rozkladu rostlinné biomasy a daji se povaZovat za ekosystémové inZenyry.
Vyznamné prispivaji ke zménam struktury pldy, svétové produkci sklenikovych plyni a
pravdépodobné jsou zodpovédni i za zastaveni tvorby uhelnych sloji. Urcité rody nebo
druhy mlzZeme povaZovat za vyznamné skldce polnich plodin nebo lidskych staveb. Jejich
kastovni systém, nékteré potravni nebo obranné strategie, socialni chovani nebo
anatomické modifikace jsou bezprecedentni v celé ZivociSné fisi. Pfes vSechny tyto faktory
hovofici o vyznamu termit( se stale jedna o velmi malo prozkoumanou skupinu hmyzu, a
to zhlediska taxonomického, morfologického, anatomického i behaviordlniho.
PredloZend prace se zaméruje na hlavové Zlazy termitl a sklada se ze ¢tyr publikaci: (1)
Oralni Zlaza, novy exokrinni organ termit( (Synek et al.,, 2019), popisuje zcela novy
exokrinni organ termitq, ktery byl pojmenovan ordlini Zldza, protoze se nachazi na dorsalni
a ventralni strané hypofarynxu v blizkosti Ustniho otvoru. Ackoli jsou vSechny ostatni
znamé Zlazy termitl tvoreny stovkami aZ tisici bunék, tuto Zlazu tvofi pouze nékolik
desitek sekre¢nich bunék I. tfidy. Zldza byla popsana u délnikd a vojak( ,nizsich” i
,VysSich” termitd, dfevoZravych i hlinoZravych druh(, je tedy pravdépodobné, Ze se jedna
o Zlazu s velkym rozsifenim napti¢ druhovym spektrem. Sekrece Zlazy je olejovita, ale
vzhledem k velikosti a umisténi zlazy neni mozné zjistit jeji sloZeni. Prace (ll) Labraini Zlaza
termitich vojakd (Palma-Onetto et al., 2018) a (lll) Labralni Zlaza termitG: evoluce a funkce
(Palma-Onetto et al.,, 2019) jsou zamérfeny na labraini Zlazu. V prvni z nich (Il) byla
zkoumana struktura a ultrastruktura labra vojaka 28 druh(l. Bylo prokazano, Ze Zlaza se
vyskytuje u vSech druhl termitl a sklada se ze dvou sekrecnich regionll na ventralnim
labru a dorzalnim hypofaryngu. Zlaza je tvofena sekre¢nimi burikami I. t¥idy; buriky Il
tridy byly zjiStény jen u nékolika zastupcl. Povaha sekrece a ultrastruktura Zlazy také
naznacuje funkci komunikacni, a nikoliv funkci obranou, jak bylo tvrzeno v predeslych
pracich. V druhé praci (lll) bylo zkoumano labrum délnikd 28 druht a imag 33 druht napfic
systémem termitQ. Labralni Zlaza byla opét pritomna u vSech zkoumanych druhi a jeji
ultrastruktura byla velmi podobna vojak(im, coZ potvrzuje teorii o komunikacni funkci.
Posledni ¢lanek (IV) Chemické a vibracni signaly pouZivané pti poplasné komunikaci
termita Reticulitermes flavipes (Rhinotermitidae) (Delattre et al., 2018) je zamérena na

polasné chovani R. flavipes. Reakce na poplasné signdly by méla byt takova, Ze zranitelné



kasty prchaji od zdroje poplasného signdlu, zatimco vojaci aktivné vyhledavaji zdroj
signalu. V této praci bylo zjisténo, Ze jak vojaci, tak délnici R. flavipes reaguji na rGzné
stresové stimuly vibroakustickymi a chemickymi poplasnymi signdly. NejsilnéjSi odezva
byla na zavan vzduchu, ktery simuloval prolomeni stény hnizda. Nejdel$i dobu trvani
poplasného chovani bylo dosazeno vioZenim rozmacknuté hlavy vojaka, zatimco odezvy
na ostatni stimuly mély jen kratké trvani. Vypusténi poplasného feromonu zvySovalo
vibrac¢ni komunikaci vojaka a délnik(. Studie prokazala, Ze poplasné signdly jsou odlisné
vyjadreny mezi kastami a odezva se lisi dle typu stimulu.

Klicova slova: Termiti, Isoptera, Hlavové 7Zlazy, Exokrinni Zlazy, Chemicka

komunikace, Elektronovd mikroskopie



Abstract

There are over 3 000 known species of termites, which represent one of the most
abundant invertebrate groups in the tropical regions, and in terms of biomass surpass,
among others, even ants. They are also substantially contributing to plant biomass
decomposition process, especially in the tropical regions, and can be therefore considered
ekosystem engineers. Termites are significantly influencing changes in soil structure,
world production of greenhouse gases, and the are likely responsible for discontinuity in
creation of coal deposits. Some genera and/or species are considered severe threat for
field production or buildings. The caste system, certain feeding and defensive strategies,
social behavior, and anatomical modifications are unique among all animals. Despite all
these indications of importance, termites remain very poorly examined insect group in
terms of taxonomy, morfology, anatomy and etology. This thesis focuses on cephalic
glands of termites and consists of four publications: (I) The oral gland, new exocrine organ
of termites (Synek et al. 2019), describing a new exocrine gland, named oral gland,
because it can be found on dorsal and ventral side of hypopharynx in oral cavity. Although
all other known termite glands consist of hundreds to thousands cells, this gland is formed
only by few dozen I. class secretory cells. The gland was observed in workers of both
,lower”and , higher” termites, including soil-feeding as well as wood-feeding species. This
indicates the gland is a common feature across the species spectrum. The secretion is oily,
however, the size and position of the gland makes analysis of its composition very
complicated. The publications (ll) The labral gland in termite soldiers (Palma-Onetto et al.,
2018) and (lll) The labral gland in termites: evolution and function (Palma-Onetto et al.,
2019) focus on the labral gland. The earlier paper (ll) examined structure and
ultrastructure of labrum of soldiers from 28 species. It has been proven the gland is
present in all species and consists of two secretory regions. The gland contains . and IIl.
class secretory cells. In contrast to previously published information regarding its
defensive function, the type of secretion and ultrastructure of the gland indicate
communication function. The later paper (lll) examined workers from 28 speces and
imagos from 33 species across the species spectrum. The labral gland was found in all
species and its ultrastructure was identical with the ultrastructure found in soldiers,
confirming its communication function. The last publication (IV) Chemical and vibratory
signals used in alarm communication in the termite Reticulitermes flavipes
(Rhinotermitidae) (Delattre et al., 2018) examined alarm communication of R. flavipes. In

reaction to the alarm signal the vulnerable castes should flee from the source of the signal



while the defensive caste approaches the source. The study found out, that both soldiers
and workers of R. flavipes react to variable alarm stimuli by creating vibro-acustic and
chemical alarm signals. The strongest response was detected for flow of air, which
simulated breach in the wall of the nest. The longest duration of an alarm signal was
observed after crushing head of a soldier, while reactions to other stimuli were short-
term. The release of alarm feromon also increased vibratory communication of soldiers
and workers. The study proved the alarm signals differ for each caste, and the reaction

varies, based on the stimulus.

Key words: Termites, Isoptera, Cephalic glands, Chemical comunication, Exocrine

glands, Electron microscopy
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Uvod

V soucasné dobé je popsan vice nez milion druh( Zivocich( a zhruba 80 % z nich
tvofi hmyz. Odhady vSak uvadéji, Ze nékolikandsobné vétsi pocet druhl hmyzu zlstava
stdle nepopsan. Prvni paleontologické nalezy hmyzu pochazeji ze siluru, tedy z doby
zhruba pred 400 miliony let. Mezi vyvojové nejstarsi hmyzi fady patii napftiklad jepice,
vazky, rovnokfidli a dalsi, jejichz stafi je v sou¢asné dobé odhadovdno na zhruba 300
milionu let. Recentni skupiny hmyzu (véetné termitll) se zacaly vyvijet od kfidy do poc¢atku
tfetihor, tedy zhruba pfed 150 az 100 miliony let. Ackoli je mozné pro hmyz vytvofit
obecné morfologické schéma, napt. déleni téla na hlavu, hrud a zadecek, béhem svého
vyvoje se rozvinul morfologicky i ekologicky do casto velmi extrémnich forem, které
tomuto déleni neodpovidaji. Jedna se o skupinu s velkym potencidlem. Hmyz je kromé
slanych vod a arktickych oblasti masivné rozsifen ve vSech biotopech svéta a velmi ¢asto
vykazuje obrovsky reprodukéni potencidl, takze je vysokd nejen jeho diverzita, ale i
abundance. Vyznamné se tedy podili na funkci nejriznéjsich ekosystému, na jejich
dynamice a produktivité. To samé plati i o lesnich ekosystémech, kde je hmyz soucéasti
vSech trofickych skupin, ale jako nejvyznamnéjsi se jevi pravé ekologickd skupina
dekompozitorl (Kristek a Urban, 2013).

Termiti (dfive fad Isoptera z feckého isos — stejny, pteron — kfidlo) jsou vnitini
skupinou $vabl (nadceled Termitoidea, Blattodea) a zahrnuji zhruba 3 000 platné
popsanych druhG (Lo et al., 2007; Sobotnik a Dahlsjé, 2017). Termiti patfi mezi
nejvyznamnéjsi dekompozitory mrtvé rostlinné hmoty a hraji vyznamnou roli jak
v pfirodnich, tak v hospodafskych biotopech. Jejich dopad na ekosystémy v tropickych
oblastech je obrovsky, protoZe v tropickych ekosystémech strdvi 50 az 100 % surové
rostlinné biomasy (Bignell a Eggleton, 2000; Bignell, 2016). Termiti se pravdépodobné
podileli na redukci objemu svétovych zasob uhliku v pevné formé a zastaveni tvorby
uhelnych sloji, kdyZ doslo k jejich svétovému rozsifeni na zacatku tretihor (Engel et al.,
2009). Také vyznamné prispivaji ke globalni produkci a uvolfiovani sklenikovych plynd,
oxidu uhli¢itého a metanu do atmosféry (Sugimoto et al., 2000). Termiti jsou casto
nazyvani ekosystémovymi inzenyry, a to kvlli jejich dopadu na terestrické ekosystémy
zahrnujici uvolfiovani Zivin z mrtvé rostlinné hmoty, provzdusnovani ptdy, pfemistovani
materialu v fadech jednotek tun na hektar za rok, a tim padem se také vyznamné podileji
na tvorbé heterogenity plQdy (Jouquet et al., 2006; Eggleton, 2011; Evans et al, 2011).
Vyznam termitd je umocnén jejich abundanci, kterd v tropickych regionech casto

pfesahuje 1 000 jedincd na m?(Dahlsjé et al., 2014). Termiti také pFedstavuji daleZity zdroj
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potravy pro Siroké spektrum predator (Deligne et al., 1987; Redford a Dorea, 1984).
Prekvapivé se vSak jedna o relativné malo prozkoumanou skupinu a v souc¢asné dobé jsou
stale popisovany nejen nové druhy, ale i rody (Scheffranh et al., 2018). Stejné tak stale
existuje fada parafyletickych, ¢i dokonce polyfyletickych rodd, podéeledi i celedi (viz
Bourguignon et al. 2015, 2017), a vyssi klasifikace termitd do budoucna dozna radu zmén.

Exokrinni Zzldzy a jejich sekrece mohou mit fadu funkci, obrannych i
komunikacnich, ale mohou rovnéz produkovat antibiotika, lubrikanty nebo travici enzymy
(Chapman, 2013). Jsou to vyznamné organy pro veskery hmyz, ale v nejvétsim mnozstvi
existuji pravé u socidlniho, respektive eusocialniho hmyzu (Billen a Sobotnik, 2015). Zatim
bylo u socidlniho hmyzu popsano celkem exokrinnich 149 7laz, z toho nejvice 84 (sic!) u
mravenct (Holldober a Wilson, 1990; Billen a Sobotnik, 2015). U termit bylo zatim
popsano pouze 22 (respektive 23; viz tato prace, ¢ast |) exokrinnich Zlaz. Existuji Zlazy,
které jsou pritomny u vSech kast, ale u larvalnich stadii jsou ¢asto neaktivni, a také nékteré
jsou samoziejmé pritomny jen u nékterych druhl nebo kast. Napfiklad Zlazy ovliviujici
sexudlni chovani jsou pfitomny pouze u ok¥idlenych dospélcti (Sobotnik a Hubert, 2003;
Sobotnik et al. 2004). | nase vlastni vyzkumy ukazuji, e existuji znaéné mezery
v pochopeni struktury a funkce sekreénich organl termitd a jejich vyzkum je nezbytny pro
pochopeni Zivota téchto jedinecnych, a pro stabilni ekosystémy nepostradatelnych,

zivocichd.
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Metodika: Termiti (dfive fad Isoptera) jsou vnitini skupinou $véb{ (nadéeled Termitoidae,
Blattodea) a zahrnuji zhruba 3.000 platn& popsanych druhd. A¢koliv jde o malou
skupinu z taxonomického hlediska, jedna se o nejvyznamné&j$i dekompozitory
odumfelé rostlinné hmoty, ktefi v tropickych ekosystémech stravi 50 aZ 100 %
vyprodukované biomasy, s ¢imZ je spojena i jejich vysoka abundance &asto
presahujici 1.000 jedincl na m2. Prekvapivé se vak jedna o relativné malo
prozkoumanou skupinu a v soutasné dobé jsou stdle popisovany nejen nové druhy,
ale i celé rody. Jako u vé&tsiny eusocidlniho hmyzu je i u termitl velmi dileZita
chemickéd komunikace. V ramci disertaéni prace bude zkoumana struktura a funkce
n&kolika hlavovych 214z termitd véetn& nové objevené orélini 2lazy. Pro popsani stavby
a struktury #ldz bude pouZit materidl (f4dové desitky druh{l) nachytany v terénu nebo
2z fakultnich chovli, kdy se bude jednat o druhy napfi¢ fylogenetickym spektrem
a pochdzejici minimaln& ze tfi kontinentll. Materidl bude zafixovén v 2%
glutaraldehydu, 2,5% fromaldehydu a 0,1M fosfatovém pufru na 24 hodin, nasledné
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fixovan ve 2% osmium tetroxidu, nasledné odvodnén v 50% aZ 100% acetonu
(koncentrace zvySovéna po 10 % kaZdych 30 minut) a poté zalit v pryskyfici
(standartni pro elektronovu mikroskopii). Takto zafixované vzorky budou nasledné
nafezdny na ultramikrotomu (Reichert-Jung Ultracut E ultramicrotome), tloustky Fezd
0,5 um budou pouzity pro opticky mikroskop (Nikon Eclipse Ni) a Fezy tioustky 70 nm
pro transmisni elektronovy mikroskop. Rezy budou nasledn& nafoceny v optickém
mikroskopu se zvétSenim 100 aZ 1000 a elektronovém mikroskopu (JEOL - JEM-1011)
se zv&tdenim 5 000 a2 150 000 a z poFizenych snimk{ (Veleta camera and iTEM 5.1
software) za pomoci méficiho softwaru (Nikon NIS-Elements) bude popsdna stavba

a struktura #14z, zhodnoceny velikosti a tlouétky buné&k, kutikuly, mitochondrif,
pritomnost mikrovill, SER, RER atd. a tato data budou porovnana jak mezidruhové,
tak mezi jednotlivymi zkoumanymi kastami. Pro popsanf funkci Z21az budou provedeny
behaviordlni testy s naslednou chemickou analyzou sekretl, pokusy budou probihat
v laboratornich podminkach v Petriho miskach s rliznymi typy stimull a také budou
sledovédny a vyhodnoceny vibroakustické signdly. Chemické analyzy budou probihat
metodou extrakce do hexanu nebo metodou SPME s naslednym vyhodnocenim na
plynovém chromatografu typu 6890N.

Doporuéeny rozsah préce: 100-200 stran
Kli¢ova slova: Termiti, Isoptera, Hlavové Zlazy, Exokrinni 2lazy, Chemicka komunikace, Elektronova
mikroskopie
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1) Rozbor problematiky (literarni reserse)

1.1. Eusocialita termitd a kastovni systém

Pravé socialni usporadani hmyzich spole¢nosti (tzv. eusocialita) je definovano
tfemi hlavnimi znaky: délba prace, vzajemnd péce o potomstvo a prekryv generaci
(Wilson, 1971). Cely koncept eusociality je ale zaloZen na pozorovani blanokfidlych
(pfedevsim vcel a mravencl), pficemz jiné eusocidlni taxony ¢asto nesplfuji vSechna
uvedena kritéria kvili rozdilim v genetice ¢i zplisobu Zivota. Toto je pfipad vsech
diploidnich skupin (termiti, msice, rod Synalpheus, ryposi), které se od blanokfidlych
skupin zdsadné lisi nejen geneticky, ale i ekologicky. Prikladem mohou byt msice, které
nespliuji kritérium péce o potomstvo, protoze vSechna jejich vyvojova stddia vcetné
vojakd si obstaravaji potravu sama (Stern a Foster, 1997). V porovnani s blanoktidlym
hmyzem se termitdm dostdvd mnohem méné pozornosti, a to i presto, Ze se jednd o
skupinu, ktera tvori komplexni a obrovské kolonie a vykazuje nejvyssi kastovni diversitu
(Choe a Crespi 1997; Thorne, 1997). Termiti se také liSi v nékterych aspektech definice
eusociality, napfiklad v potravé zaloZzené na rostlinném materialu, jehoz traveni vyZaduje
specifickou symbiotickou mikrofléru, ktera musi byt jedincem aktivné znovuziskana po
kazdém svleku (Bignell, 2000).

Tyto odlisnosti jsou rlznym zplGsobem reflektovany v teoriich vzniku eusociality
termitQ. Prvni z nich je ,Hypotéza pfenosu symbiont(“ (Cleveland et al., 1934; Nalepa,
1994), ktera poukazuje na zavislost termitl na jejich symbiotickych komunitach, ktera
zabrafiuje solitérnimu zpGsobu Zivota. Cerstvé svle¢eni termiti musi byt ,infikovani“
symbiotickymi organismy andini trofolaxii od ostatnich jedincd v hnizdé, jinak nejsou
schopni travit potravu. Tato jasna zavislost termitl na jejich symbiontech vedla Bignella
k argumentaci, Ze ,socidlni organizace termitlli se vyvinula primarné pro umoZnéni
prenosu symbiont( mezi jedinci a generacemi” (Bignell, 2011). Dalsi teorie vice zdUraznuji
jiné specifické znaky termitd. Napftiklad teorie ,,cyklického inbreedingu” (Bartz, 1979) je
zaloZena na vysoké urovni inbreedingu v termitich koloniich, ktery zvySuje pfibuznost
¢lent kolonie a podporuje tedy vzajemny altruismus. PfestozZe je zdkladni pozorovani této
teorie spravné, interpretace selhava, nebot popisuje situaci po vzniku eusocidlniho
usporadani, a nikoliv evoluci této novinky. Analogie k sexualni asymetrii u blanokfidlého
hmyzu a jejiho vztahu ke genetice byla shrnuta v hypotéze ,Chromozmové provazanosti”
(Lacy, 1980). Tato hypotéza zdlraznuje pfitomnost chromozomovych fetézcli napojenych
na chromozom Y, jez mlZou zahrnovat aZ polovinu termitiho genomu a zpUsobit zna¢né

odchylky od predpokladané pfibuznosti jedinc v kolonii. Na druhou stranu existence
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tohoto chromozomového spojeni byla prokazana pouze u nékterych skupin termitd,
z nichZ Zadnd nepatfi mezi bazalni linie termitl. RodiCovskd a sourozenecka péce je
zdUrazriovana v hypotéze ,vnitroskupinového konfliktu“ (Roisin, 1994), ktera vidi jako
zakladni faktor poskozovani kfidel. To vede k odloZeni vzniku imaginalnich znakl a tedy
k prodlouzeni doby fungovani jedincl uvnitf kolonie a ultimatné tedy ke vzniku kasty
délnika. Tato teorie byva casto podcenovana svysvételnim, Ze mutilace vznikaji
nasledkem stresu z manipulace (Korb, 2005), zatimco tato situace je relativné béznd i u
kolonii v pfirozenych podminkach (Sobotnik, osobni sdéleni). Velmi zajimavé recentni
pozorovani prokazalo vliv rodicovské manipulace vybranymilarvami tak, aby se z nich stali
prvni vojaci (Maekawa et al., 2012). BohuZel ani jedna teorie dostatecné nevysvétluje
evoluci eusociality termitd, protoZe jistou roli pravdépodobné hrala fada faktor( riznym
zpUsobem zdlraznénych ve vyse zminénych teoriich.

Kastu jako takovou definuje Sobotnik a Dahlsjo (2017) jako skupinu jedincd
v kolonii, ktera je jak morfologicky odliSna, tak i specializovana svym chovanim. A dale
uvadi nasledujici vycet (obr. 1):

Alat (imago, okfidleny, pozdéji odkfidleny dospélec) — adultni stadium nesouci
kridla ¢i jejich zaklady.

Délnik (pravy délnik) — Jedinec vznikajici nevratnou odchylkou z vyvoje v imago,
ktery zajistuje chod kolonie. Délnici jsou primarné charakterizovani ztratou schopnosti
premény v okfidlené imago, nicméné mohou byt schopni se mnozit jako ergatoidni
neotenici.

Interkast — jedinec, ktery nese specifické znaky 2 ¢i vice kast. Obvykle se jedna o
vyvajovou abnormalitu, nicméné vznik interkastl lze zajistit vnéjSim zasahem do
hormonalni regulace jedince (napf. aplikace juvenilniho ¢i sviékaciho hormonu).

Kralovna a kral (kralovsky par) — Odkridleny samec a samice, ktefi zaloZili novou
kolonii a aktivné se rozmnoZuiji.

Larva — Nedospély jedinec bez vnéjsich kfidel nebo vojenské anatomie.

Neotenik — Sekundarni pohlavni jedinec s juvenilnimi morfologickymi znaky.
Neotenici vznikaji zlarev, nymf, pseudergadtl nebo délniki pres minimalné jeden
specializovany svlek. Podle plvodu rozliSujeme brachypterni nymfoidni neoteniky a
apterni ergatoidni neoteniky.

Plodny vojak — Jedinec necouci znaky vojaka, ktery nicméné zajistuje v kolonii
reprodukci bud’ jako samec nebo jako samice. Plodni vojaci jsou zndmi u nékolika druh

Celedi Archotermopsidae.
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Primarni pohlavni jedinec (primarni kral nebo kralovna) — Odktidleny pohlavni
jedinec, ktery zaloZil novou kolonii po disperznim letu (obr. 2).

Pfredvojak — Prechodny instar mezi larvou, pseudergdtem nebo délnikem a
vojakem, jedna se o nesklerotizovaného jedince s vojenskou anatomii.

Pseudergat (nepravy délnik) — Jedinec, ktery v kolonii funguje jako délnik,
nicméné udrZuje si schopnost vzniku kfidel a zaloZeni vlastni kolonie po disperznim letu.

Sekundarni pohlavni jedinec — Pohlavni jedinec, ktery vznikl ve funkéni kolonii.
Podle funkce rozlisujeme nahradni (nahrazuji uhynulého krale ¢i kralovnu) a doplrikové
pohlavni jedince, jez koexistuji s puvodnim kralovskym parem. Sekundarni pohlavni
jedince muzeme klasifikovat jako adultoidy (odkfidleni jedinci, ktefi neprodélali disperzni
let a nahradili uhynulé pohlavni jedince v matefské kolonii), nymfoidy (nymfoidni
neotenici) a ergatoidy (ergatoidni neotenici).

Vojak — Jedinec se silné sklerotizovanou hlavou, vykazujici dalsi obrané adaptace,
jako napftiklad zvétSsené mandibuly, tvar hlavy blokujici chodbu nebo frontalni zlazu

produkujici obrané Iatky.
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Obr.1: Kastovni a vyvojova stadia rodu Prorhinotermes (Rhinotermitidae) (fotky
nejsou ve stejném méritku). 9A: Vejce P. simplex; 9B: Larva prvniho instaru P. canalifrons;
9C: Larva druhého instaru P. canalifrons; 9D: Larva tfetiho instaru P. simplex; 9E:
Pseudergat P. simplex; 9F: Nymfa P. canalifrons; 9G: Nymfa P. canalifrons s poni¢enymi
kridelnimi zaklady; 9H: Predvojak P. canalifrons; 91: Vojak P. canalifrons; 9): Stary
neotenicky samec P. simplex; 9K: Rojeni oktidlenych jedincl P. simplex; 9L: Kralovsky par
P. simplex s mladymi larvami; 9M: 9 let stara hlavni kradlovna P. simplex (prevzato z

Sobotnik, 2015)

Obr. 2: Pfiklad rozdild mezi kastami u druhu Macrotermes michaelseni
(Termitidae: Macrotermitinae). V pozadi primarni kral a krldvona, kterd je obklopena

délniky; v poptedi vojaci. Foto: Osobni archiv Jana Sobotnika
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1.2. Polymorfismus termitd

Termiti vykazuji obrovsky polymorfismus, kasty jsou zcela odliSeny morfologicky,
ontogenetickou historii a také chovanim (Grassé, 1982; Eggleton, 2011). Pfitomnost kast
vojaku je povaZovana za synapomorfni pro cely rad, zmizela sekundarné pouze v pfipadé
Termitidae: Apicotermitinae. Vojaci se vétsinou vyvijeji z apternich jedincd pfinejmensim
druhého instaru, a to vidy pres stadium predvojika. Na druhou stranu kasta pravych
délnikl vznikla nezavisle alespon dvakrat, pravdépodobné tomu ale bylo vicekrat (Noirot
a Pasteels, 1987).

Ukoly jsou rozdé&leny mezi nékolik kast: pohlavni jedince (odkfidlena imaga,
nymfoidni neoteniky a ergatoidni neoteniky), vojaky a délniky. Kromé téchto funkcnich
jednotek jsou zde jesté brzka nebo stfedni stadia bez jakéhokoli funkéniho vyznamu, jako
napriklad larvy, brachypterni nymfy (vyvojova stadia na cesté k okfidlenym dospélcim),
predvojaci (pfechodné, kratkodobé stadium mezi kastou délnika a vojaka) a také
preneotenici (pfechodné kratkobodé stadium mezi kastou délnika a neotenika) (Blichli,
1958; Thorne, 1996). Tento polymorphismus je realizovan odliSnymi zpUsoby
postembryonalniho vyvoje a kastovni systém kazdého druhu je tvoren vice ¢i méné
flexibilni siti moznosti ontogenetického vyvoje. Kastovni systém a zakladni vyvoj byl
studovan u fady druht ze vSech celedi (Noirot, 1969; Roisin, 2000; Roisin a Korb, 2011),
kromé celedi Stylotermitidae, kde je ontogeneze rovné? linedrni (Sobotnik, osobni
sdéleni). Okridleni dospélci se vyvijeji klasickou hemimetabolni cestou z apternich larev
pres brachypterni nymfalni stadia. Dalsi kasty (vojaci, délnici a neotenici) maji odlisSny
vyvoj. Zakladnim rozdilem od blanokfidlych je, Ze vsichni jedinci v kolonii vcetné
terminalnich stadii (vojak, neotenik, délnici u nékterych druh() jsou immaturni (maji
zachované svlékaci Zlazy), s vyjimkou okfidlenych imag (obr. 1, 3 a 7) (Noirot a Pasteels,
1987).

Termiti v ramci polyfenismu predci takrka jakykoli jiny hmyz, snad s vyjimkou
nékterych eusocidlnich msic ¢i brouka Micromalthus debilis (Coleoptera: Archostemata:
Micromalthidae, LeConte (1878)) (Stern a Foster 1997, Pollock a Normark 2002). Jedinou
dobfe prozkoumanou skupinou hmyzu se srovnatelnou ontogenetickou plasticitou jsou
nicméné eusocidlni msice, u kterych se v rdmci ro¢niho obdobi lisi vyvoj kfidel dospélcti a
vojaci vznikaji z ¢asnych larvalnich instar( (Stern a Foster, 1997). Jednotlivé kasty termit(
jsou definovany ontogeneticky, morfologicky i behaviordlné (obr. 2 a 7). Na rozdil od
eusocialnich blanokfidlych jsou vsichni jedinci (kromé okfidlenych dospélct — imag)

nedospéli, ackoliv se miZe jednat o termindlni instary neschopné dalsiho svlékani (napf.
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vojaci, neotenicti pohlavni jedinci, délnici u nékterych zastupct celedi Termitidae) (Noirot
& Pasteels 1987). Zatimco polymorfismus délnikd se manifestuje predevsim velikosti téla
a strukturou traviciho traktu, ostatni kasty (imaga, larvy a nymfy) vykazuji v tomto ohledu
zanedbatelné rozdily, predevsSim v ramci pribuznych skupin, i kdyZz i zde nalezneme
vyjimky. Pfikladem mohou byt imaga druhu Roisinitermes ebogoensis (Kalotermitinae),

jimZ, jakoZto u jediného druhu termitd, zcela chybi ocelli (Scheffran et al., 2018).

Obr. 3: Imago druhu Roisinitermes ebogoensis (Kalotermitinae), nové popsany rod
termita z Kamerunu. Pfevzato z Scheffran et al. (2018)

Vsechny ostatni kasty jsou oproti vojakiim mnohem zranitelnéjsi, a to i pres to, zZe
okridleni dospélci musi absolvovat let pfi zakladani nové kolonie. To je jednoznacné
nejriskantnéjsi moment jejich Zivota, a také ho vétsina jedincl neprezije. U vyspélejsich
druh( jsou okfidlend imaga rocné produkovana v tisicich kusech v kazdé kolonii. Pokud
ma zlistat populace druhu stabilni, potom kazda kolonie da béhem Zivota prdmérné vznik
pouze jedné nové kolonii, kterd preZije do dospélosti a je schopna tvofit dalsi okfidlené
jedince. Z toho nutné plyne, Ze tisice, desitky tisic, ¢i dokonce stovky tisic imag v tomto
zadpase neuspéji. Jako obrana pred predatory slouZi okfidlenym dospélciim predevsim
synchronizace disperznich letll, i kdyZ u vétSiny druhd Neoisoptera najdeme frontalni
7lazu, kterd mize byt velikostné srovnatelna s frontdlnimi zlazami vojaka (Sobotnik et al.,
2010a, Kutalova et al., 2013).

PfestoZe jsou primarnimi obranci kolonii vojaci, defenzivni mechanismy se ¢asto
vyvinuly i u ostatnich kast. Délnici se vZdy zapojuji do obrany hnizd ¢i jinych konflikt( s
jejich obranna role spociva predevsim v nasledujicich funkcich: (i) stavba obrannych
struktur (hnizda a chodby); (ii) u hlinoZravych druh(, které maji obecné méné vojakl a u
nékterych skupin kasta vojak( zcela chybi, délnici vykazuji nékteré znaky typické pro
vojaky (vysokou agresivitu, pfitomnost obrannych Zlaz), a kasta délnikd ¢astecné nebo

zcela nahrazuje kastu vojaka; (iii) konflikty u druh s chemickou obranou vedly ke vzniku
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specifickych autodetoxikacnich mechanisma, které cini vojaky chemicky se branicich
druhd prakticky bezcennymi v konfliktech mezi koloniemi téhoz druhu a délnici zde tvofi
jedinnou u&innou obranu (Deligne et al., 1981; Prestwich, 1984; Sobotnik et al., 2010b).
Nejvice polymorfni kastou termitll jsou jednoznacné vojaci, jichZ rozliSujeme fadu
typl a anatomickych adaptaci (obr. 5). Evoluce kasty vojak( je jednou ze zakladnich
charakteristik evoluce termitl a predstavuje autapomorfii termitl (Hare, 1937; Noirot a
Pasteels, 1987; Roisin a Korb, 2011). Ztrata kasty vojaku se béhem vyvoje nezavisle na
sobé objevila minimalné trikrdt, a to u ,Anoplotermes-group” (Termitidae:
Apicotermitinae; Sands, 1972). Nicméné moderni fylogeneze predpokladaji vyssi pocet
nezavislych zanikl kasty vokaka v ramci této skupiny (viz Bourguignon et al., 2017),
Orientotermes a Protohamitermes (Termitidae: Termitinae Ahmad, 1976) a Invasitermes
(Termitidae: Termitinae; Miller, 1984). Morfologické adaptace vojakd zahrnuji silné
zvétSené a sklerotizované hlavy, delSi a silnéjsSi koncetiny a celkové vyssi stupen
sklerotizace celého téla. Dalsim specifikem je vyvoj specidlnich obrannych Zlaz a
predevsim rGzné typy mandibul. Vyvojové primitivnim typem jsou vojaci
s kousacimi/drticimi mandibulami, které najdeme u Cceledi Mastotermitidae,
Archotermopsidae, Hodotermitidae, Stolotermitidae, vétSiny Kalotermitidae a rodu
Psammotermes (Rhinotermitidae) (Deligne et al.,, 1981; Prestwich, 1984). Tento typ
mandibul se vyznacuje bohatsi dentici a jen malym prekryvem koncli mandibul. Jsou tedy
uzpUsobeny k tomu, aby oponenta zranily zmacknutim nebo prorazenim kutikuly. Nejblize
k tomuto typu ma fragmoticky typ vojakd, ktery je charakterizovan zkracenim mandibul,
které sice znemoZnuji zranit oponenta, ale jsou uzplsobeny k tomu, aby se zakously do
stény hnizda a vojak tak silné sklerotizovanou hlavou ucpal chodbu. Tento typ najdeme u
Kalotermitidae (Cryptotermes, Eucryptotermes, Calcaritermes, Glyptotermes) (Deligne et
al., 1981; Prestwich 1984; Engel et al., 2009; Sobotnik, osobni sdéleni) a nékolika rodd
Termitidae: Apicotermitinae (Coxotermes, Heimitermes, Duplidentitermes, Indotermes,
Euhamitermes; Sobotnik, osobni sdéleni). Dal$im typem jsou stfihaci mandibuly, kdy
vojaci disponuji dlouhymi srpovitymi mandibulami, které se vyrazné prekryvaji a mohou
oponentovi zplsobit téZsi zranéni i s mnohem mensim stiskem. Nizsi mandibularni sila
potfebna pro obrannou akci rovnéz znamend i mensi objem mandibularnich svalll ve
srovnani s drticimi mandibulami. Ten poskytuje vice prostoru uvnitf crania a tim umoznuje
vznik frontalni #lazy (Sobotnik et al., 2010a). Tento typ mandibul se vyskytuje u fady
zastupcl Rhinotermitidae (Prorhinotermes, Termitogeton, Reticulitermes, Heterotermes,
Coptotermes), Glossotermes (Serritermitidae) a mnoha rod( celedi Termitidae (Delignhe et

al., 1981; Prestwich, 1984). Specifickd obranna strategie se vyvinula u Rhinotermitidae:
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Rhinotermitinae a skladd se z labralniho kartacku na konci prodlouZzeného labra, jeZ nese
drazku vedouci sekreci frontalni zlazy smérem k labralnimu kartacku. Tato modifikace je
pouzivana pro naneseni kontaktnich jedl produkovanych frontélni Zlazou na oponenta.
Zatimco bazalni rod Parrhinotermes vykazuje pouze monomorfni vojaky s velmi dobie
vyvinutymi mandibulami (drticimi) a labralnim kartdckem, ostatni rody maji vojaky
vétSinou dimorfni. Oba typy, mali i velci vojaci, jsou plné mandibuldtni u rodu
Schedorhinotermes, nicméné u neotropickych skupin (Dolichorhinotermes, Rhinotermes)
doslo u malych vojaka k atrofii mandibul a tito jsou odkazani pouze na chemické zbrané
(tzv. nasutoidni vojdci, nasutoidi). Nasutoidi jsou vysoce mobilni, pocetni a rychli, aplikuji
jedovaté sekrece na nepfitele a rychle ustupuiji, zatimco velci vojaci jsou robustni a pomali,
maji redukovanou frontalni Zlazu a bojuji pouze pomoci mandibul (Prestwich a Collins,
1982). U nejodvozenéjsiho rodu Acorhinotermes vymizela subkasta velkych vojakd a
aktivni obranu zabezpecuji pouze nasutoidi (Prestwich, 1984).

Nejvice modifikaci vojakl nalezneme v ramci ¢eledi Termitidae, ktera je celkové
nejvice diversifikovanou skupinou mezi vsemi termity. Mimo existence drticich mandibul
(,Apicotermes-group”, Syntermitinae a Termitinae) je zde mnoho dalSich modifikaci
mandibul, které najdeme pouze zde (Deligne et al., 1981, Prestwich, 1984). Propichovaci
mandibuly se vyskytuji u vojakl Syntermitinae, Amitermes, Globitermes Ci Drepanotermes
(vSichni Termitinae). Tento typ se vyznacuje dlouhymi ostrymi vybézky umisténymi hroty
mandibul namifenymi proti sobé, jejichz funkci je se pevné zakousnout do oponenta
(prorazit kutikulu), a tim prodlouZit dobu, kdy je do vzniklé rany vypousténa jedovatd
sekrece frontdlni lazy (Deligne et al., 1981; Prestwich, 1984; Sobotnik et al., 2010a, b).
Mezi pokrocilymi obrannymi strategiemi je velice dobrym pfikladem i podceled
Nasutitermitinae, u které se vyvinul frontalni konus, tzv. ,nasus”, a vojaky této skupiny
oznaCujeme za nasuty. Nasutni vojaci maji pouze malé a zakrnélé mandibuly, které
nedisponuji zddnou funkci, podobné jako nasutoidni vojaci Rhinotermitinae, a misto nich
obranou roli plni frontalni Zlaza, jejiz sekrece je vystfikovana na Spicce nasu. Sekrece je
vystfikovana ve formé vldken lepivé a drazdivé sekrece, kterd je tvorena diterpeny
naredénymi monoterpeny. Zatimco diterpeny po expozici na vzduchu tuhnou a jsou
zodpovédné za znehybnujici ucinky, monoterpeny jsou repelentni ¢i iritatni, nuti
oponentky ke skrabani a cisténi a mohou hrat rovnéz funkci poplasnych feromonu
(Prestwich, 1984; Sobotnik et al., 2010b).

Poslednim typem jsou luskaci mandibuly, které jsou dlouhé, stihlé a vysoce
elastické. Svalovou kontrakci je kumulovdna elasticka energie, kterd je nardz uvolnéna

ylusknutim®, kdy leva mandibula vidy preskoli pfes pravou. Vysledny uder dopada
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s devastujici silou a bezobratly oponent je doslova knokoutovdn nebo zabit, ¢asto
roztrhan na kusy (obr. 3) (Deligne et al., 1981, Prestwich, 1984, Seid et al., 2008; detailni
rozbor tohoto chovani je k vidéni ve filmu ,Svét podle termit(“ z roku 2018). Podle tvaru
mandibul miZeme rozliSovat takzvané symetrické a asymetrické luskaci vojaky. U prvniho
typu je zasah veden konci obou mandibul a sméfuje spiSe do stran, zatimco u druhého je
veden pouze koncem levé asymetrické mandibuly a sméfuje spiSe dopfedu. Symetrické
luskaci mandibuly existuji i u jediného druhu ,,nizsiho” termita, konkrétné Roisinitermes
ebogoensis (Kalotermitidae), nalezeného pouze na jedné lokalité v Kamerunu. Tento
objev (viz Scheffrahn et al., 2018) patfi mezi nejprekvapivéjsi zjisténi poslednich dekad
(obr. 3 a 4), nebot luskaci strategie byla tradi¢né prisuzovdna pouze jedné skupiné

odvozenych hlinozravych termit(i ze skupiny Termitidae: Termitinae (Deligne et al. 1981,

Prestwich 1984), zatimco Roisinitermes patfi mezi bazalni dfevozravé skupiny.

Obr. 4: Roisinitermes ebogoensis (Kalotermitinae) - jediny zastupce ,nizsich”

termitd u kterého najdeme luskaci typ mandibul. Foto: Osobni archiv Jana Sobotnika

Luskaci obrana je povaZovana za vlbec nejefektivnéjsi zptsob obrany, protoZe u
jinych typl existuji znacnd omezeni. Vojak se kousnutim protivnika sam vystavuje
znacnému riziku, a proto v evoluci dochazi k omezeni trvani téchto rizikovych situaci, at
jiz rychlou aplikaci jedu u nasutoidl, nebo vystfikovanim obranné sekrece u nasutd.
Jakkoliv jsou tyto strategie velmi Usésné, je nutné si uvédomit, Ze vojak, ktery jiz pouzil
veskerou obrannou sekreci, je naprosto bezbranny (Sobotnik et al. 2010b). V piipadé
luskani vsak dochazi pouze k minimalnimu kontaktu s oponenetem, a zaroven nedochazi

k vyplytvani sekreci, takze lusknuti mdQze byt s minimalnim vydejem energie provedeno
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Vv

mnohokrat za sebou (Deligne et al., 1981). U ,vy$sich” termitl se luskaci typ mandibul
vyvinul minimalné pétkrat nezavisle: (i) u Termes-group; (ii) Neocapritermes-group; (iii)
Pericapritermes-group; (iv) Promirotermes; (v) Dentispicotermes-group. Posledné
jmenovand skupina tvorend rody Orthognathotermes a Dentispicotermes predstavuje
pfechod mezi luskacimi a kousacimi mandubulami a vojaci jsou schopni oponenta
kousnout, udefit lusknutim €& zkombinovat oba jevy do jediné obranné akce (Sobotnik et

al., 2019).

Phragmotic head Biting / Crushing Slashing
Cryptotermes incisitermes Cubitermes
Slashing /Snapping Symmetrical Snapping Asymmetrical Snapping
24t 2,
i 3
f
Dentispicotermes Termes Pericapritermes
Piercing Vestigial; Ejected Secretion Vesfigi 5 Labral brush

Armitermes Nasutitermes Acorhinotermes

Obr. 5: Typy mandibul u vojak( termitl (prevzato z Prestwich 1984).
Horni fada zleva: Fragmoticky typ; Drtici; Stfihaci
Prostfedni fada zleva: Sttihaci/luskaci; Symetrické luskaci; Asymetrické luskaci

Spodni fada zleva: Propichovaci; Nasuti; Nasutoidi
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1.3. Fylogeneze a ontogeneze

Termiti (Isoptera, respektive Blattodea: Termitoidae; Inward et al., 2007; Lo et al.
2007) patfi do skupiny Dictyoptera, spolu se Svaby (Blattodea) a kudlankami (Mantodea)
(obr. 6). Termiti byli dlouho chapani jako samostatna skupina (Nalepa a Bandi, 2000;
Kambhampati a Eggleton, 2000), nicméné pozdéji bylo jednoznacné prokazano, ze jsou
vhitfni skupinou Svabi se sesterskym rodem Cryptocercus Scudder, 1862 (Lo et al., 2000;
Inward et al., 2007; Che et al., 2016) a v soucasné dobé jsou tedy termiti fazeni jako
nadceled sSvabl. Posledni spolecny predek termitd a Svabl( rodu Cryptocercus se
vyskytoval v pozdni jufe zhruba pred 170 miliony let (Che et al., 2016). To vedlo Inwarda
et al. (2007) k degradaci termitll na celed Svab(. Tento krok byl velmi rychle opraven a
termiti z Celedi povysili na nadceled, kterd se stala nové pouzivanou klasifikaci této
skupiny a je v soucasné dobé dominantné prijimana mezi védci (Lo et al. 2007).

Fylogenetické hypotézy o pfibuznosti termitich skupin doznaly v poslednich letech
znaénych zmén, predevsim vzhledem k bouflivému rozvoji modernich sekvenacnich
platforem, které umoznuji zpracovani gigantickych datasetll. Soucasna fylogeneze se
vétsinové shoduje na struktuie fylogenetického stromu termitl(obr. 6) (Miura et al.,
1998; Lo et al., 2000; Donovan et al., 2000; Austin et al., 2004; Inward et al., 2007;
Legendre et al., 2008; Davis et al. 2009, Engel et al., 2009; Cameron et al., 2012;
Bourguignon et al. 2015; Sobotnik a Dahlsj, 2017), ale i zde najdeme vyjimky. Celed’
Mastotermitidae je sesterskou skupinou zbytku termitQ (Euisoptera sensu Engel et al.,
2009). Archotermopsidae, Hodotermitidae a Stolotermitidae tvori monofyleticky taxon,
v ném? je ¢eled Hodotermitidae vnitfni skupinou Archotermopsidae. Dalsi vétvi stromu je
monofyleticka celed Kalotermitidae, sesterska ke skupiné Neoisoptera, charakterizovana
pritomnosti frontdIni zlazy. Stylotermitidae je bazalni skupinou Neoisoptera (Wu et al.,
2018). Rhinotermitidae jsou polyfyleticku skupinou, nebot celedi Serritermitidae a
Termitidae jsou jejimi vnitfnimi skupinami. Dalsi vétvi na fylogenetickém stromé po
Stylotermitidae je podceled Rhinotermitinae, kterd bude vramci usporadani vyssi
klasifikace povy3ena na ¢eled (Sobotnik, osobni sdéleni). Dal$i vétvi stromu je monofylum
tvofené rody Prorhinotermes, Psammotermes, Termitogeton a Celedi Serritermitidae
(ziska pravdépodobné jméno Psammotermitidae podle nejdfive popsaného rodu,
Sobotnik, osobni sdéleni). Dal$i skupinou formaln& tazenou do soucasné Celedi
Rhinotermitidae je monofyleticka skupina tvorend rody Reticulitermes, Coptotermes a
Heterotermes (ktery je parafyleticky vzhledem k rodu Coptotermes) a tato skupina (do

budoucna velmi pravdépodobné pojmenovand Heterotermitidae, Sobotnik, osobni
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sdéleni) je sesterskou skupinou Termitidae. Vramci Cceledi Termitidae tvofri
Macrotermitinae sesterskou skupinu zbytku a dalsi skupina Sphaerotermitinae je budto
sesterskou skupinou Macrotermitinae (viz Bucek et al., in press) nebo dalsi nezavislou
vétvi odStépenou pozdéji (Bourguignon et al. 2015, 2017). Dalsi nezavislou vétvi je
podceled Foraminitermitinae, po niZ se odvétvila podceled Apicotermitinae. Podceled
Termitinae je dal$im neuralgickym bodem klasifikace termitd, nebot se opét jedna o
polyfyleticky soubor, v jehoZ ramci vznikly vSechny dalsi v soucasnosti uznavané skupiny

Termitidae, tj. podceledi Cubitermitinae, Syntermitinae a Nasutitermitinae. Zjednodusena

fylogeneticka hypotéza pribuznosti termitl podle mitogenom je uvedena na obr. 6.

Nasutitermitinae

Cubltermit

Syntermitinae

Apicotermitinae

Sphaerotermitinae

Macrotermitinae

Rhinotermitidae Amablenmes
- R

Kalotermitidae ',?PJL i#;;&

. ANCpIeTes -group
Archotermopsidae 1 TS
Hodotermitidae e
Stolotermitidae
Mastotermitidae

r T L] T L)
200 150 100 50 0

Pangaca break up_Gondwana break up
Origins of ants  Diversiicaion of angiospenms

Jurassic Cretaceous Paleogene N

Obr. 6: Fylogeneticky vyvoj termit(l. Zde je pomérné jasné, Ze hned nékolik skupin

termitd je polyfyletickych. Pfevzato z Bourguignon et al. (2015).
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U termitl lze rozlisit dva zplUsoby ontogenetického vyvoje. Linearni vyvoj je
primitivni a je velmi podobny vyvoji Svabl (obr. 7). Po prvnim larvalnim instaru nasleduje
nékolik dalSich instar(, které se progresivné zvétsuji a vedou ke kasté nepravého délnika,
pseudergdta sensu lato (sensu Roisin a Korb 2011). Termin pseudergat je pouzivdn pro
vSechny starsi larvy které pracuji, protoZe v praxi nelze odhalit ontogenetickou historii
jedince. Pocet téchto apternich instar( je nestabilni, nicméné pozdéji se jedincim vyvinou
zaklady kridel a jako takovi jsou oznacovani jako ,,nymfa“. Nymfy maji stale moznost se
vyvinout do rozdilnych forem, mohou béhem svleku ztratit kfidla a stat se pseudergatem
sensu stricto (sensu Roisin & Korb 2011). Nymfy si zachovavaji moznost kfidla znovu ziskat
(Roisin, 1990), zménit se v predvojaka, neotenického pohlavniho jedince nebo pokracovat
ve vyvoji v okfidlené imago (kde vyvoj kiidel obvykle trva dva nebo tfi instary).

U druh s lineadrni ontogenezi sdileji socidlni povinnosti obé pohlavi stejné (Roisin,
2000), s vyjimkou celedi Serritermitidae, kde jsou vSichni pseudergati samci a samice se
objevuji jen pfed rojenim a rychle davaji vznik nymfam a okfidlenym dospélciim
(Bourguignon et al.,, 2009; Barbosa & Constantino, 2017). Druhy s linedrnim
postembryotickym vyvojem patfi do celedi Archotermopsidae, Stolotermitidae,
Kalotermitidae, Serritermitidae a rodd Prorhinotermes, Termitogeton a Psammotermes
(Rhinotemitidae) (Roisin & Korb, 2011). Tyto skupiny tvofi relativné malé kolonie (s
vyjimkou rodu Psammotermes), vétSinou maximalné v poctu tisicl jedincl. Cesta
linedrniho vyvoje je spojena s nestabilitou zdroji potravy a hnizdniho materidlu, a
umoznuje véem nediferencovanym jedinciim opustit hnizdo jako okfidleni dospélci a
pokusit se o zaloZeni vlastni kolonie (Shellman-Reeve, 1997).

Druhy typ postembryotického vyvoje, vétvena ontogeneze (obr. 8), je
charakterizovan pfitomnosti takzvaného ,bodu rozhodnuti“ (angl. decision point) — tedy
nevratného rozliSeni ve vyvoji mezi imagindlni a délnici vyvojovou linii. Rozdéleni téchto
linii se vyskytuje po prvnim nebo druhém svleku. Imaginalni linii tvori sled nymfalnich
instart, které vykazuji progresivni rlst zakladd kridel, jez konci dosazenim stadia
okridleného imaga. Délnici linie pak dava vznik vsem délnik(i a vojakiim. Polymorfismus u
délnikd a vojakd vyvojové pokrocilych druhl je vétsinou zaloZen na pohlavi ¢i instarové
specializaci. Kolonie druhd s vétvenym ontogenetickym schématem mohou mit az nékolik
milion( jedincu, ktefi obyvaji obrovska hnizda spojena se zdrojem potravy v naprosté
vétsiné pripadl dlouhymi chodbami (galeriemi). Mezi druhy s vétvenym vyvojem patii
pfislusnici ¢eledi Mastotermitidae, Hodotermitidae, Rhinotermitidae: Rhinotermitinae a

Heterotermitinae a Termitidae.
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Obr. 7: Schéma linearniho vyvoje termitl (Prorhinotermes). Pfevzato z Roisin
(1990). Vysvétlivky: E: Vajicko; L1 az L9: larvalni instary; N: nymfy; A: Okfidleni dospélci;
PS: Pfedvojdci; S: Vojdaci; RN: Nymfy s redukovanymi zaklady kfidel. Teckované Sipky:
Vyskyt pouze u mladych kolonii. Teckované linie: Okolo funkénich skupin slozenych

z nékolika instart rozeznatelnych pouze podle nepatrnych morfologickych rozdild.

Obr. 8: Schéma vétveného vyvoje termitl (Reticulitermes)

Tlusté Sipky indikuji vyssi pravdépodobnost prechodu. A: Okfidleny dospélec; L:
Larva; E: Vajicko; N: Nymfa; NeoE: Ergatoidni neotenik; NeoN: Nymfoidni neotenik;
PNeoE: Ergatoidni preneotenik; PS: Pfedvojak; S. Vojak; W: Délnik. (Pfevzato z Sobotnik
2015 — zde upraveno z Biichli, 1958).
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1.4. Ekologie termit(

V soucasné dobé je popsano zhruba 3 000 druhi termit(, ktefi se fadi do 9 Celedi:
Mastotermitidae, Archotermopsidae, Stolotermitidae, Hodotermitidae, Kalotermitidae,
Stylotermitidae, Serritermitidae, Rhinotermitidae a Termitidae (Krishna et al., 2013).
Prvnich osm celedi je souhrnné oznacovano jako ,nizsi“ termiti a jsou charakterizovani
potravou ve formé dfeva Ci suché travy a pfitomnosti stfevnich symbiotickych bicikovc(
(Hypermastigida). ,Vyssi“ termiti (Termitidae) jsou schopni travit rostlinnou hmotu
v libovolné fazi dekompozice a ve stfevé maji jen symbiotické bakterie (Archaea).

Termiti obyvaji teplejsi ¢asti svéta, v Evropé se vyskytuji v celém stfedomofi a podél
pobrezi Atlantského ocednu na jih od usti feky Loiry (Francie) (Clément, 1977). Tvofi
vyznamnou slozku biomasy a jsou v lokalitdch svého vyskytu dominantnimi rozkladaci
organické hmoty (Fittkau a Klinge, 1973; Martius, 1994; Eggleton et al., 1996) a navic
byvaji oznacovani za ,,ekosystémové inZzenyry” (Holt a Lapage, 2000; Sugimoto et al. 2000;
Jouquet et al. 2006). Termiti velmi silné ovliviiuji své habitaty, méni strukturu pldy,
chemické sloZeni plady a také vyrazné ovliviuji rist rostlin (obr. 11) (Jouquet et al., 2006;
Fox-Dobbs et al. 2010; Evans et al.,, 2011). Termiti dosahuji v tropickych regionech
impozantni pocetnosti (Eggleton et al., 1996; Bignell 2016), diky nizZ je jejich ekologicky
dopad minimalné srovnatelny sdalsi extrémné vyznamnou skupinou — mravenci
(Holldobler a Wilson, 1990). Prepoklada se, Ze termiti jsou zodpovédni za zastaveni tvorby
uhli, protoZe se jedna o stejnou dobu, kdy se celosvétové rozsitili na zacatku tretihor (obr.
svymi hostitelskymi rostlinami (Novotny et al.,, 2002; Weiblen, 2002), jsou termiti
generalisty, co se tyce taxonu rostlin, které jim slouZi za potravu. Na druhou stranu kazdy
druh se specializuje na jeden typ organické hmoty od zdravého dfeva, suché travy,
microepifytd, pres listovy opad, mrtvé nebo rozkladajici se dfevo aZ po organické zbytky
roztrousené v plidé nebo dokonce vysoce rozlozené organické zbytky v ptidé (obr. 11 a
17). Nejvyssi diverzitu vzhledem k typu potravy najdeme u Celedi Termitidae (tzv. ,vy3$si“
termiti), jez konzumuiji prakticky jakykoli rostlinny zdroj potravy nebo dokonce houby,
které jsou schopni péstovat v hnizdech. Ostatni skupiny (,,nizsi“ termiti) se Zivi pouze
mrtvym dfevem, popfipadé suchou travou (Hodotermitidae) ¢i mohou byt inkviliny
termitl (Serritermitidae: Serritermes serrifer) (Abe, 1979, Shellman-Reeve 1997). Tyto
rzné potravni zdroje ocividné nejsou nahodné rozdélené v ramci phylogenetického

déleni termitd, protozZe urcité skupiny termitl vykazuji nezpochybnitelnou specializaci na

30



urcité skupiny potravy (Inward et al., 2007), a k jemné diferenciaci nik dochazi i mezi blizce
pfibuznymi taxony (Bourguignon et al. 2011).

Donovan et al. (2001) porovnala morfologické znaky (vyvoj mandibul délnikd a
strukturu stfev) s mikroskopickym rozborem obsahu stiev a vyclenila nasledujici
ekologické skupiny: (i) termiti, ktefi se Zivi mrtvym difevem nebo trdvou a vykazuji
jednoduchou stavbu stfev (jen ,nizsi“ termiti); (ii) termiti, ktefi se Zivi dfevem, travou,
listovym opadem nebo microepifyty a vykazuji sloZitéjsi stavbu stfev (Termitidae:
Sphaerotermitinae, Macrotermitinae, Termitinae, Syntermitinae, Nasutitermitinae); (iii)
termiti Zivici se rozlozenym dfevem, humusem nebo zbytky vykazujicimi struktury
rostlinnych bunék (Termitidae: Apicotermitinae, Foraminitermitinae, Termitinae,
Syntermitinae, Nasutititermitinae); (iv) termiti Zivici se materidlem na bazi hliny s vysokym
obsahem anorganické slozky a s nerozpoznatelnym rostlinnym materialem (Termitidae:
Apicotermitinae, Termitinae, Cubitermitinae). Pfestoze je tato klasifikace platna
z morfologického pohledu, tak biochemické studie isotopl dusiku ukazaly, Ze zakladni
rozdéleni tkvi mezi dfevozravymi termity na jedné strané (skupiny | a Il) a hlinoZzravymi

termity na strané druhé (skupiny Ill a IV) (Bourguignon et al., 2011).
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Divisi Distribut

Family Mastotermitidae

Mastotermes Australian
Family Archotermopsidae
Archotermopsis, Hodolermopsis Oriental, Temperale Zone
Nearctic
Family Hodotermitidae
Hodotermes, Microhodotermes African
Anacantholermes Oriental, African
Family Stolotermitidae African, Australian
Stolotermes
Porotermes African, Australian, Chile
Family Kalotermitidag
Kalotermes ‘Worldwide
Marginitermes Mearctic, Neotropical
Cryplotermes Worldwide
Neotermes ‘Worldwide
Glyptotermes Worldwide
Rugitermes MNeotropical, Papuan
Calcarilermes Nearctic, Neotropical, Oriental
Incisitermes ‘Worldwide
Bifiditermes Worldwide
Family Rhinotermitidae
Parrhinotermes Oriental, Australian
Schedorhinatermes Oriental, African, Australian
D i Acorhi R Neatropical
Psammotermes African, Oriental
Prorhinotermes Cosmotropical, islands and sho
Termitogeton Oriental, Papuan
Coplotermes Cosmotropical
Heterotermes Cosmotropical
Reticulitermes Palearctic, Nearctic
Family Serritermitidag
Serritermes Neotropical
Glossotermes Neotropical
Family Termitidae
Subfamily Macrotermitinae
F ¥ African
Ancistrotermes, it African, Oriental
Subfamily Sphaeratermitinag
hes African
Subfamily Foraminitermitinae
Foraminitermes African
Labritermes Oriental
Sublamily Apicotermitinae
i I {basal African
genera)
E i i {soldi or i genera) Oriental
Adaiphrotermes, Aderitotermes, Allognathotermes, Alyscotermes, Amicolermes, Anenfeotermes, African
3 Skatitermes (soldierless genera)
il L it Rupti i {soldierlc W} i
Subfamily Termitinae
Cristatii Drg, E Incolitermes, Invasitermes Australian
I M, . Pre Australian, Papuan
Grathamitermes Nearctic, Neotropical
Pericapritermes Oriental, African, Papuan
Cephafotermes, Promiratermes African
Cavitermes, Crepititermes, Cylindrotermes, Dentispicotermes, Inquilinitermes, Neocapritermes, Neotropical
Orthognathotermes, Spinitermes
Amitermes, Microcerotermes, Termes Cosmotropical
Angulitermes, Frematermes African, Oriental, Palcarctic
Dicuspiditermes, Globitermes, Homallotermes, Procapritermes, Pseudocapritermes, Sinocaprilermes Oriental
Capritermes, Quasitermes Madagascar
Subfamily Cubitermitinae
. . B r Euchi [ i 7 African
FProboscitermes, Procubilermes, Thoracotermes, Unguitermes
Subfamily Syntermitinae
Comilermes, Curvilermes, Cy Emty L Procor
Silvestri iy
Subfamily Nasutitermitinag Neotropical
m.?mmm Angularitermes, :lrxm‘ams, ﬁlﬂanmrmea, Doamnma Constrictotermes, Cortaritermes, Neotropical
Aciculitermes, ilermes, £ Fi . Grafiatolermes, Mimewlermes, Mrican
Hospitalitermes Oriental, Papuan
Grallalotermes, Trinervilermes Mrican, Oriental, New, Guinea
Tenuirostritermes Nearctic, Neotropical
Diwaitermes, Tumultemes Australian, Papuan
Austrafitermes, Occasitermes, Oceultitermes Australian
Nasulitermes Cosmotropical

Obr. 9: Seznam celedi a zakladnich rodd termitd s jejich vyskytem v zakladnich

geografickych regionech. Prevzato z Krishna et al. (2013)
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Obr. 10: Druhové distribuce termitd v ramci svéta. Cim tmavsi ¢tverec, tim vétsi
druhova diverzita. Nejvétsi diverzita je zaznamenana v jiznim Kamerunu. Prevzato z

Eggleton (2000)

Jakkoliv jsou termiti v bézné populaci znami predevsim jako nicivi sklidci, pouze u
10 % druh( (tj. cca 300) byly zaznamenany zpUsobené skody clovéku a pouze zlomek
znich lze povaZovat za vyznamné skldce. V této souvislosti je nutné si uvédomit, Ze
zhruba 60 % druh( termit je hlinoZravych a Zadné Skody nepachaji. Dalsi pfiblizné tretina
druhG vykazuje dfevoZravou potravni strategii a zbylych nékolik procent pripada na
minoritni potravni strategie (potravou je sucha trava, listovy opad, mikroepifyty atp.).
Nékteré druhy termitl mohou nicméné poskodit lidské majetky zasadnim zplsobem (obr.
12). DulezZité skidce muUZeme rozdélit na dvé kategorie: (i) Skddci dfeva (nebo dalsich
materidll bohatych na celulézu, napfiklad papiru) (obr. 11 ), nebo (ii) skidce plodin.
Skiidci dfeva napadaji pfedevsim strukturni elementy lidskych staveb, vétSinou &asti
dotykajici se zemé, a patfi do Celedi Rhinotermitidae a Termitidae. Rod Coptotermes
(Rhinotermitidae) je nejvyznamnéjsim ztéchto Skldcl. Nejvainéjsi sSkody pusobi
Coptotermes formosanus a C. gestroi, ktefi byli zavleceni do USA i na dalsi mista (Gay,
1969; Rust a Su, 2012). Dalsi zasadnim Skiidcem z ¢eledi Rhinotermitidae je Reticulitermes
flavipes, ktery patii mezi nejvyznamnéjsi skldce drfeva v USA a byl také zavlecen na
nékolik dalSich mist po celém svété, kde se stal invasivnim druhem (dfive popsan jak R.
santonensis) (Evans et al., 2011). Dal$im vyznmanym sklidcem stavebniho dfeva v suchych

oblastech starého svéta je rod Psammotermes (napft. P. allocerus) rozsifeny v celé severni
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Africe (Mitchell, 2002). Skidci napadajici dfevo bez kontaktu se zemi se rekrutuji z Eeledi
Kalotermitidae a nejvyznamnéjSim z nich je rod Cryptotermes, a predevsim C. brevis,
vyskytujici se hlavné na pobrezi jizni Afriky (Mitchell, 2002). Zastupci podceledi
Macrotermitinae (Termitidae), zndmi péstovanim hub, jsou zodpovédni za znacnou ¢ast
poskozeni poli termity (predevsim v Africe a Austrdlii), Zivi se suchou travou, ale v ptipadé
nedostatku nepohrdnou ani Zivou. Mezi polni Skiidce miZeme také zaradit zastupce Celedi
Hodotermitidae (predevsim Hodotermes sp.), ktefi cCasto jsou nazyvani “harvester
termite”, protoze jsou schopni zcela “sklidit” velké polni nebo travni plochy, které jsou
nasledné velmi nachylné k erozi, podobné jako rod Drepanotermes (Termitidae:
Amitermitinae) rozSifeny v Australii (Su, 1994; Mitchell, 2002). O vyznamu termitich
skadcl hovofi naptiklad i fakt, Ze pouze v USA je ro¢né utraceno az 32 miliard USD za ,,boj“

proti termitlm (Rust a Su, 2012).

Obr. 11: Vlevo hnizdo rodu Acanthotermes (Termitidae), v dolni Casti jsou

viditelné houbové zahradky.
Vpravo Poskozeni dfeva termity druhu Coptotermes formosanus

(Rhinotermitidae). Foto: Osobni archiv Jana Sobotnika
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Obr. 12: Zhrouceny krov po napadeni termitem rodu Psammotermes

hybostoma (Rhinotermitidae). Foto: Osobni archiv Jana Sobotnika
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1.5. Potrava a traveni

Termiti dosahuji maximalni druhové diverzity a abundance ve vlhkych tropickych
oblastech a jejich pocetnost koreluje s produktivitou ekosystém( (Eggleton et al., 1996).
Fascinujici fakt je, Ze zhruba 20 % z Cisté primarni produkce biomasy (v teplych oblastech)
je zkonzumovano pravé termity, jejichz hlavni slozkou potravy je celuléza. Termiti se
primarné Zivi na mrtvém drevé, ale sekundarné se vyvinula spousta dalSich rozdilnych
potravnich strategii (Sugimoto et al. 2000). Dfevo a vSechny dalsi rostlinné materidly maji
jednu spolec¢nou vlastnost — jsou tvoreny lignocelulézovou matrici, tzn. obsahuiji celuldzu,
hemicelulézy a lignin. Celuldza je nejbéznéjSim polymerem na Zemi a predstavuje zhruba
40 % rostlinného materidlu (Eggert et al., 1990). Z chemického hlediska se jedna o
polysacharidové vldkno tvofené mezi 500 a 14 000 D-glukézovymy bloky spojenymi
dohromady B- (1-4) vazbami (Sjostrom, 1993). Lignin se vyskytuje predevsim ve dievé,
kde tvofi zhruba 30 % organické hmoty. Lignin je heterogenni biopolymer postradajici
definovanou strukturu, ale vSeobecné vzato se sklada z phenylpropanoidovych jednotek
(p-hydroxyphenyl, guiacyl, syringyl, sinapyl a dalsi), vidy se jedna o aromaticka jadra
s hydroxylovanymi bocnimi fetézci spojenymi dohromady C-C nebo jinou vazbou
(Freudenberg a Nash, 1968). Hemiceluldza, treti nejbézinéjsi skupina rostlinnych
polymerd, je také polysacharid skladajici se z pestré sSkaly D-pentosovych cukri, které tvori
rozvétvené polymery az do 3 000 jednotek (Sjostrom, 1993). Schopnost dekompozice
lignocelulézové matice rostlinnych tkani je vzdcnad vcelé ZivociSné fiSi, nicméné
dekompozitofi ¢asto dosahuji vysokych abundanci diky velkému pfisunu energie. Mezi
bezobratlymi jsou dekompozitory naptiklad mékkysi (Suzuki et al., 2006), hlistice (Smant
et al., 2003), brouci (Girard a Jouanin, 1999), nebo dokonce sumka rodu Ciona (Chordata:
Tunicata; Fleming, 1822) (Dehal et al.,, 2002). Traveni lignocelulézy je umoznéno
kombinaci efektl vlastnich celuldz a pestré skaly dalSich enzym( produkovanych stfevnimi
mikroorganismy (Ohkuma a Brune, 2011). Stfevo je bezpochyby nejvétSim organem
termitich délnikd (obr. 13), a zatimco u ,,nizsich” termitd je to spiSe jednoduchy travici
trakt, ktery najdeme napfiklad u $vabd, u ,vysSich” termitl (Termitidae) uZ se jednd o
znacné slozitéjsi organ uzplsobeny pro dokonalejsi traveni rostlinnych material(, véetné
téch ve vyssich fazich dekompozice (Noirot, 1995, 2001; Bignell 2011). Travici systém
vykazuje obrovskou variabilitu funkcnich ¢asti, jez se projevuji rliznymi zpUsoby rozvoje
jednotlivych kompartment(, predevsSim vramci zadniho stfeva, stejné jako zplsobu
pfipojeni Malpigickych trubic. Délka zadniho stfeva, specidlné u hlinoZzravych taxond,

nékolikrat presahuje délku téla a jeho nezvyklé usporadani nema v celé hmyzi fisi obdoby
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(Bignell, 2011). Tyto vlastnosti poskytuji velice dobré taxonomické znaky, a je to
predevsim enterickd valva, kterd nahrazuje anatomické znaky vojakd u bezvojakatych (i
dalsich hlinozravych) taxonl (Sands, 1972, 1998). Zatimco predni stfevo slouZi hlavné k
prichodu a docasnému skladovani potravy, jejimu smichani s travicimi enzymy
produkovanymi labialni Zlazou, a k jejimu rozmélfiovani ve Zvykacim Zaludku, tak ve
stfednim stfevu dochazi k produkci a plsobeni vlastnich travicich enzymi a vstiebavani
Zivin. Zadni stfevo pak slouZi pro traveni potravy s pomoci symbiotickych mikroorganisma
a Stépeni nejodolnéjsich makromolekul. To je diivodem, proc se zadni stfevo vyvinulo do
tolika odlisnych tvard a rliznych komor, ve kterych najdeme napftiklad rlizné pH, jez slouzi
pro fungovani rGznych enzym( zodpovédnych za rozklad konkrétnich latek obsaZzenych
v potravnich slozkach (Bignell, 2011). Traveni termitd je velice Gcinné — az 90 %
polysacharidickych sloZek organické hmoty muzZe byt ztrdveno béhem jednoho priichodu
stfrevem (Breznak a Brune, 1994). Toto dokonalé traveni je umoznéno bohatou flérou
symbiotickych mikroorganism (aZz 101! bunék v jednom ml), které nachazime pfedevsim
v prfedni ¢asti zadniho stfeva, ackoliv se mikroorganismy vyskytuji i v dalSich ¢astech
stfeva (Noirot a Noirot-Timothée, 1969; Brune, 2009). Kromé fady prokaryot Zijicich volné
v lumenu stfeva jsou dalsi vyznamnou a bohatou skupinou mikrobidlnich symbiont(
specializovani bicikovci (Flagellata) (Tokura et al., 2000; Hongoh et al., 2006; Radek a
Nitsch, 2007; Inoue et al., 2008). VSichni ,nizsi“ termiti (vCetné rodu Cryptocercus,
sesterské skupiny termitd; Lo et al., 2000, Inward et al. 2007, Bourguignon et al. 2015)
disponuji unikatnimi bicikovci patficimi do skupin Parabasalia nebo Oxymonadida (kmen
Preaxostyla), které nenajdeme u zadnych dalSich Zivocichl (Cleveland et al., 1934; Inoue
et al., 2000; Ohkuma a Brune, 2011). Stfevo vsech termitll, bez ohledu na taxonomické
zafazeni, obsahuje také obrovské mnoiZstvi prokaryot, tj. eubakterii a archebakterii. Ty
zhusta reprezentuji nepopsané rody nebo i Celedi s nejasnou pfibuznosti k dalSim
skupindm bakterii. Proto byly definovdny tfi skupiny bakterii Zijicich exklusivné v travicim
traktu termit( (tzv. Termite Groups): TG1, TG2 a TG3 (Ohkuma a Kudo 1996; Hongoh et
al., 2003, 2005, 2006). Odhadovana bakteridlni diverzita je nékolik set fylogenetickych
jednotek (fylotyp() v kazdém termitim stfrevé (Hongoh et al., 2003, 2005, 2006), ale tyto
drivéjsi odhady braly v potaz pouze nejbéznéjsi fylotypy, zatimco spousty dalSich fylotypu
byva opomijeno kvali jejich nizké abundanci (Ohkuma a Brune 2011; Otani et al., 2014).
Podle Bignella (2011) poskytuji stfevni symbionti alesporn sedm nasledujicich
funkci: (i) disimilacni metabolismus cukernych polymer( tvoficich bunécné stény
rostlinnych pletiv na polysacharidy kratkych retézc( slouZicich jako energie pro termity i

jejich symbionty; (ii) odbourdvani kysliku, které probiha predevsim na okraji stfeva a
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umoznuje vytvofit vjeho stfedu mikroanaerobni nebo dokonce striktné anaerobni
podminky umoZiujici zpracovani potravy fermentaci; (iii) spotfeba vodiku redukéni
acetogenezi; (iv) recyklace prebytkd dusiku; (v) fixace vzdusného dusiku v ptipadé jeho
nedostatku, coZ je dlleZité predevsim pro dievozravé druhy; (vi) rozklad aromatickych
sloZzek obsaZzenych v ligninu (demethylace, deacetylace, dekarboxylace); (vii) humifikace
komplexu organickych materialt a mineralizace uhliku z proteinovych slozek huminovych

kyselin, které maji velky vyznam pro hlinozravé druhy.

Obr. 13: Termiti druhu Heimitermes laticeps (Termitidae: Apicotermitinae), jeZ se

vyskytuje pouze v Konzské panvi. U délnikd je jasné vidét velikost a délka streva

véetné objemu travené potravy. Foto: Osobni archiv Jana Sobotnika
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1.6. ZpUsob Zivota termitd

Zivotni strategie termitli mohou byt kategorizovany nékolika zptisoby. Za jeden
zdrojem a zpUsobem hnizdéni. Potom nejjednodussi zpUlsob Zivota vykazuji takzvani
jednokusovi termiti, kterym je jeden kus dieva hnizdem a zaroven jedinnym zdrojem
potravy (Abe, 1987; Shellman-Reeve, 1997). Tuto strategii najdeme u celedi
Archotermopsidae, Kalotermitidae, Glossotermes (Serritermitidae) a Termitogeton a
Prorhinotermes (Rhinotermitidae) (obr. 14). Tato strategie je velmi nestabilni kvl
omezenému zdroji potravy, a proto je spojena s linedrnim ontogenetickym vyvojem, kdy
maji nediferenciovani jedinci moznost vyvinuti kiidel a opusténi hnizda ve chvili vyCerpani
potravniho zdroje. Jednokusovi termiti rovnéz vykazuji maly pocet jedincd v kolonii a,
vzhledem k nestabilité potravnich zdrojl, také kratkou Zivotnost kolonie (Abe, 1987;
Shellman-Reeve, 1997; Korb a Hartfelder, 2008). Druhym typem Zivotnich strategii je
mnohokusové hnizdéni, které se také objevuje u druhd, jeZ se dfevem Zivi a i v ném hnizdi.
Kolonie je schopna kolonizovat nové zdroje potravy podzemnimi chodbami (obr. 15), coz
zasadnim zpUsobem zvysuje stabilitu tohoto systému a vede tak k vy$simu poctu jedincl
v kolonii. Tuto strategii najdeme u celedi Mastotermitidae, Stolotermitidae,
Paraneotermes (Kalotermitidae) a vétSiny Rhinotermitidae. Druhy s touto strategii Casto
vykazuji vétvenou ontogenezi se znaky se zachovanou ontogenetickou flexibilitou a pouze
mensina jsou druhy s linedrni ontogenezi (Stolotermitidae, Kalotermitidae:
Paraneotermes a Rhinotermitidae: Psammotermes) (Abe, 1987; Shellma-Reeve, 1997;
Bourguignon et al., 2012). Tfetim typem strategie je centralni hnizdéni, kdy je definované
hnizdo spojeno se zdroji potravy fadou podzemnich nebo nadzemnich chodeb. Druhy
s touto strategii se neZivi pouze dfevem, ale dalSimi rostlinnymi materidly bez ohledu na
jejich stupen dekompozice (obr. 16 a 17). Tento zplisob Zivota poskytuje nejstabilnéjsi
Zivotni strategii a kolonie mohou Zit po desitky let. Tato strategie je spojena s pokrocilou
vétvenou ontogenezi a nejvétSimi zndmymi koloniemi. Také je spojena s vysokym
polymorfismem délniki a vojaka, sloZitou délbou prace a rozvinutym polyethismem.
Centrélni hnizda se vyskytuji u Hodotermitidae, Coptotermes (Rhinotermitidae) a vétsiny
zastupcl Celedi Termitidae (Abe, 1987; Shellma-Reeve, 1997; Roisin a Korb, 2011).
Poslednim typem hnizdéni je inquilinismus, coZ znamen4d, Ze jeden druh Zije v hnizdé
jiného druhu (vzdy s centralnim hnizdénim) a Zivi se jeho hnizdnim materidlem nebo jeho
zasobami potravy v pripadé travozravych druhl. Tento zplsob Zivota predstavuje

Castecnou analogii k jednokusovému typu hnizdéni, protoze hnizdo hostitelského druhu
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predstavuje vyhradni zdroj potravy, ktery nemUze byt rozsiten, ale mlze byt hostitelskym
druhem stdle doplfiovan. Inquilini Ziji v malych koloniich oddélené od chodeb
hostitelského druhu (vzajemné setkani je vidy nepratelské) a jejich ontogeneze je vidy
vétvend (Termitidae), kromé druhu Serritermes serrifer (Serritermitidae) (Abe, 1987;

Shellman-Reeve, 1997; Barbosa et al., 2012).

\ ."?

Obr. 14: Glossotermes oculatus (Serritermitidae) patfi mezi jednokusové termity,
ktefi se Zivi suchym difevem s ¢ervenou hnilobou v neotropech. Foto: Osobni archiv Jana

Sobotnika
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Obr. 15: Mastotermes darwiniensis (Mastotermitidae) patfi mezi dfevoZravé
termity, ktefi si vSak dokdzi rozsifovat potravni zdroje tak, Ze je propojuji galeriemi.
Zaroven se jednd o nejbazdlnéjsiho termita, ktery tvofi sesterskou skupinu ke vSem

ostatnim skupindm termitd. Foto: Osobni archiv Jana Sobotnika
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Obr. 16: Hnizda termitl neotropické podceledi Termitidae: Syntermitinae.

Vlevo centralizované arboredini hnizdo druhu Labiotermes labralis.

Vpravo prirez hnizdem Cornitermes cumulans, na kterém je dobfe vidét odlisna
stavba vnéjsi ochranné vrstvy (vpravo) a vnitini ¢asti hnizda. Foto: Osobni archviv

Jana Sobotnika

Obr. 17: Nasutitermes triodiae (Termitidae: Nasutitermitinae) dokaze diky
strategii centralniho hnizdéni tvofit obrovska hnizda obsahujici az nékolik milion(
jedincl. Jedna se o travozZravého termita bézné se vyskytujiciho v severni Australii.

Foto: Osobni archiv Jana Sobotnika
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1.7. Systematika termit(

1.7.1. Mastotermitidae

Monotypickou Celedi je ¢eled Mastotermitidae, ktera je sesterskou skupinou ke
vSem ostanim termitm (tj. Euisoptera) a pravdépodobné se objevila jiz pfed 150 miliony
let (Ahmad, 1950; Kambhampati et al., 1996; Kambhampati a Eggleton, 2000;
Bourguignon et al., 2015). V soucasnosti existuje z dfive celosvétové rozsifené skupiny
jediny platné popsany druh, Mastotermes darwiniensis, plvodné pouze severoaustralsky,
ktery byl ¢lovékem zavle€en i na jizni Papuu (Thorne et al., 2000; Evans et al., 2013).
Mastotermes darwiniensis si vykazuje plesiomorfni znaky (napfiklad analni lalok zadniho
paru kridel, péti¢lankové tarsi, ulozeni vajicek v oothéce, kladélko samic, pfitomnost
symbiotickych bakterii rodu Blattabacterium v tukovém télese nebo napfiklad nejvyssi
pocet sterndlnich a tergdlnich Zldz; Noirot, 1969; Krishna 1970; Watson a Gay 1991,
Ampion a Quennedey, 1981), ale zaroven vykazuje odvozené anatomické znaky
(vicebicikaté spermie, které jsou unikatni mezi vsemi Zivocichy) (Baceti a Dallai, 1978),
vétvenou ontogenezi, velké kolonie dosahujici nékolika miliond jedincl, velmi sloZité
struktury hnizd a potravnich galerii, a pfitomnost poplasného feromonu produkovaného
labidlni zldzou (Moore, 1966; Noirot a Pasteels, 1987; Delattre et al., 2015). Mastotermes
se Zivi dfevem, které sklizi v potravnim teritoriu skrze komplikovanou sit podzemnich
chodeb. V ptirozenych podminkach tvofi stfedné velké kolonie Citajici Fadové desitky tisic
jedincl, nicméné u narusenych biotopech mohou kolonie dosahovat aZ stovek tisic
jedinc a byt vyznamnymi Skddci stavebniho dreva (obr. 12) (Krishna et al., 2013;

Bourguignon, osobni sdéleni).

1.7.3. Archotermopsidae a Stolotermitidae

Zastupclh celedi Archotermopsidae (rody Archotermopsis, Zootermopsis a
Hodotermopsis; celkem sedm druhU; Krishna et al., 2013) i Stolotermitidae (Stolotermes
a Porotermes) vykazuji primitivni anatomii (naptiklad Zilnatina kridel, struktura genitalii
nebo dlouhé cerky; Weesner 1969) a linearni ontogenezi (Roisin 2000). Kolonie zastupcl
celedi Archotermopsidae jsou tvoreny pouze malymi pocty jedincll (jen okolo 40 kusU u
druhu Archotermopsis wroughtoni; Roonwal et al., 1984), z nichz velka vétsina se alespon
pokusi rozmnoZit, at uz jako alat, neotenik ¢i plodny vojak (Shellman-Reeve 1997).
Archotermopsidae maiji disjunktni areal, a vyskytuji se v Himaldjich (Archotermopsis
wroughtoni), na zapadé Severni Ameriky od severniho Mexika po jizni Kanadu
(Zootermopsis spp.) a v jihovychodni Asii (Hodotermopsis sjéstedti - hory zadni Indie,

Taiwan, jizni ostrovy Japonska).
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Stolotermitidae (rody Stolotermes a Porotermes; celkem deset druhd; Krishna et
al., 2013) jsou typickymi Gondwanskymi relikty, nebot se vyskytuji v jizni ¢asti Jizni
Ameriky (Porotermes), v jizni Africe, Austrdlii, Tasmanii a na Novém Zélandé (oba rody).
Vsechny druhy celedi Archotermopsidae a Stolotermitidae se Zivi vihkym mrtvym dievem
(Pearce a Waite 1994, Eggleton 2000), a jakkoliv jsou bez vyjimek povaiovany za
jednokusové termity, nékteré rody jsou schopny kolonizovat nové zdroje potravy pomoci
podzemnich ¢i nadzemnich krytych galerii (Hodotermopsis — Bordereau a Pasteels, 2011,

Porotermes — Sobotnik, osobni pozorovani) (obr.:18 a 19).
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Obr. 18: Termiti Hodotermopsis sjostedti (Archotermopsidae). Foto: Osobni archiv

Jana Sobotnika

Obr. 19: Termiti rodu Porotermes quadricollis (Stolotermitidae). Foto: Osobni

archiv Jana Sobotnika
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1.7.4. Hodotermitidae

Hodotermitidae (tfi rody, 21 druhd; Krishna et al., 2013) jsou skupinou starého
svéta specializujici se na suché habitaty; mezi ,nizsimi“ termity se jedna o jedinou skupinu
Zivici se travou (Shellman-Reeve, 1997; Eggleton 2000). Externi znaky celedi
Hodotermitidae jsou primitivni, podobné ¢eledim Archotermopsidae a Stolotermitidae
(Krishna, 1970), dalsim spoleénym je umisténi sternalni Zlazy na ¢tvrtém sternitu (Noirot,
1995). Socialni systém celedi Hodotermitidae je vysoce odvozeny, obyvaji centralizovana
podzemni hnizda, ontogenetické schéma je vétvené, délnici jsou obou pohlavi a vykazuji
pohlavni dimorfizmus, zatimco monomorfni vojaci jsou vidy samci (Watson 1973; Watson
a Sewell 1981; Grassé 1982; Noirot a Pasteels 1987). Zastupci Celedi tvofi stfedni az velké
kolonie. Vsechny druhy této Celedi vyrazeji za potravou do otevieného prostoru a vSsechny
kasty maji proto vyvinuté oci. Rod Hodotermes se vyskytuje v jizni a zapadni Africe, rod
Microhodotermes v severni Africe a lIzraeli, a rod Anacanthotermes se vyskytuje od

Maroka po zdpadni Sri Lanku a od Kazachstanu po Severni Sidan (obr. 20) (Sands, 1998).

Obr. 20: Zastupci rodu Hodotermes (Hodotermitidae). Foto: Osobni archiv Jana

Sobotnika

1.7.5. Kalotermitidae
Vsichni zastupci celedi Kalotermitidae (22 rod( a 457 druhU; Krishna et al., 2013;
Scheffrahn et al., 2018) maji stejnou linedrni ontogenezi (Roisin 2000) a ekologickou
strategii — typicky Ziji v mrtvych vétvich v korunach strom(, a pouze na okrajich aredlu

termitl (vyssi zemépisné sitky, tropicka pohofi atp.) dokazi kolonizovat i dfevo leZici na
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zemi. Stejné tak jsou i v nizinnych tropickych lesich konzumovat drevo, které je pro jiné
termity pfili$ tvrdé (Sobotnik, osobni sdéleni). Celed Kalotermitidae ma ze viech skupin
nejvétsi aredl, coz vyplyvd ze znacnych disperznich schopnosti, ale vzhledem k jejich
slabym kompeti¢nim schopnostem jsou v tropech relativné vzacni (Pearce a Waite 1994;
Eggleton 2000, Krishna, 1961). Z hlediska diverzity se jednd o druhou nejbohatsi celed
(Krishna et al.,, 2013). Vojaci Kalotermitidae casto vykazuji fragmotickou obrannou
strategii, kdy vojdk po napadeni hnizda uzavie pfistupovou chodbicku specialné
tvarovanou hlavou a nasledné je za nim chodba uzaviena smési vykall a sekrece labidlnich
Zlaz (obr. 21). Fragmoticti vojaci se vramci Celedi Kalotermitidae vyvinuli nékolikrat

nezavisle na sobé (Krishna, 1970).

Obr. 21: Eucryptotermes sp. (Kalotermitidae) s typickym fragmotickym vojakem.

Foto: Osobni archiv Jana Sobotnika

1.7.6. Stylotermitidae
Celed Stylotermitidae je bezpochyby nejméné prozkoumanou skupinou termitd.
PrestozZe jediny rod celedi (Stylotermes) (obr. 22) obsahuje 45 popsanych druh( Zijicich
v jihovychodni Asii, tak vzorky zastupcl této Celedi jsou extrémné vzacné. Tato zvlastnost
je zpUsobena tim, Ze se zastupci Celedi Zivi na velmi tvrdém a vétSinou Zivém drevé. Kromé
popist druhl nejsou zndmy dalsi detaily o jejich biologii (Krishna et al., 2013), pouze
recentné byla jednoznacné odhalena jejich systematickd poloha jakoZzto bazalni vétve

skupiny Neoisoptera (Wu et al., 2018).
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Obr. 22: Habitus vojaka a délnika Stylotermes halumicus (Stylotermitidae).
PovSimnéte si unikatniho znaku - zvlastnich vyrQstkd z hrudnich pleur délnika. Foto:

Osobni archiv Jana Sobotnika

1.7.7. Serritermitidae

Celed Seritermitidae obsahuje dva rody, Serritermes s jedinym druhem S. serrifer
(obr. 23) a rod Glossotermes se dvéma popsanymi druhy (Krishna et al., 2013). Oba rody
vykazuji unikatni ontogenezi, kdy je kombinovano linearni schéma s pohlavni specializaci
— vSichni délnici i vojaci jsou samciho pohlavi (Bourguignon et al., 2009, Barbosa &
Constantino 2017). S. serrifer se vyskytuje pouze v Brazilii, a Zije pouze ve vnéjsich sténach
hnizd druhu Cornitermes cumulans, kde se Zivi na zbytcich rostlinného materialu (Araujo,
1970; Shellman-Reeve, 1997) — jedna se tedy o jediného inkvilina mezi ,, nizSimi“ termity.
Serritermes vykazuje nékolik nezvyklych charakteristik, napfiklad dlouhé zoubkované
mandibuly u vojakd (Emerson a Krishna, 1975), kdeZto typicky ypsilonovy Sev na craniu
vojakd chybi (Emerson a Krishna, 1975). Dal$im unikatnim znakem je sekrece labialnich
Zlaz produkovana a centrdlnimi burikami acinu v koncentrickych granulich (Costa-
Leonardo, 1997). Rod Glossotermes se vyskytuje v Braziilii a Francouzské Guyané, a Zivi se

suchym trouchnivym dfevem napadenym cervenou hnilobou (osobni pozorovani).
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Obr. 23: Rod Serritermes (Serritermitidae). Foto: Osobni archiv Jana Sobotnika

1.7.8. Rhinotermitidae

Celed” Rhinotermitidae zahrnuje celkem 12 rodd a 315 druhdl (Krishna et al.,
2013), nicméné se jedna o polyfyleticky shluk povrchné podobnych rod, které Ize rozdélit
na tfi monofyla: (/) Rhinotermitinae; (i) Psammotermitidae (nomen nudum),
Prorhinotermes, Psammotermes a Termitogeton (k nimZ patfi rovnéz Cceled
Serritermitidae); (iii) Heterotermitidae (nomen nudum), Reticulitermes, Heterotermes a
Coptotermes (obr. 24) (Krishna et al.,, 2013; Bourguignon et al. 2015, 2016).
Rhinotermitidae maji velky aredl ktery zahrnuje tropické a subtropické oblasti celého
svéta; nejvyssi diverzita je znama z jihovychodni Asie (Pearce a Waite, 1994; Eggleton
2000). Psammotermitidae vykazuji linearni vyvoj s jednim ¢i dvéma nymfalnimi instary
(Roisin, 1988; Bourguignon et al., 2009; Barbosa a Constantino 2017). U vsech dalsich
zastupcl Rhinotermitidae se vyskytuje vétveny ontogeneticky vyvoj. Pohlavni nebo
instarova specializace se vyskytuje u mnoha druhl a vysledkem je polymorphysmus
délnik( a/nebo vojakl (Roisin, 2000). Vojaci maji vyvinuté mandibuly, ale u podceledi
Rhinotermitinae se vyskytuje specificky druh vojakl s prodlouzenym labrem (nasutoidi)
(Weesner, 1969; Prestwich 1984). Sekrece frontalni Zlazy obsahuje predevsim kontaktni
jedy (Preswitch, 1984). Cerky jsou vidy dvouclankové; dalsi speciadlni znaky
Rhinotermitidae jsou zaloZeny na Zilnatiné kfidel (Grassé, 1986). Kosmotropicka skupina
Rhinotermitinae obsahuje 6 rodl a 62 druhd. Jedna se o druhy malé (Parrhinotermes,

Dolichorhinotermes), ale i stfedni Ci velké (Schedorhinotermes, Rhinotermes). Vsechny
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druhy této podceledi tvoti velké kolonie a Zivi se difevem, od zdravého po silné
degradované (Krishna et al., 2013). Vetsina druh rodu Prorhinotermes (celkem 11) Zije
na tropickych ostrovech a zaznamy z pevniny jsou velmi vzacné (Stys a Sobotnik, 1999),
coz je pravdépodobné zpulsobeno jejich znaénymi schopnostmi kolonizace v kombinaci s
nizkym kompeti¢nim potencialem (Emerson, 1955). Kolonie tohoto rodu jsou stredné
velké (1 000 aZ 5 000 jedincll) a Zivi se trouchnivym dfevem (Bourguignon at al., 2012).
VSechny ctyfi zndamé druhy rodu Psammotermes Ziji v poustich starého svéta (Afrika,
Arabie a jihovychodni Asie), kde tvori velké kolonie tvofené az stovkami tisic jedincd, které
se Zivi nejen dfevem, ale i jakymkoli rostlinnym materidlem v¢etné opadu a Zivych rostlin
(Roonwal, 1988; Krishna et al., 2013). Z hlediska ontogeneze se jedna o velice polymorfni
rod, kdy vojaci mohou vznikat z déInik( az 11 rliznych instar( a zatimco mladsi délnici jsou
pseudergaty, starsi délnici de facto tvofi kastu pravého délnika, nebot jejich hmotnost
mUZe presahovat vahu okridlenych dospélct vice neZ desetindsobné (Bourguignon et al.,
2012). Termitogeton je jednim z nejmensich termit(, ktery tvofi malé kolonie Zivici se
vlhkym trouchnivym dievem s ¢ervenou hnilobou. Jeden druh je endemitem Ceylonu
(Maiti, 2006) a dalsi dva druhy se vyskytuji v orientdlnich regionech a na Papui
(Bourguignon a Roisin, 2011). Rod Reticulitermes obsahuje 138 popsanych druh( a jedna
se tak o jeden z nejvétsich roda termit (Krishna et al., 2013). Vyskytuje se pouze na
severni polokouli od severniho Mexika po jizni Kanadu, v jihozdpadni Evropé, a
v jihovychodni Asii. Zatimco v mirném a subtropickém pdsu Ziji spiSe v nizinach, v
jihovychodni Asii se vyskytuji v tropickych pahorkatindch, nicméné jen na pobrezi
severovychodni Ciny, Koreje a Japonska (zde a? na jizni Hokkaido). Stfedné velké a7 velké
kolonie se Zivi zdravym dfevem a postradaji strukturované hnizdo. Rod Heterotermes je
kosmotropickou skupinou Zivici se zdravym C¢i ¢astecné trouchnivym drevem; tvofri
vétSinou stfedné velké kolonie (Krishna et al., 2013). Zatimco nékteré druhy (napf. H.
aureus na jihu USA) tvofi centralizovana hnizda, vétsina druhu Zije pouze ve dfevé a vlastni
stavby nestavi. Rod Coptotermes zahrnuje 67 popsanych druh( (Krishna et al., 2013)
s kosmotropickou distribuci, z nichZz nicméné pouze 21 jsou nesporné existujici druhy a
ostani jsou nejspise mladsi synonyma téchto druhi (Chouvenc et al., 2016). Jedna se o
stredné velké termity tvofici kolonie obsahuijici i pres milion ¢len(. Vétsina druh( netvofri
zjevné struktury hnizda, nékolik australskych druh( (napt¥. C. acinaciformis, C. lacteus)

stavi komplexni epigealni hnizda (Noirot, 1970).
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Obr. 24: Zastupci druhu Coptotermes testaceus (Rhinotermitidae). Osobni archiv

Jana Sobotnika

1.7.9. Termitidae

Celd tato skupina je oznacovana jako ,vyssi“ termiti, a zahrnuje zhruba 80 % rod
(238) a 70 % druhdi (2 072) Zijicich termitl (Krishna et al., 2013; Sobotnik a Dahlsjs, 2017).
Obecné charakteristiky této diversifikované skupiny jsou zaloZeny na Zilnatiné kfidel (silna
costalizace a redukce radidlniho sektoru) a absenci bicikatych symbionti v zadnim stfevu
(Noirot a Noirot-Timothée, 1969; Grassé, 1986). Postembryonalini vyvoj je vidy vétveny,
rigidni a velmi uniformni, délnici jsou znacné odlisni od larev i nymf, a kastovni systém a
sexudlni polymorfismus zde dosahuje nejvyssi Grovné (Noirot a Pasteels 1987; Roisin,
2000). Pfitomnost neotenikll schopnych reprodukce je fidka (Myles, 1999), Castéji se
objevuje jen u nékterych rodd Syntermitinae a Termitinae, a je vétSinou spojena
s ,assexual queen succession” (Fougeyrollas et al., 2015). Variabilita vojdku celedi
Termitidae je obrovska a jsou déleni do nékolika skupin podle typu mandibul (drtici,
propichovaci, stfihaci, luskaci symetrické nebo asymetrické, vojaci nasutni ¢i fragmoticti,
obr. 5) (Prestwich, 1984). Zastupci Celedi Termitidae Ziji pfedevsim v tropech a jejich
vyskyt v temperatni zoné je spise vzacny (Pearce a Waite, 1994; Eggleton 2000). Celed
Termitidae vykazuje nejvétsi diversitu nik, a jednotlivi zdstupci jsou schopni se Zivit
rostlinnym materidlem v jakémbkoliv stadiu dekompozice, od Zivych pletiv nebo hub, az po
silné degradované humusové slozky v piidé (Donovan et al., 2001). Termitidae se déli do

osmi podceledi (Krishna et al., 2013): (i) Macrotermitinae (obr. 11 a 25) (termiti péstujici

houby) vyskytujici se v Africe, v Arabii a jizni Asii, jejich primarni potrava je tvorena
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mrtvym dievem, listovym opadem nebo travou; sekundarni jsou pak vidy nepohlavni
spory (noduly) symbiotickych hub rodu Termitomyces (Basidiomyces: Agaricales); (ii)
podceled Sphaerotermitinae obsahuje jediny popsany druh Sphaerotermes
sphaerothorax Zivici se dfevem, Zijici v centralni Africe a tvofici unikatni podzemni kulovita
hnizda s bakteridlnimi zahradkami (obr. 26); (iii) Foraminitermitinae obsahuje dva rody,
Sttedoafricky rod Foraminitermes a jihoasijsky rod Labritermes, v obou pfipadech se jedna
o hlinoZravé termity; (iv) Apicotermitinae sestava ze dvou pracovnich skupin
LApicotermes-group” Zijici ve stfedni Africe a jizni Asii, a bezvojakaté druhy skupiny
L,Anoplotermes-group” Zijici v Africe a Neotropech, vidy se jednd o hlinoZravé termity; (v)
Termitinae je podceled, jejiz zastupci maji kosmotropické rozsifeni a jedna se jak o
drevozravé, tak hlinozravé druhy; (vi) Cubitermitinae je skupina hlinoZravych termit(
Zijicich pouze v Africe; (vii) Syntermitinae je neotropicka skupina dfevo nebo hlinozravych

termitl stejné jako skupina (viii) Nasutitermitinae, jejiz rozsiteni je kosmotropické.

Obr. 25: Vojaci druhu Macrotermes carbonarius (Termitidae: Macrotermitinae)

hlidajici vchod do hnizda tésné pred rojenim okridlenych dospélcli. Foto: Osobni archiv

Jana Sobotnika
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Obr. 26: Unikatni hnizdni strategie druhu Sphaerotermes sphaerothorax

(Termitidae: Sphaerotermitinae), kdy je kulovité podzemni hnizdo od okoli navic izolovano

volnym prostorem a visi pouze na kofenech. Foto: Osobni archiv Jana Sobotnika
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1.8. Exokrinni zIazy termitl

1.8.1. Klasifikace zlaz

Pro klasifikaci epidermalnich Zldz je pouzivana anatomickd nebo funkéni
klasifikace. Anatomické tfidéni je zaloZzeno na umisténi v téle jedince (zlazy hlavové,
hrudni, abdominalni, nozni atp.), zatimco funkcni clenéni bere v potaz spiSe funkci
vyluéované sekrece (Zlazy slinné, snovaci, obrané, feromonové atp.). Funkéni ¢lenéni se
ukazalo byt nedostateénym, nebot stejnou funkci mohou hrat rizné zlazy, stejné jako je
povaha sekrece fady 714z zatim nezndma. Stejné tak muzZe stejnd Zlaza mit nékolik funkci,
napfiklad sternalni zZlaza termitl vylucuje stopovaci feromony u sterilnich kast, zatimco u
imag vylucuje sexudlni feromony. Také slovo ,zIdza” je pouzivano ve vice smyslech, a to
od epidermadlnich bunék sekretujicich novou kutikulu, pfes jednotlivé sekrecni bunky
rozptylené v epidermis hmyzu az po komplexy tisici bunék tvoricich komplexni Zlazy
hmyzu. Noirot a Quennedey (1974, 1981) provedli cytologickou analyzu s cilem vytvofit
konzistentni klasifikaci exokrinnich zldz hmyzu. Epidermdlni bunky jsou vidy kryty
kutikulou a jejich sekrety musi kutikuldrni bariérou prostupovat. Tato interpretace vedla
k vytvoreni klasifikace tfi kategorii sekrec¢nich bunék: (i) Buriky I. tfidy — pfimo sousedi
s kutikulou a jejich sekrece pfimo prostupuje skrz vice ¢i méné modifikovanou kutikularni
bariéru; (ii) Buriky Il. tfidy — nejsou v kontaktu s kutikulou a jejich sekrety jsou pohlcovany
burikami I. tfidy, odkud jsou teprve vylouceny mimo télo; (iii) Bunky Ill. tfidy — jsou
napojeny na kandlkovou bunku, jez vede kutikularnim kandalkem sekreci skrze kutikulu.

U termitll bylo doposud popsano pouze 22 (23; Synek et al.,, 2019, viz niZe)
rGznych exokrinnich Zlaz, coZ je sice mnohem vice nez u solitérnich skupin hmyzu, nicméné
porad se jedna o spiSe nizsi pocet ve srovnani s eusocidlnimi blanokfidlimi - napfiklad u
mravencl bylo popsano takika 80 Zzlaz (Billen, 2009). Vycet termitich Zlaz zahrnuje
nasledujici organy: frontalni ldza (Prestwich, 1984; Quennedey, 1984; Sobotnik et al.,
2010a), nasalni 7laza (Sobotnik et al., 2015), labraini 7ldza (Deligne et al., 1981;
Quennedey, 1984; Palma-Onetto et al., 2018, 2019), hypofaryngedini Zlazy (Brossut,
1973), klypealni 7l4za (K¥izkova et al., 2014), epidermalini tegumentalni #lazy (Sobotnik et
al., 2003), integumentalini Zlazy (Leis a Sbrenna, 1983), mandibularni Zlazy (Noirot, 1969),
intramandibularni zZlazy (Quennedey, 1984), akcesorické mandibularni zlazy (Greenberg a
Plavcan, 1986), labidlni z1azy (Sobotnik & Weyda, 2003; Sillam-Dussés et al., 2012), tarzalni
Zlazy (Bacchus, 1979), laterothorakalni Zlazy (Goncalves et al., 2010), dehiscentni Zlazy
(Costa-Leonardo, 2004), krystalové 7lazy (Sobotnik et al., 2012, 2014), sternalni #laza

(Ampion a Quennedey, 1981; Quennedey et al., 2008), posteriorni sternalni zlazy
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(Quennedey et al., 2004; Sobotnik et al., 2005), pleuroabdominalni zlazy (Ampion, 1980),
tergdlni zIazy (Ampion a Quennedey, 1981), posteriorni tergalni zZlazy (Costa-Leonardo a
Haifig, 2010), spermatekalni zlaza (Quennedey, 1975), rostralni zlaza (Deligne, 1983) a

ordlni Zlaza (Synek et al., 2019, ¢ast 1).

1.8.2. Oralni zlaza
Jedna se o nové popsanou Zlazu, kterd byla popsana u délnik( i vojaka, ,nizsich” i
,VysSich” termit(, a to jak u dfevozravych, tak i hlinozravych druh(l. Oproti ostanim Zldzam
je ordini zldza velmi mald — je tvorena radové jen desitkami bunék. Je uloZzena hned za
Ustnim otvorem ve dvou sekrecnich regionech, na dorsalni a ventralni strané anteriorniho
faryngu. Jeji funkce zlstdvd nezndma, ale nejpravdépodobnéjsi hypotézou je, Ze
produkuje lubrikanty usnadnujici postup potravy do dalSich ¢asti traviciho traktu. Detailni

popis je uveden ve vysledcich, ¢ast | (Synek et al., 2019).

1.8.3. Labralni Zlaza

Tato zlaza doneddvna patfila mezi malo znamé organy, byla popsdna pouze u
vojak( nékolika druhd (Deligne et al., 1981; Quennedey 1984; Sobotnik et al., 2010b).
Nejnovéjsi prace (Palma-Onetto et al., 2018, 2019) vsak tuto Zlazu popsaly u vojaki,
délnikd a imdag nékolika desitek druh(. Palma-Onetto et al. (2018, 2019) prozkoumali
strukturu labralni Zlazy u vojakd 28 druh( termitl a potvrdili, Ze tato Zlaza je pritomna u
véech druh( termitd. Zlaza se sklada z dvou sekreénich oblasti lokalizovanych na ventralni
strané labra a v dorso-apikalni ¢asti hypofarynxu. Labrum u Neoisoptera ¢asto nese tzv.
prasvitnou Spicku (angl. hyaline tip), ktera byla sekundarné ztracena u Nasutitermitinae,
u rodu Microcerotermes a u véech druh( s luskacimi vojaky. ZIaza se rovné? vyskytuje u
déInikG a imag vsech druhl termitl, které autofi prozkoumali, stejné jako u 3Svdaba
Cryptocercus punctulatus Scudder, 1862, zastupce sesterské skupiny termit(i, coz ukazuje
na jeji fundamentalni funkci pro Zivot termit(. Epitel Zlazy se vétSinou sklada ze sekrecnich
bunék I. tfidy a u nékterych druh(i téz z bunék Ill. tfidy. Spole¢nym znakem bunék je vyskyt
hladkého endoplasmatického retikula, organely zndamé produkci lipidickych, casto
tékavych, latek. Zlaza pravdépodobné neplni pfimo obranou funkci, jak uvadély starsi
publikace, ale jeji funkce bude nejspise komunikacni, nicméné urceni presné funkce a
sloZzeni produkované sekrece bude namétem budoucich praci. Detailni popis je uveden ve

vysledcich, ¢ast Il a lll.
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1.8.4. Frontalni Zlaza

Frontalni Zlaza byla studovana u mnoha druh, ale vétSinou pouze u vojaka. Data
o vyvoji frontalni ZIazy u ostatnich kast jsou velmi vzacna. Prvni studie frontalni Zlazy byla
provedena Holmgrenem v roce 1909 (Noirot, 1969) a frontalni Zlaza byla také pouZita jako
prvni kritérium pro vytvoreni systematické skupiny Isoptera. Deligne et al. (1981) popsal
ultrastrukturu frontalni Zlazy vojaka u desitek druhll. Quennedey (1984) rozvinul tuto
studii o dalsi druhy, ale zaroven popsal mnoho rozdili pro druhy uvedené Delignem et al.
(1981). Frontalni Zlaza predstavuje jedinecny obrany organ, jehoz ekvivalent nenajdeme
u Zadné dalsi skupiny ZivocichG (Noirot, 1969). Frontalni Zlaza je vidy neparova a
predstavuje vétsinou vakovitou vchlipeninu Ustici na frontalni ¢ast hlavy pérem zvanym
fontanela. Na vnitfni povrch frontdlni zldzy se pripojuji tentoridlné-fontanelarni svaly,
které byly zjistény u vSech zkoumanych druh( a jejich kast (Noirot, 1969), a definuji polohu
frontalni zldzy i v pfipadé, Ze byla redukovand ¢i dokonce zanikla. Frontalni Zlaza
predstavuje synapomorphii Neoisoptera, a byla doposud prozkoumana u zastupct celedi
Serritermitidae, Rhinotermitidae a Termitidae. Je pIné vyvinuta u vojaka, u kterych ¢asto
zasahuje hluboko do abdomenu — nejvétsiho rozvoje dosahuje u ¢eledi Rhinotermitidae a
Serritermitidae (Quennedey, 1984; Deligne et al., 1981; Costa-Leonardo a Kitayama, 1991;
Costa-Leonardo, 1998), pficemz u Coptotermes formosanus m(ize hmota sekrece frontalni
Zlazy dosahovat az 36 % Zivé vahy vojaka (sic!) (Waller a LaFage 1987). U vojaka celedi
Termitidae je rozvoj frontalni Zlazy variabilni. Nejmensi frontdlni Zldza se vyskytuje u
vojakd podceledi Macrotemitinae (Termitidae), u kterych je defensivni role plnéna
predevsim labidlni Zlazou (Quennedey 1984; Deligne et al. 1981), a frontalni Zlaza
produkuje protihojivé latky (Prestwich, 1984). Znacné rozdily v rozvoji frontdlni zZlazy
existuji u vojaka Rhinotermitinae, kdy napf. mali vojaci rodu Rhinotermes spoléhaji pfi
obrané vyhradné na sekrety frontalni Zlazy, zatimco velci vojaci pouze na kusadla a
frontalni Zlaza je u nich redukovana az zanikla (Sobotnik et al., 2010a). Fontanela chybi u
vojakl nékterych druht s velmi velkou frontdlni Zlazou (napfiklad Serritermitidae; Costa-
Leonardo a Kitayama 1991; Sobotnik et al., 2010d; Globitermes sulphureus — Bordereau
et al. 1997) a sekrece je béhem souboje uvolnéna roztrzenim stény téla (Prestwich 1984;
Mill 1984; Costa-Leonardo a Kitayama 1991; Sobotnik et al., 2010d). Frontélni #laza se
vyskytuje i u dalsich kast, naptiklad imag, pficemz u nékterych druhl je Zlaza velmi velka
a mlZe zabirat nejen celou posterodorsalni ¢ast hlavy, ale mlze zasahovat az hluboko do
abdomenu, zatimco u jinych druh( je znaéné redukovéana ¢i Uplné vymizela (Noirot, 1969;
Sobotnik et al., 2010a; Kutalova et al., 2013). Unikatni frontalni Zlaza byla pozorovéna u

délnikd rodu Aparatermes (Termitidae: Apicotermitinae). Vlastni Zlaza je tvorena
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extrémné zesilenou sekre¢ni epidermis bez rezervodru, a celd Zlaza je od hemocoelu
izolovana vrstvou specializovanych obalnych bunék (Sobotnik et al., 2010a). Recentné
byla pfitomnost frontalni Zlazy znacné velikosti potvrzena rovnéz u rodu Tonsuritermes
(Termitidae: Apicotermitinae) (Constantini et al.,, 2018). U reprodukéné aktivnich
neotenikl druhu Prorhinotermes simplex (Rhinotermitidae) je Zlaza také pritomna jako
zesileni sekre¢niho epitelu exoskeletalnich #laz (Sobotnik et al., 2003).

Sekrecni epitel frontalni Zlazy je vétsinou tvoren burikami I. tfidy (dle klasifikace
Noirot a Quennedey, 1974) nebo vzacné bunkami l. a lll. tfidy (zjiSténo jen u vojakl a imag
rodu Coptotermes; Quennedey 1984, Sobotnik et al., 2010c). Frontdlni #ldza tvofena
sekre¢nimi burikami usporadanych do tfi vrstev byla popsana u vojakd druhu Rhinotermes
magnificus (Sannasi, 1969), nicméné se pravdépodobné jedna o chybnou interpretaci,
protoze se toto pozorovani nepodafilo nikdy zopakovat.

Sekrece frontdlni zlazy slouzi k obrané v sirokém smyslu slova. Prestwich (1984)
rozlisil nékolik funkcnich slozek produkovanych frontalni Zzlazou: (i) lipidické nétékavé a
nepoldrni latky zabranujici hojeni ran; (ii) drazdivé latky (tékavé mastné kyseliny nebo
terpenoidy), které zabranuji predaci bez zjevného toxického efektu; (iii) kontaktni jedy, tj.
lipofilické a vysoce reaktivni latky; (iv) znehybnujici slozky, tj. materidly, které se na
vzduchu stanou lepivymi (Nasutitermitinae, obr. 27); (v) poplasné feromony, které
koordinuji obranné aktivity. Produkty frontalni Zlazy také pravdépodobné hraji
antiseptickou roli a inhibuji rast patogennich mikroorganisma (Rosengaus et al., 2000).
Produkty frontalni Zlazy mohou dokonce hrat roli primer feromonld a ovliviovat
ontogenezi v termiti kolonii (Lefeuve a Bordereau, 1984). U druhi s toxickymi sekrecemi
byla prokazana existence specifickych autodetoxifikacnich mechanismu, které zabranuji
intoxikaci vlastnimi obrannymi latkami (Spanton a Prestwich, 1981).

SloZeni sekrece frontalni zlazy bylo identifikovano u vojakl znacného poctu druhd
(Sobotnik et al., 2010b). Mezi nejb&znéj$i substance pat¥i nasledujici kategorie latek:
mono-, seskvi- a di-terpeny (Rhinotermitidae, Termitidae: Nasutitermitinae, Termitinae);
uhlovodiky (Rhinotermitidae: Heterotermitinae, Termitidae: Macrotemitinae); ketony
(Termitidae: Termitinae, Rhinotemitidae: Rhinotermitinae) (Sobotnik et al., 2010b)
Unikatni nitro-sloucenina, E-1-nitropentadec-1-en byl poprvé identifikovan u vojaki
druhu Prorhinotermes simplex (Vrko¢ a Ubik, 1974) a jedna se o jedinou znamou
nitroslouceninu produkovanou hmyzem (Deligne et al. 1981). Stejna latka byla pozdéji
nalezena také u ostatnich druhl rodu Prorhinotermes: u vojak( P. flavus (Chuah et al.
1990), vojakl druha P. canalifrons a P. inopinatus a imag druhu P. simplex (Piskorski et al.,

2007, 2009).
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Obr. 27: Termiti druhu Nasutitermes octopilis (Termitidae: Nasutitermitinae), u

vojaka je velmi patrny nasus a absence mandibul. Pro celou podcéeled” Nasutitermitinae

je typické vystrikovani lepivych latek frontalni zlazou. Foto: Osobni archiv Jana Sobotnika

1.8.5. Labialni Zlaza

Labialni Zlaza termitld se nelisi od zadkladniho schématu Polyneoptera (Noirot,
1969). Kazda z parovych Zlaz se skldda ze sekrecnich bunék uspotrdanych do pocetnych
acinG a rezervoar( (tzv. vodni vaky, angl. water sacs). Kanalky spojuji pfislusné ¢asti zlazy
a Usti na bazi labia, sekrece je vylucovana z Ust. Veskeré sekrecni buriky acin( predstavuiji
modifikované bunky I. tfidy, protoZe jsou v kontaktu s kutikularni vystelkou labialnich Zlaz.
Jejich sekrece ale neprochazi pres kutikulu, ale prochazi skrz vstupni otvory umisténé
entalné v terminalnich vétvich kutikularni vystelky. Centralni buriky jsou zodpovédné za
syntézu sekreci, které jsou neseny aktivné pumpovanou vodou do acinl parietalnimi
burikami (Sobotnik a Weyda, 2003). Centralni buriky jsou ve srovnani s jinymi sekre¢nimi
burtkami mimoradné velké a obsahuji velké pocty vesikul s nové syntetizovanymi sekrety.
U Prorhinotermes simplex (Rhinotermitidae) byly popsany tfi druhy centralnich bunék. I.
typ obsahuje velké mnoZstvi elektron-lucentnich vesikull a obsah cytoplazmy burnky je
nizky (Sobotnik a Weyda, 2003). Podle vzhledu jsou tyto buriky oznacovany jako houbovité
bunky (Noirot, 1969) nebo skladovaci buriky (Czolij a Slaytor, 1988). Bunky Il. tridy
obsahuji elektron-denzni vakuoly, ¢asto i vice typl vesikull v jedné burice. Tento typ se u

P. simplex vyskytuje u vSech kast a vyvojovych stadii s vyjimkou nejmladsich larev
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(Sobotnik a Weyda, 2003). U druhu Serritermes serrifer (Serritermitidae) existuji unikatni
bunky Il. tfidy, které obsahuji granule sekreci uspofddanou do koncentrickych vrstev
(Costa-Leonardo, 1997). lll. tfida centralnich bunék se u P. simplex vyskytuje bezné u
vojakd, nicméné u ostatnich kast je vzacny. Jedna se o buriky podobné ultrastruktury jako
I. tfidy, které jsou nejspise zodpovédné za produkci obrannych latek u vojakd, a u
ostatnich kast tyto buriky predstavuji ranad vyvojova stadia bunék I. tfidy (Sobotnik a
Weyda, 2003). Buriky I. tfidy byly nalezeny u délnik(i vSech studovanych druh(, zatimco
dalsi typy jsou ¢asto omezeny jen na urcité kasty. VSechny dosavadni studie rovnéz
ukazaly, Ze aciny délnikd obsahuji vice typl sekrecnich bunék oproti ostatnim kastam
(Billen et al., 1989; Kaib a Ziesmann, 1992; Sobotnik a Weyda 2003). Uvolfiovani sekrece
bunék acinG je pod pfimou neurondlni kontrolou, jelikoz volné axony byly casto
pozorovany uvnitf bazélnich invaginaci centralnich i parietalnich bunék (Sobotnik a
Weyda, 2003).

Vodni vaky jsou tvofeny plochymi burikami s jen malo organelami (Grube et al.,
1997; Sobotnik a Weyda, 2003). Sekreéni aktivita bunék vodnich vak( byla vzacné
pozorovéna pouze u druhu Prorhinotermes simplex, nicméné povaha sekrece zlstava
nezndmd (Sobotnik a Weyda, 2003). Zatimco vodni vacky predstavuji tenkosténné
struktury, které slouzi pro docasné ukladani vody u délnik( (Grube et al., 1997; Grube a
Rudolph, 1999; Sobotnik a Weyda, 2003) nebo pro depozici sekrece produkované aciny u
vojaku (Billen et al., 1989), aciny jsou sekre¢nim organem produkujicim vlastni sekreci.

Vyvody labidlnich Zlazy jsou tvoreny dvéma typy bunék. Entalni ¢asti vyvodud uvnitf
acinl jsou tvoreny jednoduchymi burikami s fidkymi organelami. Jsou kryté jednoduchou
kutikularni vystelkou bez perforaci (tj. neumoznuji prichod sekrece skrz kutikulu — ta se
do vyvodu dostava pouze entalnimi perforacemi, viz vyse), a nejspise nemaji zadnou dalsi
funkci nez produkci kutikuly pfi sviékani (Sobotnik a Weyda, 2003). Buriky ektalnich ¢asti
obsahuji vysoké pocty mitochondrii spojené hlubokymi bazalnimi invaginacemi, a maji téz
dlouhé apikalni mikrovilly a obsahuji i dalsi sekre¢ni organely (napf. drsné
endoplasmatické reticulum). Na rozdil od entalnich ¢asti je kutikula ektalnich vyvodu
vybavena spirdlnim taenidiem, které zajistuje udrzeni konstantniho priiméru vyvodu i pfi
zméné jeho délky. Vzhledem k ultrastrukturnim charakteristikdm ektalnich ¢asti vyvodu
je pravdépodobné, Ze tyto jsou zodpovédné za zkoncentrovani vysledné sekrece pomoci
aktivniho transportu vody zvyvodd do hemocoelu na zakladé transportu K+ iontl
z lumenu, podobné jako dalsi vodu-pfenasejici epitely (viz Berridge a Oschman 1972).

Ektalni vyvody acinli a vodnich vak( sdileji velmi podobnou ultrastrukturu a nejspise i
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funkci, a spojuji se v posteriorni ¢asti hlavy, a spolecny vyvod Usti na bazi labia v tzv.
salivariu (Billen et al., 1989; Sobotnik a Weyda, 2003).

Sekrece labidlnich Zlaz muaZe plnit rGzné funkce: (i) travici, jeZ je specidlné
vyznamna u délnikd (Noirot, 1969; Veivers et al., 1991); (ii) nutri¢ni, nebot délnici fady
druhd krmi zavislé kasty vyhradné sekrety labialnich ZIaz (Noirot, 1969); (iii) komunikacni,
nebot labidlni Zlazy délnika nékterych druhl produkuji dlouhodobou feromonovou stopu
znacici potravni zdroje (Kaib a Ziesmann, 1992; Reinhardt a Kaib, 1995; Reinhardt et al.,
1997); (iv) obranou, jeZ je specidlné vyznamna u vojakud (Deligne et al., 1981; Prestwich,
1984), nicméné byla prokazana i u délnikl bezvojakatych druhi (Sillam-Dusses et al.,
2012); (v) stavebni, nebot délnici ¢asto pouzivaji sliny jako cement pro stavebni aktivity
(Noirot, 1969; Grassé, 1982). Feromon znacici potravni zdroje byl identifikovan jako
hydrochinon (Reinhard et al., 2002) a pravdépodobnym zdrojem této slozky jsou centralni
buriky 1. typu (Sobotnik a Weyda 2003). Dal$i chinonické byly nalezeny v labidlnich Zlazach
vojakud a tyto latky slouZi k obrané (Deligne et al., 1981; Prestwich, 1984) a jsou nejspise

produkovény burikami Ill. tfidy (Sobotnik a Weyda 2003).

1.8.6. Mandibularni Zlaza

Tato Zlaza se vyskytuje u viech druhl termitd i jejich vyvojovych stadii, nicméné
existuje jen relativné malo dalSich informaci. Pilotni ¢ldnek zaméreny na strukturu Zlaz u
jednotlivych kast konstatuje dramatické zmény ve vztahu ke svlékani u druhu Kalotermes
flavicollis (Lambinet, 1959), zatimco prace na stejném druhu popisuje strukturu Zlaz na
ultrastrukturaini Grovni (Cassier et al., 1977). Parova mandibularni Zlaza vykazuje stejnou
strukturu u vSech druhl( termitl, je tvorena shlukem sekrecnich bunék IIl. tridy
umisténych blizko ventralniho mandibuldrniho kondylu. Jednoduchy kratky kandlek ji
propojuje s cibariem. Velikost se relativné lisSi mezi druhy a také mezi kastami v rdmci
stejného druhu. Napadné velké mandibuldrni zlazy se vyskytuji u vojakl podceledi
Nasutitermitinae (Termitidae), u kterych jsou mandibuly zcela zakrnélé, a proto bylo
spekulovano o obranné funkci téchto 713z (Constantino a Costa-Leonardo, 1997). U druhu
Kalotermes flavicollis jsou Zlazy mnohem vétsi u pohlavnich jedincl (Noirot, 1969). U
druhu Prorhinotermes simplex jsou ilazy nejvét$i u pseudergatli a imag (Sobotnik a
Hubert, 2003). O puvodu sekreci neni nic znamo, ale Greenberg a Plavcan (1986) poukazuji
na pritomnost uhlovodikd v mandibuldrnich Zlazach druhu Zootermopsis angusticollis
(Archotermopsidae). Fuknce mandibuldrnich Zlaz neni zndma a pravdépodobné se lisi

mezi druhy. Pfedevsim velikost Zlazy koreluje s pfepokladanou Zvykaci aktivitou rliznych
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kast u druhu Prorhinotermes simplex, takie se prepoklada prevence poskozeni

mandibularnich kondyl& (Sobotnik a Hubert, 2003).

1.8.7. Akcesorické mandibularni Zlazy
Tyto Zlazy byly zatim pozorovany pouze u dvou druh( termitl, Zootermopsis
angusticollis a Z. nevadensis (Archotermopsidae). Tyto Zlazy jsou umistény blizko
mandibularnich Zl4z, a predstavuji invaginace tvaru trojprsté rukavice v kutikule predustni
dutiny. Sekrece téchto 7laz obsahuji uhlovodiky neznamé funkce (Greenberg a Plavcan,
1986). Kromé vyse citovanych autord, dosud nebyla publikovana Zadna dalsi prace, a tedy

Ucel Z1az nebo napftiklad ultrastruktura zlstava neznama.

1.8.8. Intramandibularni Zlaza
Tato parova Zlaza na bazich mandibul byla zatim pozorovana pouze u vojaki
druhu Machadotermes inflatus (Termitidae: Apicotermitinae). Veskery popis této Zlazy je
zalozen na pozorovani skenovacim elektronovym mikroskopem, a je jedinym znamym
faktem to, Ze sekrece je uvolfiovana z pérl na povrchu bazi mandibul (Deligne et al.,

1981).

1.8.9. Tarzdlni zlaza

Tarsalni Zlazy se vyskytuji v distalni ¢asti tibii a na proximalnich tarsomerech rady
druh( termitll a jsou vidy tvoreny skupinami bunék IIl. tfidy. Vyusténi je vétSinou
shlouc¢eno na porovitych destickach, které byly popsany u vsech zkoumanych druh(ll na
véech koncetindch (Bacchus, 1979; Sobotnik a Weyda 2001, Costa-Leonardo et al.,
2015a). Byly nalezeny u druhu Kalotermes flavicollis (u ostatnich druhl celedi
Kalotermitidae tento typ Zlaz chybi), a naopak se wvyskytuji u vsSech zastupcl
Rhinotermitidae a Serritemitidae kromé Prorhinotermes simplex. U Termitidae byly
nalezeny u vSech druhi podceledi Termitinae, vétSiny druhl Nasutitermitinae, ale chybi
u podceledi Apicotermitinae a Macrotermitinae.

Zlazy se vidy vyskytuji na prvnim a/nebo druhém tarsalnim &lanku, nékdy také na
distalni casti holené (Kalotermitidae: Kalotermes flavicollis, Rhinotermitidae) nebo i na
tfetim tarsalnim ¢lanku (Kalotermitidae: Kalotermes flavicollis, Termitidae). Informace o
umisténi této Zlazy jsou pomérné vzacné, protoze v soucasné dobé bylo prozkoumano
pouze necelych 40 druhi (Bacchus, 1979; Soares a Costa-Leonardo, 2002; Costa-
Leonardo, 1994; Sobotnik a Weyda, 2001). Clanky zaméfené na ultrastrukturu tarsalni
Zlazy a jeji ontogenezi byyl napsany o druhu Reticulitermes lucifugus (Rhinotermitidae)

(Sobotnik a Weyda, 2001) a u druh(i Heterotermes tenuis (Rhinotermitidae), Coptotermes

59



gestroi (Rhinotermitidae) a Silvestritermes euamignathus (Termitidae) (Costa-Leonardo et
al., 2015b).

Prvni prace (Sobotnik a Weyda, 2001) ukazuje, 7e sekreéni buriky tarsélnich #laz
tvori souvislou vrstvu od distalni ¢asti holené do proximalni ¢asti tietiho tarsalniho ¢lanku.
Sekrecni burniky obsahuji prevdiné drsné endoplasmatické retikulum a Golgiho aparéat.
Tarsalni Zlazy chybi u larev prvniho instaru a béhem Zivota se zvySuje pocet vyvodu Zlazy.
Pocet porovitych desticek je nizsi u nepohlavnich kast v porovnani s nymfami, imagy nebo
neoteniky. V druhé praci (Costa-Leonardo et al., 2015b) byly desticky s péry nalezeny na
distalni ¢asti holené a na prvnim a druhém tarsomeru druh( H. tenius a C. gestroi. U druhu
S. euamignathus byly pdory roztrouSsené na ventralni ¢asti prvniho, druhé a tretiho
tarsalniho clanku a na distalni casti holené. U vsech tfech druhll sekrec¢ni péry
korespondovaly se sekrecnimi burikami lll. tfidy slozenych ze sekrecni buriky a kanalkové
bunky. U vSech studovanych druh(l byly sekrece elektron-lucentni povahy a vyvody Zlaz
byly pfitomny na vSech parech koncetin. V sekrecnich burkach bylo pozorovano velké
mnozstvi ribozomd a velmi dobfe vyvinuty Golgiho komplex, coZ poukazuje na velkou
sekrecni aktivitu. U druhu S. euamignathus bylo také pozorovano velké mnozZstvi drsného
endoplazmatického retikula. Funkce Zlazy stéle zlstava diskutabilni, pravdépodobné se
nejednd o produkci stopovaciho feromonu, jehoz sekrece jsou vétsinou lipidické. Jako
moznost se jevi produkce sekreci k Cisténi tykadel nebo jak jiz bylo zminéno Bacchusem

(1979) sekrece tarzalnich zldz mohou slouzit jako obrana proti malym predatordm.

1.8.10. Sternadlni Zlaza

Sterndlni Zlaza je pfitomna u vSech druhl termitl a jejich kast, a jeji struktura
doznala zajimavych evoluénich zmén, nebot pocet sterndlnich Zlaz a jejich umisténi se lisi
mezi jednotlivymi taxony (Quennedey et al., 2008). U celedi Mastorermitidae najdeme tfi
ekvivalentni sternaini zlazy (na tfetim, ¢tvrtém a patém abdominalnim sternitu) sloZzené
pouze zbunék I. tfidy (Ampion a Quennedey, 1981). U celedi Archotermopsidae,
Hodotermitidae a Stolotermitidae Zlazu najdeme na ¢tvrtém abdominalnim sternitu. Je
sloZzena z bunék I. a Il. tfidy u Celedi Archotermopsidae, respektive L., Il. a lll. tfidy u Celedi
Hodotermitidae. Sternalni Zlaza je u vSech ostatnich Celedi na patém abdominalnim
¢lanku. U celedi Kalotermitidae je tvorena bunkami I. a Il. tfidy. Nejkomplexnéjsi stavba
sterndlni zlazy se vyskytuje u Celedi Rhinotermitidae, kde se Zlaza sklada z bunék I. a Il.
tfidy a dvou typu bunék Ill. tfidy. U Celedi Termitidae je Zlaza vZdy tvorena burikami l. a Il.
tridy a bunky llI. tfidy najdeme pouze u podcéeledi Macrotermitinae a Termitinae (Ampion

a Quennedey, 1981; Noirot, 1995). Finalni sekrece je ukladana v samostatném zasobniku
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tvoreném predni ¢asti 5. sternitu krytém zadni ¢asti 4. sternitu. Skupiny campaniformnich
sensil jsou ve sterndlnich Zlazach pfitomny u vsech celedi termitl. Jejich funkce je
informovat o tlaku abdomenu na substrat a kontrolovat tak uvolfiovani feromonu (Stuart,
1963). Navic tyto Zlazy u Celedi Mastotermitidae, Archotermopsidae a Kalotermitidae jsou
pfimo invervovany, zatimco u ostatnich Celedi inervace chybi a sternaini Zlaza je zfejmé
kontrolovana pouze hormonalné (Quennedey, 1969).

Sekrece sternalni zlazy slouzi vétsinou jako stopovaci feromon. U druhd, kterym
chybi tergdini Zlazy také pini funkci sexudlnich feromond. V takovych pfipadech je Zlaza
hypertrofovana, nejvice v oblasti bunék prvni a druhé tfidy (Ampion a Quennedey, 1981).
Nejcastéjsim stopovacim feromonem je (3Z7,6Z,8E)-3,6,8-dodecatrien-1-ol, ktery byl
zjistén u velkého poctu druhll odvozenych celedi (Howard et al., 1976; Laduguie et al.,
1994; Tokoro et al., 1994). Neocembrene byl nalezen v sekreci sternalni zlazy nékterych

druh( Nasutitemitinae (Termitidae) (Moore, 1966; McDowell a Oloo, 1984).

1.8.11. Tergdlni a posteriorni sternalni Zlaza

Tergdlni ZIazy jsou vyvinuté na abdominalnich tergitech imag, a pouze u samic u
odvozenych skupin. Tergalni Zlazy byly ztraceny nékolikrat nezavisle, a jejich funkci pak
prebird sterndlni Zlaza. Tergdlni zlazy jsou pfitomny na posteriornich tergitech, nejcastéji
na poslednich dvou nebo tfech (Noirot, 1969; Ampion a Quennedey 1981). Vyssi pocet
tergdlnich zlaz se objevuje u celedi Mastotermitidae a to na vSech abdomindlnich
tergitech a sekunddrné u rodu Macrotermes, v zavislosti na druhu na poslednich ¢tyfech
aZz osmi tergitech (Ampion a Quennedey, 1981).

Posteriorni sternalni zIaza vidy vykazuje stejnou strukturu jako tergalni zlaza. Byly
nalezeny u obou pohlavi druhu Mastotermes darwiniensis (Mastotermitidae), u samcu na
Sestém az devatém sternitu, a na Sestém a sedmém u samic. Zatimco u rod( Porotermes,
Stolotermes (Stolotermitidae) a Prorhinotermes simplex (Rhinotermitidae) byly popsany
pouze u samcd, a to na osmém a devatém sternitu (Ampion a Quennedey, 1981; Sobotnik
et al., 2005). Bunécna struktura tergalnich Zlaz a posterionalnich sterndlnich Zlaz se lisi
mezi druhy, nicméné data poskytnutd Ampionem a Quennedeym (1981) nemusi byt
spravna, nebot autofi pouZili pouze metody optické mikroskopie. Na druhou stranu
Ampion a Quennedey (1981) studovali sternalni, posteriorni sterndlni a tergalni zlazy u
zhruba stovky druhl termitd, které patftily ke vSem hlavnim skupindm termitd, kromé
Celedi Stylotermitidae a Serritermitidae. U Cornitermes bequaerti (Termitidae:
Syntermitinae) i Prorhinotermes simplex (Rhinotermitidae) tergaini Zlazy obsahuji velky

pocet bunék I. a Il. tfidy, zatimco buriky Il tfidy jsou pfitomny jen vzdcné (Bordereau et
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al., 2002; Sobotnik et al., 2005). Tergélni Zlaza se vyvinula pro atrakci opaéného pohlavi
(Noirot, 1969). V soucasné dobé jedinou latkou identifikovanou v sekreci tergdlni zlazy je
(3Z, 6Z, 8E)-dodecatrien-1-ol zjisténa u druhu Cornitermes bequaerti (Bordereau et al,

2002).

1.8.12. Klypealini Zlaza

Klypedlni Zlaza je pfitomna u vétsiny imag Neoisoptera, kromé rodu Aparatermes
a Anoplotermes janus (oba Termitidae: Apicotermitinae), kde byla pravdépodobné
ztracena sekudnarné (Kiizkova et al., 2014). Zl4za je lokalizovéna na dorsalni strané hlavy
a zasahuje od posterialni ¢asti labra po anteklypeus. Sklada se z bunék I. a lll. tfidy. Burnky
I. tfidy jsou pocetnéjsi, tvofi apikalni mikrovilly, obsahuji velké mnoZstvi hrubého
endoplazmatického retikula a mensi mnozZstvi hladkého endoplazmatického retikula
v cytoplazmé. Sekrece se vyskytuji ve formé elektron-densnich granuli a méné casto ve
fromé elektron-lucentnich vesikull. Ultrastruktura bunék lll. tfidy je podobna burikdm I.
tfidy a nejCastéjsi sekrecni organelou je drsné endoplazmatické retikulum. Buriky tvofici
sekre¢ni kandlek jsou u této Zlazy vyjimecné, nebot nesou vétsi mnozstvi kanalkl, nebo
alternativné je kandlek v burice stoCen a na fezech se objevuje jako prizez nékolika
kandlky (Kfizkovd et al., 2014). Elektron-densni granule a drsné endoplazmatické
retikulum na jedné strané indikuji, Ze sekrece je proteinovd, hladké endoplazmatické
retikulum na strané druhé je spojovano s tékavymi sekrecemi (Percy-Cunnigham a
MacDonald, 1987; Tillman et al., 1999). M{iZzeme tedy pouze odhadovat, Ze mozné funkce
mohou byt signalizovani reprodukéniho stavu krale a krdlovny nebo oznacovani oralni
¢asti pohlavnich jedincl, coZz umozniuje déInikiim jejich krmeni. Pohlavni jedinci jsou znami
tim, Ze aktivné neprosi o potravu (Kawatsu, 2013), a sekrece této zlazy tedy mlze davat

signal délnikdim k zacatku krmeni nebo nalezeni ordlni ¢asti téla (Kfizkova et al., 2014).

1.8.13. Hypofaryngealni zlaza
Tato Zlaza byla nalezena u délnik(, vojakl a alatQ patricich mezi bazalni celedi
Mastotermitidae, Hodotermitidae a Kalotermitidae. Tato parova vakovitd Zlaza je
umisténa uvnitf hypofaryngu a jeji vyusténi je Stérbinové (Brossut, 1973). Ultrastruktura

ani povaha sekrece nebyla dosud zkoumana.

1.8.14. Rostralni Zlaza
Rostrdlni Zldza byla pozorovana u vojakl druhl Verrucositermes hirtus
(Nasutitermitinae) (Deligne, 1983) a Embiratermes festivellus (Syntermitinae) (Costa-

Leonardo a Barsotti, 1996). PfestoZe ultrastruktura této zlazy nebyla nikdy studovana,
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pozorovani ze skenovaciho elektronového mikroskopu naznacuji, Ze je tvorena burkami
[1l. tridy, jejichZ vyvody Usti ve skupinkdch po dvou aZ sedmi na vrcholu protuberanci na
hlavé. Tyto pyramidové struktury jsou umistény na dorsalni a lateralni ¢asti hlavy a nasu
(Deligne, 1983). Funkce sekrecnich bunék neni zndma. Podle Deligne et al. (1981) spociva
funkce bunék Ill. tfidy na nasu Nasutitermitinae v produkci sekrece, ktera brani vojakiim

v zachyceni se do své vlastni lepivé sekrece.

1.8.15. Dehiscentni Zlaza

Tento parovy obrany organ byl popsan jako Zlaza (Costa-Leonardo, 2004) a pozdéji
byl pfejmenovan na dehiscentni orgdn (Poaini a Costa-Leonardo, 2016). Vyskytuje se
pouze u délnikd rodu Ruptitermes (Termitidae: Apicotermitinae). Ruptitermes patfi do
takzvané ,Anoplotermes-group”, coz je bezvojakata skupina termit(, a proto byla obrana
funkce prevzata délniky (Sands, 1982). PrestoZe délnici této skupiny disponuji
mandibulami predevsim pro zpracovani potravy a nikoli pro boj, vykazuji mnoho novych
zpUsobU obrany, a to jak z hlediska strukturalni adaptace, tak z hlediska chovani, coz
zahrnuje novou obranou Zlazu nebo napfiklad sebevrazedné chovani (Costa-Leonardo,
2004).

Dehiscentni Zlazy jsou umistény v blizkosti labialnich Zlaz, v posteridlni casti
thoraxu a anteriorni ¢asti abdomenu, kde jsou Zlazy viditelné zkrz télesnou sténu jako
bélavé oblasti. Tyto Zlazy jsou jedinym exokrinnim organem hmyzu, ktery neni
epidermalniho ale mesodermalniho plvodu (Poiani a Costa-Leonardo, 2016), coZ také
znamena, Ze se jejich charakteristika nehodi na Zadnou tfidu bunék dle klasifikace (Noirot
a Quennedey, 1974). Kazda Zlaza je tvorena stovkami ¢asti, které produkuji sekreci do
centralni vakuoly. Neni zde Zadny kanalek nebo otvor a sekrece je uvolnéna autothysi,
tedy protrienim télesné stény usnadnéné pomoci specidlnich svall pfipojenych na
dehiscentni Zlazu (Costa-Leonardo, 2004). Jednotlivé ¢asti maji elipticky tvar, ktery drzi
pohromadé pojivové tkané, které také oddéluji ZIazu od hemocoelu. Buriky u funkénich
Zlaz maji nizky pocet organel, jadra vétsinou chybi, a buriky jsou vétSinou vyplnény sekreci
(Poiani a Costa-Leonardo, 2016). SloZeni sekrece bylo indetifikovano jako smés proteind
s vysokou molekulovou hmotnosti (Poiani a Costa-Leonardo, 2016). Sekrece je
jednoznacné obranna a tuhnouci po vystaveni vzduchu, coZz znehybni protivniky,

predevsim mravecne, pro které je zasaZeni ¢asto smrtelné (Howse, 1984; Mill, 1984).

1.8.16. Nasalni Zlaza
Bazalni ¢ast nasu u vojakl rodu Angularitermes (Termitidae: Nasutitermitinae) ma

drsny povrch s mnoZstvim kutikuldrnich jamek nesoucich jedno nebo vice vyusténi
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sekre¢nich bunék na svém dnu (Sobotnik et al., 2015). Zlaza se sklada ze dvou vrstev,
vnéjsi se skladd z bunék I. a lll. tFidy, a vnitfni z bunék Il. tfidy. Tato kombinace vSech tfi
typl bunék je velmi vzacna a byla pozorovana pouze u sternalni, posteriorni sternalni a
tergalni Zlazy nékterych termitl a Svabd (Ampion a Quennedey,1981; Quenedey et al.,
2008; Sobotnik et al., 2003, 2005). Burky I. tfidy vykazuji relativné niz$i aktivitu
v porovnani s dalSimi dvéma typy. Buniky Il. typu uvolfuji kapky tuku do mezibunécného
prostoru, buriky Il tfidy vstfebavaji tuto sekreci a uvolfiuji mimo télo termita. Jednd se o
naprosto vyjimeény ukaz, protoze doposud bylo vstfebdvani sekrece bunék IlI. tridy
popsano pouze u bunék I. tiidy (Quennedey, 1998; Quennedey et al., 2008; Sobotnik et
al., 2003, 2005). Sekrece nasalni Zlazy je (dle ultrastruktualnich pozorovani) lipidova
a proteinova. Lipidové substance by mohly byt obrannym allomonem, protoze
behavioralni testy ukdzaly ze Angularitermes produkuje kontaktni jedy nebo drazdivé
latky (Sobotnik et al., 2015). Nicméné stile neni vylouc¢ena ani hypotéza produkce
rozpustnych latek pro sekreci frontalni zlazy, tak jak bylo zminéno u rostralni zlazy (Deligne

et al., 1981; Sobotnik et al., 2005).

1.8.17. Krystalova Zlaza

Krystalovd Zlaza je pdarovy orgadn specificky pouze pro délniky druhu
Neocapritermes taracua (Termitidae: Termitinae). Kolonie téchto hlinozravych termitd
jsou z velké vétsiny tvorfeny pouze délniky a kasta vojakd vétSinou tvofi méné nez 1 %
populace (Krishna a Araujo, 1968). Délnici disponuji dvousloZkovou obranou, labialni Zlazu
jejiz aciny uvolfuji do hemocoelu granule a krystalové Zlazy produkujici modré krystaly
uloZené ve vchlipenindch tvofenych metanotem prekryvajicim prvni abdobminalni tergit.
Ke smichani produktl obou Zlaz dochazi béhem sebeobétovani (protrZeni télesné stény),
kdy v kapce hemolymfy dojede ke smichani prekurzor(i produkovanych labidlnimi zlazami
s modrymi krystaly, a vysledna tekutina ma toxickou a znehybfiujici povahu (Sobotnik et
al., 2012). Granule produkované labidlni Zlazou, jsou pfekvapivé produkovany parietalnimi
burikami acind, které jsou normalné zodpovédné pouze za prenos vody do labialni Zlazy.
Dominantni slozkou granuli je fada relativné neskodnych hydrochinonovych analog,
zatimco modré krystaly jsou tvorfeny vyhradné specifickou lakdzou BP76, ktera velmi
rychle preméni hydrochinony na vysoce toxické benzochinony (Bourguignon et al., 2016).
Objem granuli i hmotnost modrych krystald stoupa béhem Zivota délnika a pouze nejvétsi
granule vstupuji do hemocoelu, ackoli stale zlstavaji spojené s aciny diky vlastnostem
bazalni membrany (Sobotnik et al., 2012, 2014). Krystalové 7lazy jsou umistény na predni

strané kazdé vchlipeniny. Jsou tvofeny sekre¢nimi burikami IIl. tfidy. Sekrecni buriky
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vykazuji zmény zavislé na véku. U mladych délniki (bez modrych krystall) vykazuji
relativné malou sekrecni aktivitu, jak bylo prokdzano relativné nizkym objemem hrubého
endoplazmatického retikula. Sekreéni aktivita dosahuje vrcholu u stfedné starych délniki
(s tvoricimi se modrymi krystaly) a u starych jedincd (s velkymi modrymi krystaly) opét
klesa (Sobotnik et al., 2014). Mlads{ déInici se nachazeji predeviim v hnizdé&, zatimco starsi
jedinci mnohem castéji sbiraji potravu mimo hnizdo, coz je mnohem rizikovéjsi ¢innost
v porovnani s péci o hnizdo. Dalsi daleZitym rozdilem mezi mladymi a starymi délniky je
rostouci agresivita a mnohem snaisi protrieni télesné stény. Takto komplexni priklad

polyethismu nebyl dosud popsan u zadného druhu termita (Sobotnik et al., 2012).

1.8.18. Laterothorakalni Zlaza
Tyto Zlazy byly pozorovany na meso- a meta-thorakalnich pleuritech délnik( a
vojakd u tfi nepribuznych druhll Termitidae, coZz naznacuje mnohem S$irsi rozsifeni této
ZIazy. Kazda zlaza se sklada zhruba ze sta sekrecnich bunék Ill. tfidy a ptisluSnych bunék
s kanalky. Hladké endoplazmatické retikulum a Golgiho aparat jsou nejcastéjSimi
sekre¢nimi organelami bunék. Sekrece pravdépodobné neni proteinové povahy, coZ,
stejné jako absence rezervoaru, ukazuje na komunikacni funkci sekrece (Gongalves et al.,

2010).

1.8.19. Epidermalni tegumentalni Zlaza

Byla popsdna pouze u neotenickych pohlavnich jedinct druhu Prorhinotermes
simplex (Rhinotermitidae) (Sobotnik et al., 2003). Vétiina epidermis neotenikd je
modifikovdna v tuto Zlazu, s vyjimkou bunék intersegmentalnich membran a endoskeletu.
Jsou zde pfitomny sekrec¢ni buriky 1. a lll. tfidy, a to ve zhruba stejném mnoZstvi. Buriky I.
tfidy obsahuji velké mnoZstvi hladkého endoplazmatického retikula a mensi mnoZstvi
hrubého a sekrece je ve fromé elektron-densnich granuli. Buriky Ill. tfidy produkuji
proteinové sekrece diky vysokému mnozstvi hrubého endoplazmatického retikula a buriky
jsou casto vyplnény elektron-lucentnimi vakuolami. Prekvapivé také kanalkové burky
vykazuji ¢astecnou sekrecni aktivitu, obsahuji drsné endplazmatické retikulum a velké
mnoZstvi mitochondrii (Sobotnik et al., 2003). Sekrece #lazy je tvofena dvéma typy latek
— tékavymi a proteinovymi. Volatilni slozka je syntetizovana bunkami I. tfidy, zatimco
bunky 1lI. tfidy s korespondujicimi kanalkovymi burikami vylucuji proteinové substance.
Zlaza pravdépodobné produkuje feromon, ktery pomaha udriovat optimalni pocet
neotenickych pohlavnich jedinc(l. V pfipadé ztraty pohlavnich jedincd, byli novi neotenici
formovani béhem 17 dnd (Sobotnik et al., 2003) a produkce tohoto feromonu tedy musi

byt stala. Proteinova slozka muiZe slouZit jako atraktant pro ¢astou péci od ostatnich kast
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(Maistrello a Sbrenna, 1999) a také pro zajisténi Siteni feromonu mezi vSechny jedince

v kolonii.

1.8.20. Spermathekalni zZlaza

Tato Zlaza byla studovana u alatnich/dealdtnich samic patficich do celedi
Archotermopsidae, Kalotermitidae, Rhinotermitidae, Serritermitidae a Termitidae, cozZ
naznacuje, Zze bude pfitomna u viech skupin termiti (Costa-Leonardo a Patricio, 2005;
Raina et al., 2007). Sekrecni epitel uvnitf spermatéky je potazen kutikulou, coZ naznacuje,
je 7laza je ektodermdlniho pdvodu. Zldza ma prstovy tvar shodny stvarem
spermatekalniho lumenu (Costa-Leonardo a Patricio, 2005; Raina et al., 2007). Je tvofena
sekrec¢nimi burfikami Ill. tfidy s velkym mnoZstvim drsného endoplazmatického retikula,
které je zde jednoznacné nejcastéjsi organelou (Raina et al., 2007). Sekrece je vyluCovana
dovnitf lumenu, kde pravdépodobné poskytuje proteiny pro vyzivu spermii v dobé jejich

uloZeni mezi sparenim a oplodnénim vajicek (Costa-Leonardo a Patricio, 2005).

1.8.21. Integumentalni Zlaza

Tato zlaza byla popsana u druhu Kalotermes flavicollis (Kalotermitidae) (Leis a
Sbrenna, 1983). Je pfitomna u viech kast, ale nejvy$iho rozvoje dosahuje u vojakg. Zlaza
je tvorena sekrec¢nimi bunikami lll. tfidy rozptylenymi po celé hlavé, thoraxu a abdomenu.
Hladké endoplazmatické retikulum a Golgiho komplex jsou nejcastéjSimi sekrecnimi
organelami. Sekrecni inkluze se vyskytuji ve dvou formach, elektron-lucentnich vakuol a
granuli obsahujicich fibridlni material. Sekrece tedy bude mit dvé funkce, pravdépodobné
tékavou, slouzici jako feromon (elektron-lucentni vakuoly) a druhou blize neuréenou
funkci (granule). Sekrece obou typl se postupné kumuluji a nevy$si mnozZstvi je nalezeno
u starych vojakl (Leis a Sbrenna, 1983). Autofi studii véri Ze primarni funkci sekrece je
udrzba kutikuldrnich vrstev a sekundarni je feromon s neznamou funkci, bohuZzel ani jedna

z téchto funkci nebyla zatim prokdazana.

1.8.22. Pleuroabdominalni Zlaza
Tato Zlaza byla pozorovana pouze u kraloven druhu Cubitermes fungifaber
(Termitidae: Cubitermitinae), i kdyZz byly zkoumany i dalsi druhy rodu Cubitermes
(Ampion, 1980; Grassé, 1982). Zlazy jsou umistény od tfetiho po paty abdomindlni pleurit.
Zldza je vyvinuta jako epidermdlni ztluiténi tvorené sekreénimi burikami IIl. tiidy.
Ultrastruktura pleuroadominalni Zlazy zatim nebyla prostudovana a ani povaha sekrece
neni znama. Ale vzhledem k tomu, Ze u tohoto druhu zcela chybi tergdlni Zlazy (Ampion a

Quennedey, 1981) a pleuroabdominalni Zlazy jsou pfitomny pouze u aldtnich samic, je zde
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velkd pravdépodobnost, Ze Zlazy produkuji sex feromony nebo podobné Iatky nutné pro

kohezi kralovského péru.

1.8.23. Posteriorni tergalni zlaza

Tato Zlaza byla pozorovana pouze u alatnich samic rodu Cornitermes (Termitidae:
Syntermitinae) (Costa-Leonardo a Haifig, 2010). Autofi se domnivaji, Ze je tato zlaza
funkéné srovnatelnd s epidermalni tegumentdlni Zlazou, ale jako samostatnd Zzlaza je
popsana kvali odlisSnému umisténi a ultrastruktufe. Vyvody jsou umistény na
intersegmentélnich membrandch 8. a 9. tergitu. ZIazu tvofi pouze sekreéni buriky IIl. tiidy
a vykazuji vysoky vyskyt hladkého endoplazmatického retikula a velké mnozstvi
sekrecnich vacka s rliznou elektronovou densitou. Sekrece Zlazy se micha se sekreci zlazy
tergdlni v kapse tvorené intersegmentdlni membranou a prekryvem nasledujicim
tergitem. Povaha sekrece zatim nebyla studovdna, ale pozorovani ultrastruktury
naznacuje rozdilné povahy zahrnuijici proteinové sekrece a tékavé latky. Funkce sekrece

by méla byt velmi blizka sekreci tergalnich ZlIaz (Costa-Leonardo a Haifig, 2010).
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2) Metodika

Veskera metodika je popsdna v publikovanych ¢lancich, které jsou pfilozeny
v kapitole 5) Vysledky. V této kapitole je tedy uvedeno pouze stru¢né shrnuti, pripadné

dopliujici informace, které nejsou uvedeny v jednotlivych publikacich.
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2.1. Pouzity material

Véskery pouzity materidl byl legdlné importovan nebo odchovan v univerzitnich
chovech (CZU, FLD). Jednalo se tedy o divoké populace nebo jedince chované v zajeti,
vzhledem k dlouhovékosti kolonii, maximdalné o generace F1 a nelze tedy hovofit o
inbrednich jedincich. Kompletni pfehledy a seznamy druht (véetné lokalit plvodu) jsou
uvedeny ve vysledcich, ¢ast |, I, Il a IV, celkem bylo pouZito vice jak 30 druhi termitd,
jednoho Svaba druhu Cryptocercus punctulatus, ktery je zastupcem sesterské skupiny ke
vSem termitdm (Kap. 3, ¢ast Ill).

Pro pfimé pozorovani Zivych termitll (porovnani tvaru prasvitné $picky; Kap. 3. ¢ast I,
Fig. 1) byly pouzity fotoaparaty Canon EOS 6D a Canon EOS 5D SR, objektivy Canon EF 100
mm f/2.8L Macro IS USM a Canon MP-E 65 mm f/2.8 a blesk Canon Macro Twin Lite MT-
24EX. Veskery materidl byl focen v laboratornich podminkach. Jedinci byli foceni na
filtracnim papiru v plastovych Petriho miskach a v pfipadé potieby znehybnéni

podchlazenim.
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2.2. Mikroskopie

2.2.1 Ptiprava vzork

Materidl pro optickou mikroskopii a transmisni elektronovy mikroskop byl fixovan
v 2% glutaraldehydu, 2,5% formaldehydu v 0.1 M fosfatovém pufru na 24 hodin, v tomto
roztoku byli pfedtim jedinci také usmrceni a rozdéléni na poZadované ¢asti (hlava, hrud'a
abdomen). Také jim byly odstranény koncetiny, tykadla a vojakiim vylomeny mandibuly,
popripadé u hlinoZravych druht bylo z déInikd extrahovano stfevo. Postfixace v 2% oxidu
osmicelém byla nasledovdana odvodnénim v50% az 100% acetonu (koncentrace
zvySovana po 10 % kazdych 30 minut) a vzorky byly poté prevedeny do pryskyfice Spurr
(standartni pro elektronovu mikroskopii) (Kap. 3, ¢ast |, Il, Ill). Polymerizace v silikonovych
formickach trvala 8 hodin pfi teploté 70°C.

Material pro skenovaci elektronovy mikroskop byl zafixovan v alkoholu (Casto se
jednalo o jedince shirané jiz v terénu). Nasledné byly vzorky prevedeny do acetonu 80 —
100% (vidy zvySeni koncentrace o 10 % kazdych 30 minut), vysuseny metodou kritického
bodu, prilepeny na hlinikovy drzak s pouzitim termoplastického lepidla a pozlaceny (Kap.
3, &ast I1a ).

Vzorky pro histologii byly zafixovany v alkoholu (¢asto se jednalo o jedince sbirané
jiz vterénu). Tyto vzorky byly pfevedeny do xylenu a nasledné zality do parafinu pfi

teplotach 56-58 C° po dobu dvou hodin (Kap. 3, ¢ast Il).

2.2.2. Opticka a elektronova mikroskopie
Vzorky v pryskyfici byly nasledné nakrajeny na ultramikrotomu Reichert-Jung
Ultracut E na tloustku 0.5 um a pouZity pro opticky mikroskop (Nikon Eclipse Ni).
Ultratenké fezy (kolem 60 nm tloustky) pro transmisni elektronovy mikroskop byly
studovany elektronovym mikroskopem JEOL JEM-1011 s kamerou Veleta a iTEM 5.1
softwarem. Méreni bylo provddéno pomoci softwaru Nikon NIS-Elements, kde byla
popsana stavba a struktura Zlaz, zhodnoceny velikosti a tloustky bunék, kutikuly,
mitochondrii, pfitomnost mikrovillG, SER, RER atd. a tato data budou porovnana jak
mezidruhové, tak mezi jednotlivymi zkoumanymi kastami (Kap. 3, ¢ast I, 11, 111).
Pro skenovaci elektronovou mikroskopii byl pouzit mikroskop Jeol 6380 LV (Kap.
3, ¢ast Il) a FEI Helios NanolLab 660 G3 UC (Kap. 3., ¢ast Ill).
Vzorky pro histologii byly nakrajeny na tloustky 5-10 um za pomoci microtomu
Bamed pfm Rotary 3004 M a pouzorovany v optickém mikroskopu Nikon Eclipse Ni (Kap.

3, st I1).
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2.3. Behavioralni pokusy

V kap. 3, ¢ast lll, byly pouzity dva druhy biologickych zkousek. V prvnim typu
experimentu byly pouZity druhy Glossotermes oculatus a Coptotermes testaceus. Druhy
byly vidy ve skupinach péti délnik(l a dvou vojakl, ke kterym byl vidy vioZen jeden
narusitel (délnik ciziho druhu termita nebo mravenec). Chovani vyplyvajici z jejich setkani
bylo zaznamenano a specifické znaky chovani byly nasledné analyzovany. Veskeré pokusy
probihaly pod umélym cervenym svétlem, které nebylo zaznamenatelné pro pouzité
druhy. Vdruhém typu pokusl byly vypitvnany labralni extrakty z 60 vojakd druhu
Prorhinotermes canalifrons ve Ctyfech opakovanich. Tyto extrakty byly nasledné vloZeny
do 400 pL hexanu a methanolu (vidy dvé sady pro kazdou latku) a nasledné pouzity
v behaviordlnim testu (s Sesti opakovanimi pro kazdy stimul). Tyto testy spocivaly ve
vlozeni skupin druhu Prorhinotermes canalifrons (vidy osm délnik(l a dva vojaci) do
Petriho misky rozdélené filtracnim puapirem na dva sektory: labralni extrakt oproti
kontrolnimu exktraktu (roztok s fixovanymi koncetinami stejnym zplisobem jako labralni
extrakt nebo Cisty roztok). Tento pokus byl proveden v Sesti opakovanich také pro druh
Reticulitermes flavipes (skupiny Sesti délniky a dvéma vojaky), pro otestovani mozného
efektu na odliSném druhu. Vyhodnoceni bylo stejné pro oba druhy, a to tak Ze byly
popocitany pocty termitl v kazdém sektoru deset minut po vloZeni termitd do misky.
Pocty termitl v sektoru oSetfeném labralnim exktraktem oproti poctu v kontrolni
poloviné byly porovnany Studentovym t-testem.

Vsechny testy v kap. 3, ¢ast IV probéhly pfi konstantni teploté 26°C umélym
cervenym svétlem, které bylo pro vybrané druhy mimo viditelné spektrum. V ramci
prvniho experimentu bylo cilem zjistit jak vojaci a délnici druhu Reticulitermes flavipes
reaguji na rGzné stimuly nebezpeci. Pro zamezeni socidlni deprivace byly vytvoreny
skupiny (celkem 12) zkladajici se z 38 délnikl a 2 vojak{, coz je pomér kast odpovidajici
poméru vyskytujicimu se v pfirodé. Tyto skupiny byly vloZzeny do Pteriho misek o priméru
85 mm a pokrytych filtracnim papirem. Skupiny byly ponechany v klidu po dvé hodiny pred
kazdym testem. Stimuly nebezpeci byly rozdéleny nasledovné: (i) zablesk svétla (po dobu
tfi sekund, intensity 800 Ix, teplota barvy svétla 5500-6000 K); (ii) zavan vétru (zavedeny
tenkym brékem po dobu tfi sekund); (iii) vloZeni jedné rozmacknuté hlavy délnika; (iv)
vloZeni jedné rozmacknuté hlavy vojaka. Rozmacknuté hlavy byly pfipraveny odfiznutim
hlavy termita na Urovni prothoraxu a byly rozmacknuty na filtracnim papiru za pomoci
jemné Spachtle tak, aby byl filtracni papir napustén obsahem frontalni zlazy, u které je

znamo Ze produkuje vystrazné feromony (Reinhard a Clément, 2002). Jako kontrola pro
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stimuly (i) a (ii) bylo pouZito pozorovani chovani bez vyruseni a pro stimuly (iii) a (iv) byl
vloZen Cisty filtracni papir. VloZeni filtracniho papiru probéhlo zkrz drobny otvor uprostied
vicka. Kazdy stimul probéhl Sestkrat v ndhodném poradi a na ndhodnych skupinach (3
stimuly pro kazdou skupinu). Reakce byly zaznamenany tfi minuty pred stimulem a Sest
minut po stimulu. Jako rozhoduijici faktor pro vyhdonoceni stresu byla vybrana rychlost
pohybu jedincl. Dle hypotézy by se tato rychlost méla zvySovat u prchajicich délnik( a u
branich se vojak(l (Reinhard a Clément, 2002; Sobotnik et al., 2008, 2010b). Z kazdé
skupiny byli sledovani dva ndhodni délnici a oba vojdaci. Rychlost pohybu byla vyhodnoce

pomoci Mouse-Tracker Software.
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2.4. Chemické analyzy

Pro chemické pokusy byly pouzity vzorky 100 laber a 100 koncetin (jako kontrola)
extrahované do methanolu nebo hexanu. VSechny vzorky byly testovany na plynovém
chromatographu 6890N sparovanym s ¢tyfpélovym hmotovym spektromektrem 5975B
vybavenym HP5ms kapilarni kolonou z taveného oxidu kifemicitého (30 m x 0,25mm, 0,25
pum). Nosnym plynem bylo helium s pritokem 1mL/min. Injektor byl provozovan v rezimu
déleni (10:1) pfi teploté 200 °C, injektovano byl vidy 1uL. Programovana teplota byla
nasledujici: 40 °C (2 min), dale zvySovana 8 °C/min aZ na 200 °C a nasledné zvySovana po
15 °C/min aZ na 320 °C (3 min). Bylo zaznamenano standartni 70-eV spektrum v rozsahu
25-600 m/z; a také bylo pouZito 4 minutové zpoZdéni rozpoustédel. Teploty pro
prenosové linky; zdrojiontl a kvadrupdlovy spektrometr byly 280, 230 a 150 °C. Chemické
profily extrakt( laber a koncetin byly porovnany pro zjisténi specifickych latek tvorenych
labralni zlazou (viz kap. 3, ¢ast Il1).

V kap. 3, ¢ast IV probéhly dva chemické pokusy pro identifikaci alarmovych slozek
délnikd a vojakd druhu Reticulitermes flavipes. V prvnim experimentu bylo dvacet jedincl
rozfiznuto na Urovni prothoraxu a predni ¢asti byly extrahovany do 60 pl a 40 ul hexanu.
Obé extrakce byly uloZeny na 48 hodin pfi teploté 4 °C. Nasledné byly obé extrakce
smichany a ndsledné injektovany do plynového chromatographu 6890N. Nejcastéji se
vyskytujici latky identifikovany dle spektralnich charakteristik a dfive publikovanych
vysledkd (Sobotnik et al., 2010c). V druhém experimentu bylo rozdrceno 5 hlav jedincé od
kazdé kasty v 1,2ml sklenéné lahvi¢ce pomoci Pausterovi pipety. Prostorové extrakce
volatilnich latek byly extrahovany pomoci SPME drzakem vlaken, ktery byl pro manualni
extrakci potazen kiemennym povlakem s 30um polydimethylsiloxanem. Analyzy byly
desorbovany pfi teploté 220 °C v délicim/nedélicim injektoru hmotového spektrometru
5975B sparovanym s plynovym chromatographem. Separace byla dosaZena v DB-5 ms
kapilarni koloné (30 m x 0,25 mm) p¥i konstantnim proudéni (1 ml/min). Poéatecni teplota
kolony byla 40 °C (1 min), dale byla zvySovana po 5 °C/min az na teplotu 200 °C a déle

zvySovana po 15 °C/min az na teplotu 320 °C (3 min).
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2.5. Vibroakustické pokusy

Pro rozklicovani sloZzek vibraéniho chovani Reticulitermes flavipes bylo pouzity
nové skupiny termit(i ve stejném sloZeni jako pro behavioralni experimenty (12 skupin, 38
délnik( a 2 vojaci; viz kap. 2.3). Cilem tohoto pokusu bylo najit vazby mezi chemickou
stimulaci a vibracni sloZkou vystrazné signalizace. Byla rozdrcena jedna hlava vojaka a
jedna hlava délnika, dle stejného protokolu jako v kap. 2.3. Pro zabranéni absorbce
vibraci, byli termiti vloZeni do Petriho misky bez filtraéniho papiru a vlhkost byla
poskytnuta kouskem mokré vaty pridélané na vicko misky. Spodni ¢ast Petriho misky byla
silné zdrsnéna, aby termitim poskytovala pfihodny povrch pro chlizi. Experimenty
probihaly v odhlué¢néné mistnosti pod cervenym svétlem, které bylo pro termity
neviditelné. VSechny experimenty také probihaly na stole zavéSeném od stropu, aby se
zabranilo naruseni od experimentatorll. Experimenty byly nataceny kamerou SONY DCR-
SR72, v no¢nim rezimu, kterd byla zavéSena nad experimentalni arénkou. Tyto nahrdvky
byly pouZity pouze pro spojeni chovani termittd a jimi produkovanymi vibracemi, nikoli pro
behavioralni experimenty. Vibracni komunikace byla nahravana pomoci akcelerometrf
Briiel and Kjaer type 4507 B 005, které byly prilepeny na dno Petriho misky. Analyza vibraci
probéhla pomoci rekordéru Soft dB Tenor (24 bits, snimaci frekvence 48 kHz) a Matlab
software (R 2012a). Prioritou pokusu bylo nahrat video s vysokym rozliSenim pro kazdou
skupinu vidy bez vyrusni a s vyrusenim pro rozlusténi repertodru vibraci produkovanych
vojaky a délniky. Frekvence pod 15 Hz byly oznaceny jako nizkofrekvencnia nad 15 Hz jako
vysokofrekvencni. Tyto predbéiné testy byly také pouzity pro determinaci nastaveni
optimalnich parametri frekvencnich filtr( pouZzitych pro nasledné zpracovani vibracnich
nahravek Reticulitermes flavipes v popsaném prostiedi a vedlo to také k redukovani Sumu
v pozadi. Vtéchto pokusech, protoZie se termiti signdly prekryvaly, nebylo mozné
analyzovat jednotlivé signaly. Proto byla vypoltena celkovd hodnota energie
vyprodukovana vibra¢nimi signdly pro kazdou skupinu poté, co doslo ke stimulu. Tato

proména E, byla vypoctena pomoci nasledujici rovnice:

Ty Jo " x| dr

T 5 o)) de

Er = 10.log

74



Ve které je Ta hodnoceni periody po vyruseni (60 sa 360 s), Ts je hodnoceni
periody pred vyrusenim (60s), x¢(t) je filtrovana akcelerace signall (pasmovy filtr 50-500

Hz) a jeho funkce ¢asu (t) (viz kap. 3, ¢ast IV).
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3) Vysledky

Predkladana dizertacni prace je postavena na 4 ¢lancich zabyvajicich se vysledky
analyz a interpretaci vysledkl jednotlivych parcidlnich cild. Na vSechny tyto prace je
odkazovano v rdmci textu pfedchozich kapitol.

Tématem nové objevené oraini Zlazy se zabyva publikace The oral gland, a new
exocrine organ of termites, kapitola 3, ¢ast |

Tématem funkce, evoluce a morfologie labralni ZIdzy se zabyva publikace The
labral gland in termite soldiers, kapitola 3, ¢ast Il a publikace The labral gland in termites:
evolution and function, kapitola 3, ¢ast Il

Tématem poplasné komunikace se zabyva publikace Chemical and vibratory
signals used in alarm communication on the termite Reticulitermes flavipes

(Rhinotermitidae), kapitola 3, ¢ast IV
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Termites have a rich set of exocrine glands. These glands are located all over the body, appearing in the
head, thorax, legs and abdomen. Here, we describe the oral gland, a new gland formed by no more than a
few tens of Class I secretory cells. The gland is divided into two secretory regions located just behind the
mouth, on the dorsal and ventral side of the pharynx, respectively. The dominant secretory organelle is a
smooth endoplasmic reticulum. Secretion release is under direct control of axons located within basal
invaginations of the secretory cells. The secretion is released through a modified porous cuticle located at
the mouth opening. We confirmed the presence of the oral gland in workers and soldiers of several

gf:::;drg: wood- and soil-feeding species of Rhinotermitidae and Termitidae, suggesting a broader distribution of
Termitoidae the oral gland among termites. The oral gland is the smallest exocrine gland described in termites so far.
Isoptera We hypothesise that the oily secretion can either ease the passage of food or serve as a primer
Pharynx pheromone.

Smooth endoplasmic reticulum

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Termites are the most abundant insects of tropical land biotopes
(Engel et al., 2009; Bar-On et al., 2018). They are decomposers of
dead plant material at various decomposition stages, starting from
freshly dead plant tissues, and ending with humified remnants of
organic matter scattered within inorganic soil matrices (Donovan
et al.,, 2001; Bourguignon et al., 2011). The success of termites is
due to a combination of factors, including their lignocellulose diet,
their complex social structures and foraging strategies, and their
lifestyle in closed defendable systems of nests and galleries
allowing for advanced defensive and communication abilities
(Sobotnik et al., 2010a; Krishna et al., 2013).

Most termite activities are mediated by exocrine organs. As
many as 20 exocrine glands have previously been described in
termites (Sobotnik et al., 2015), and there is a growing level of
understanding about their involvement in defence. The frontal
gland, used in defence, is perhaps the most studied organ of

* Corresponding author.
E-mail address: sobotnik@fld.czu.cz (J. Sobotnik).
! Equal contribution.

https://doi.org/10.1016/j.asd.2019.100876
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termites, and is found in soldiers, presoldiers, imagines and some
workers of Neoisoptera (Quennedey, 1984; Sobotnik et al., 2004,
2010a, b; Kutalova et al., 2013). The labial glands of soldiers al-
ways have defensive functions, while that of workers are usually
involved in feeding activities (Noirot, 1969; Sillam-Dusses et al.,
2012). One notable exception are the labial glands of Neo-
capritermes taracua, which produce the precursors of a defensive
secretion released by self-sacrifice (Sobotnik et al, 2012;
Bourguignon et al, 2016). Additional defensive glands have
evolved in workers of several taxonomic groups, such as the
dehiscent glands in Ruptitermes spp. (Poiani and Costa-Leonardo,
2016), and the crystal glands in N. taracua (Sobotnik et al., 2014).
Many exocrine glands are also known to be involved in
communication. Such organs comprise the labral gland, helping to
coordinate defensive activities (Palma-Onetto et al., 2018, 2019),
the sternal gland, that secretes trail-following pheromones
(Bordereau and Pasteels, 2011; Sillam-Dusses, 2010), the labial and
frontal glands of soldiers, producing alarm pheromones in several
species (Vrkoc et al., 1978; Pasteels and Bordereau, 1998; Cristaldo
etal, 2014; Delattre et al., 2015), and the imaginal sternal, posterior
sternal and tergal glands, known to produce sex pheromones
(Bordereau and Pasteels, 2011; Sillam-Dusseés et al., 2011). However,
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the function of most termite glands discovered so far remains
hypothetical.

During our research on termite glands, we noticed the presence
of a yet-unknown exocrine organ located at the boundary between
the mouth and the pharynx, just behind the mouth opening. In this
paper, we describe this new gland, and name it the “oral gland”. We
selected three distant termite species, Prorhinotermes simplex
(Rhinotermitidae), Sphaerotermes sphaerothorax (Termitidae:
Sphaerotermitinae) and Spinitermes trispinosus (Termitidae: Ter-
mitinae), in which we report the presence of the oral gland, both in
workers and soldiers.

2. Material and methods
2.1. Termite material

We used termites available alive in Prague, Czech Republic.
P simplex (Hagen, 1858) is kept in laboratory breeds since it was
collected in Soroa, Pinar del Rio (Cuba) in 1964; S. sphaerothorax
(Sjostedt, 1911) was imported, with legal permits from Ebogo II,
Mbalmayo (Cameroon), in 2016; S. trispinosus (Hagen and Bates,
1858) was imported, following legal procedures, from Petit Saut
(French Guiana, France) in 2016.

2.2. Microscopy procedures

Living termites (workers and soldiers) were fixed in a 0.1 M
phosphate buffer solution with 2% glutaraldehyde and 2.5% form-
aldehyde (both from Polysciences inc., EM Grade) for 1 day at room
temperature. The mandibles were carefully removed to ease sub-
sequent sectioning. We followed the procedure described in detail
by Sobotnik et al. (2004) for subsequent steps. Semithin sections
were stained with methylene blue and visualised using Nikon
Eclipse Ni. Ultrathin sections were stained with uranyl acetate and
lead citrate (standard recipe) and observed using a Jeol 1011
transmission electron microscope.

3. Results

In termites, the dorsal part of the preoral cavity (i.e. the ciba-
rium) opens into the pharynx. The pharynx, located posterior to the
mouth, is oval-shaped in cross section. The oral gland was observed
at the mouth/pharynx boundary, and was composed of two groups
of secretory cells located at the dorsal and ventral side of mouth,
respectively (Fig. 1A). The gland consisted of roughly 30 to 60
secretory cells. As the basic structure of the gland remained un-
changed among all studied species and castes (see Fig. 1 and
Fig. S1), the following description summarises the common char-
acteristics. Specific features are listed at the end of the Results
section. The main characteristics of the oral gland were most
obvious in the gland centre, while the ultrastructure of peripheral
cells gradually changed to resemble that of unmodified epithelium.
The cells located near the secretory epithelium comprised: (i)
standard epidermal cells with a few organelles and nuclei rich in
condensed chromatin, (ii) epidermal cells attaching the muscles to
the pharynx cuticle through numerous microtubules, located inside
the cells, and tonofibrillae, embedded into the cuticle matrix
outside the cells, and (iii) sparse chemoreceptors containing four or
five dendrites (not shown).

The secretory epithelium was formed exclusively by Class I
secretory cells (sensu Noirot and Quennedey, 1974). The epithelium
was between 5 and 10 pm thick, both on the dorsal and ventral
facies of the mouth/pharynx boundary. The secretory cells were
cubic, or slightly columnar, and contained irregular nuclei (about
4 um in the largest dimension) located at cell bases, and filled

predominantly with dispersed chromatin interspersed with larger
chromatin aggregates (Fig. 1B and C). The secretory epithelium was
underlain by a single- or multiple-layered basement membrane,
roughly 40 nm thick. The basement membrane located near muscle
attachments was often markedly thicker, up to 200 nm in thickness,
and contained collagen fibres. Basal invaginations were well-
developed, although they never reached deeper than approxi-
mately one-third of the secretory epithelium thickness, and they
only rarely revealed pinocytotic activity. Singular free axons were
occasionally observed within the basement invaginations
(Fig. S2D). The cytoplasm at the secretory cell bases contained a
high amount of smooth Endoplasmic Reticulum (ER hereafter),
made of roughly 50 nm thick tubules, and low amounts of rough ER,
free ribosomes, electron-lucent vesicles, and occasionally free lipid-
like droplets and protein granules surrounded by plasma
membrane.

The apical portion of secretory cells included abundant smooth
ER, abundant small mitochondria (about 0.5 pm in their longest
dimension) and well-developed microvilli, about 100 nm thick and
up to 0.6 um long (Fig. 1D), the length and abundance of which
decreased towards the gland periphery. The microvilli always
possessed a central channel (Fig. S2B), thought to be connected to
smooth ER, according to Quennedey (1998). Small lucent vesicles
(about500 nm in diameter) were often observed, and rarely seen to
fuse with the apical plasma membrane at the microvilli bases
(Fig. 1D). The intercellular junctions comprised an apical zonula
adhaerens, always followed by a septate junction (about 25 nm
thick) and a gap junction (about 15 nm thick). The junctions be-
tween neighbouring secretory cells were approximately confined
to the apical half, the rest of the cell membranes being devoid of
junctions. The cuticle overlying the oral gland was formed by a
modified endocuticle saturating the secretion release. Endocuticle
modifications varied with position, starting from enlarged pore
canals and ending with endocuticle having a spongy appearance.
The endocuticle was slightly thinner in workers (ranging, according
to species, between 0.6 and 1 um in thickness) compared to soldiers
(1.4-1.9 um thick, according to species) (compare Fig. 1B; Fig. S1A,
E, F). The exocuticle was relatively thin, penetrated by numerous
pore channels leading to epicuticular pores piercing a very thin
epicuticle (Fig. S2A). The thinnest exocuticle was observed in
S. sphaerothorax (about 100 nm in both worker and soldier castes),
followed by P. simplex (about 400 nm in worker and 550 nm in
soldier), and the thickest exocuticle was found in S. trispinosus
(about 400 nm in worker and 1 pm in soldier). The epicuticle was
made of an inner epicuticle between 20 and 40 nm thick, and an
outer epicuticle about 15 nm thick. The diameter of epicuticular
pores was roughly 20 nm.

Apart from the general structure of the oral gland described
above, P. simplex workers and soldiers possessed many glycogen
granules, especially at the secretory cell bases. Both castes of
S. sphaerothorax contained higher amounts of lipid-like droplets,
especially in the ventral portion of the gland in workers. Another
organelle present only in S. sphaerothorax is the Golgi apparatus,
observed in rare cases at the secretory cell bases (Fig. S2C). Lastly,
some of the oral gland secretory cells found in S. trispinosus con-
tained large lucent vesicles, up to 5 pm in diameter.

4. Discussion

Here we report the presence and ultrastructure of the oral gland,
a new exocrine organ in termites. The gland was observed in both
workers and soldiers of the wood-feeding termites P. simplex
(Rhinotermitidae) and S. sphaerothorax (Termitidae: Sphaer-
otermitinae), and in the soil-feeding species S. trispinosus (Termi-
tidae: Termitinae). The presence of the gland in unrelated termite
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Fig. 1. Development of the oral gland. A. Sagittal section of the head of Sphaerotermes sphaerothorax worker. Arrows mark the two regions of the oral gland secretory epithelium.
Scale bar represents 200 um. B. Overall development of the oral gland in Spinitermes trispinosus worker. Note the highly modified cuticle with numerous epicuticular pores. Scale bar
represents 2 um. C. The oral gland secretory epithelium in Spinitermes trispinosus soldier. The arrows mark glycogen granules. Scale bar represents 2 um. D. A detail of the apical
portion of the oral gland secretory cell in Sphaerotermes sphaerothorax worker. The arrow marks fusion of a small secretory vesicle with the apical membrane. Scale bar represents

0.5 pm. : b, brain (:
endoplasmic reticulum; ser, smooth endoplasmic reticulum; v, vesicles.

species suggests it is widespread among termites. The oral gland is
extraordinarily small, the smallest of all termite glands identified so
far, which likely explains why it has been overlooked until now. At
the same time, its universal distribution suggests it has an impor-
tant function to termite workers and soldiers.

The glands of termites can be classified into two categories ac-
cording to their distribution among castes and species. The glands
present in all taxa and castes are the labral, mandibular, labial and
sternal glands (Lambinet, 1959; Noirot, 1969; Sobotnik and Hubert,

ganglion); en, endocuticle; ex, exocuticle; Ib, labrum; m, mitochondria; mv, microvilli; n, nucleus; ph, pharynx; rer, rough

2003; Sobotnik and Weyda, 2003; Palma-Onetto et al., 2018, 2019).
All other glands are confined to some groups and/or castes (Billen
and Sobotnik, 2015), with the exception of the frontal gland,
which occurs in most species of Neoisoptera (Deligne et al, 1981;
Quennedey, 1984; Sobotnik et al., 2010b; Kutalova et al., 2013;
pers. observ.). The oral gland probably belongs to the former cate-
gory, as it likely occurs in both workers and soldiers of “lower” (all
families except Termitidae) and “higher” termites (only Termiti-
dae), irrespectively of their diet, i.e. wood- or soil-feeders. This
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opinion is also supported by a single observation of the oral gland in
a soldier of the wood-feeding termite, Microcerotermes sp. (Ter-
mitidae: Termitinae) (see Fig. S1F). Future studies are needed to
confirm this statement.

The function of the oral gland is unclear, and we were unable to
characterize it in the current study due to methodological con-
straints. However, we can formulate some hypotheses based on the
structure and location of the gland. The cytoplasm of the secretory
cells is dominated by smooth ER, an organelle known to produce
lipidic substances that are often used for communication purposes
(for review see Percy-Cunningham and MacDonald, 1987 or Tillman
et al, 1999). The production of a lipid-like secretion is further
corroborated by the presence of droplets located freely in the
cytoplasm in several samples studied here. Other secretory or-
ganelles observed within the secretory cells, such as rough ER or
Golgi apparatus, reach considerably lower abundance and probably
serve only for maintaining the secretory function achieved by the
smooth ER. The nature of the electron-lucent vesicles observed
within the secretory cells in most cases remains unclear. While
their release at the apices was rarely observed, we have not
observed their formation, although they might be produced by the
Golgi apparatus.

The position of the oral gland suggests its secretions are not
used for communication, as the secretion is released just behind the
mouth. Therefore, we suggest that the secretion may lubricate the
entrance of the digestive tube, facilitating the passage of food
particles (Donovan et al.,, 2001). Alternatively, the gland may pro-
duce the primer pheromones regulating caste development within
colony. Indeed, termite colonies are usually founded by a couple of
dealate imagines, i.e. the future king and queen (called primary
reproductives), and the formation of secondary reproductives (also
called neotenics) is inhibited by the royal couple via a substance
distributed by contact among nestmates (Liischer, 1961;
Springhetti, 1972). Some volatile substances playing a role in
these inhibitory processes have recently been identified (Matsuura
etal., 2010; Funaro et al., 2018), and could possibly be produced by
the oral gland. The same is true for soldiers, which have an inhib-
itory effect on the formation of additional soldiers (Lefeuve and
Bordereau, 1984; Mitaka et al, 2017). The presence of neotenics is
very common in termites, especially in “lower” termites, and
known to occur in two of the studied genera: Prorhinotermes and
Microcerotermes (Myles, 1999). Thus, the primer pheromone could
be released by the oral gland and then transmitted to other colony
members during oral trophallaxis (McMahan, 1969), as has already
been suggested (Liischer, 1961). Other possible functions, such as
production of releaser pheromones, digestive enzymes, or defen-
sive compounds, seem quite unlikely due to the gland size, struc-
ture and ultrastructure.
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Supplementry Figure S1:

A: Prorhinotermes simplex worker. Scale bar represents 1 um, B. Prorhinotermes
simplex soldier. Scale bar represents 2 um, C: Sphaerotermes sphaerothorax worker. Scale
bar represents 1 um, D: Sphaerotermes sphaerothorax soldier. Scale bar represents 1 um,
E: Spinitermes trispinosus worker. Scale bar represents 1 um, F: Microcerotermes sp.

soldier. Scale bar represents 2 um.
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Supplementary Figure S2:

A. The ultrastructure of the apical cuticle in Sphaerotermes sphaerothorax
worker. Scale bar represents 200 nm, B. The ultrastructure of microvilli in Prorhinotermes
simplex worker. Scale bar represents 500 nm, C. Golgi apparatus in Sphaerotermes
sphaerothorax worker. Scale bar represents 500 nm, D. Free axon located within basal

invaginations in Sphaerotermes sphaerothorax worker. Scale bar represents 200 nm.
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The evolutionary success of termites has been driven largely by a complex communication system operated by a rich
set of exocrine glands. As many as 20 different exocrine organs are known in termites. While some of these organs are
relatively well known, only anecdotal observations exist for others. One of the exocrine organs that has received neg-
ligible attention so far is the labral gland. In this study, we examined the structure and ultrastructure of the labrum
in soldiers of 28 termite species. We confirm that the labral gland is present in all termite species, and comprises two
secretory regions located on the ventral side of the labrum and the dorso-apical part of the hypopharynx. The labrum
of Neoisoptera has a hyaline tip, which was secondarily lost in Nasutitermitinae, Microcerotermes and species with
snapping soldiers. The epithelium of the gland generally consists of class 1 secretory cells, with an addition of class 3
secretory cells in some species. A common feature of the secretory cells is the abundance of smooth endoplasmic re-
ticulum, an organelle known to produce lipidic and often volatile secretions. Our observations suggest that the labral
gland is involved in communication rather than defence as previously suggested. Our study is the first to provide a
comprehensive picture of the structure of the labral gland in soldiers across all termite taxa.

ADDITIONAL KEYWORDS: exocrine gland — hypopharynx — labrum — Termitoidae — ultrastructure — Isoptera.

INTRODUCTION defence mechanisms, including a cryptic lifestyle, the
construction of defensive structures (Korb, 2011) and
investments into a caste of defenders: the soldiers
(Haverty, 1977). While the primary weapon of termite
soldiers is generally their powerful mandibles, glands
that produce defensive compounds are of comparable
importance (Prestwich, 1984; Sobotnik et al., 2010a).
Termites use intricate communication systems, the

Termites are an important food resource for a range
of animals (Redford & Dorea, 1984), and they compete
for resources with other wood- and soil-feeding taxa
(Sobotnik, Jirosovd & Hanus, 2010a). Termites
protect themselves through passive and active

*Corresponding author. E-mail: sobotnik@fld.czu.cz complexity of which is reflected in the development of
‘These authors contributed equally to the study. 20 different signal-producing exocrine organs (Billen &
© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-10 1
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Sobotnik, 2015). Four glands are found in most termite
species: the frontal gland, the sternal gland, the labial
glands and the mandibular glands. The presence of
other exocrine organs is restricted to specific termite
lineages, or to certain castes. The function of these
lineage-/caste-specific glands is not fully understood,
apart from the defensive function of the crystal glands
in Neocapritermes taracua workers (Sobotnik et al.,
2012, 2014; Bourguignon et al., 2016). The labral gland
is one of these poorly known exocrine glands, known
only from the soldier caste of three termite species
(Deligne, Quennedey & Blum, 1981; Quennedey, 1984;
Sobotnik et al., 2010b; Costa-Leonardo & Haifig, 2014),
and from some imagoes (Kfizkova et al., 2014).

The labral gland was first described on the ventral
side of the labrum in Macrotermes bellicosus (Deligne
et al.,1981) and was later found also on the dorsal side
of the hypopharynx in other Macrotermitinae species
(Quennedey, 1984). The presence of labral glands in
other taxa is thought to be indicated by a hyaline tip,
located on the tip of the labrum (Deligne et al., 1981).
The labral gland of M. bellicosus is composed of class
1 secretory cells only (according to the classification
of Noirot & Quennedey, 1974), while additional class
3 secretory cells have been found in the labral glands
of Glossotermes oculatus and Cornitermes cumulans
soldiers (Sobotnik et al., 2010b; Costa-Leonardo &
Haifig, 2014). The function of the labral gland has
not been studied for any termite species, and the
literature suggests that it produces toxic secretions
that impregnate the mandibular edges (Deligne et al.,
1981; Quennedey, 1984). In this paper, we provide
the first comprehensive description of the structure
of the labral gland in the soldiers of 28 species,
representatives of the termite tree of life.

MATERIAL AND METHODS
DIRECT OBSERVATIONS

Living termites were observed and photographed
using Canon EOS 6D and Canon EOS 5D SR cameras,
combined with Canon EF 100 mm f/2.8L. Macro IS USM
and Canon MP-E 65 mm /2.8 lenses, and equipped
with the Canon Macro Twin Lite MT-24EX flash. The
photographs were used to compare the shape of the
labrum and the presence of a hyaline tip in termite
soldiers.

OPTICAL MICROSCOPY AND TRANSMISSION ELECTRON
MICROSCOPY

Soldier labral glands were studied using three different
fixatives: fixative with phosphate buffer (0.2 M, pH 7.2
buffer/formaldehyde 10%/glutaraldehyde 8% =2:1: 1),
cacodylate buffer (0.2 M, pH 7.3 buffer/glutaraldehyde 8%/

distilled water = 2 : 1 :1) and standard Bouin’s solution
(for details see Supplementary Information, Table S1).
For electron microscopy, soldier heads were cut off and
the mandibles were removed to facilitate sectioning.
The mandibles were left intact in the minor soldiers of
Rhinotermitinae and in all Nasutitermitinae. Samples
were postfixed using 2% osmium tetroxide, and embedded
in Spurr resin. The samples were cut into 0.5-pm sections
using a Reichert Ultracut ultramicrotome and stained
with Azure II for analysis with optical microscopy.

HISTOLOGY

The samples were dehydrated using a ethanol series,
transferred to xylene and embedded in paraffin.
Polymerization was carried out in an oven at 56-58 °C
for 2 h. The samples were cut into sections 5—10 pm
thick using Bamed pfm Rotary 3004 M microtome,
placed on a slide coated with eggwhite/glycerol,
stained with Mallory’s trichrome stain and then made
clear with xylen. For additional details see Table S1.

ELECTRON MICROSCOPY

We dissected the heads of freshly freeze-killed soldiers,
and removed the mandibles, maxillae and labium. The
heads were thereafter dehydrated using an acetone series.
The samples were dried using the critical-point method
and glued onto an aluminium holder using thermoplastic
adhesive. The samples were then sputter-coated with
gold and observed using a Jeol 6380 LV scanning electron
microscope. The mouthparts of three species (Embiratermes
neotenicus, Coptotermes formosanus and Sphaerotermes
sphaerothorax) were cleaned via argon plasma etching in
a sputter coater machine (Bal-Tec SCD 050).

Ultrastructural features were studied in selected
samples (see Table S1) using a Jeol 1011 transmission
electron microscope, as described by Sobotnik, Weyda
& Hanus (2003).

EVOLUTION OF THE HYALINE TIP

We reconstructed the presence of the hyaline tip using
previously published phylogenetic trees (Bourguignon
et al., 2015, 2017). We carried ancestral state
reconstruction with Mesquite (Maddison & Maddison,
2010), on the presence/absence of the hyaline tip, using
the Mk1 likelihood model and parsimony analyses.

RESULTS

The labral gland is a constituent part of the labrum
(Fig. 1A, B). The labrum is dorsally sclerotized,
and membranous on the ventral side, with lower
sclerotization towards the tip, often with a transparent

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-10
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Figure 1. (A) Sphaerotermes sphaerothorax soldier. Arrow marks the hyaline tip of the labrum. (B) Head of Neocapritermes
taracua soldier. (C) Phylogenetic tree showing the evolution of the hyaline tip in soldier caste termites. The presence or ab-
sence of the hyaline tip is marked by black or white circles, respectively.

inflated apical part termed the ‘hyaline tip’. The hyaline
tip appears as a transparent extensible protrusion of
the labrum occurring in many taxa of Rhinotermitidae
and Termitidae (Fig. 1C). The presence of the hyaline
tip is variable, depending on species. The hyaline
tip has been lost in several lineages, including the
snapping soldiers and all Nasutitermitinae (Figs
1C, S1).

SCANNING ELECTRON MICROSCOPY

The ventral facies of the labrum were flexible and
appeared wrinkled (Fig. 2A), while the dorsal facies
were more rigid with a sclerotized cuticle. The
ventral side of the labrum generally carried a few
tens of sensillae (Fig. 2B), probably acting as contact
chemoreceptors [based on combined scanning (SEM)
and transmission electron microscopy (TEM) evidence,
see below], with possible mechanosensitive function
(based on striking similarity to campaniform sensillae).
While the dorsal side of the labrum was usually
smooth, the ventral facies of the labrum usually
showed borders between the underlying epidermal
cells, which appeared as irregular angular structures
between 4 and 6 pm in the largest dimension. These
borders were well delimited in certain parts of the
ventral surface of the labrum, often appearing as
ridges or spines extending beyond the cell border.
These features were especially developed in Neotermes
cubanus, Glossotermes oculatus, Neocapritermes
taracua, Spinitermes sp. and Labiotermes labralis. The
same pattern was also observed along the midline of

the labrum in Prorhinotermes simplex, the basal half of
the labrum in Coptotermes formosanus (Fig. 2A, B) and
Sphaerotermes sphaerothorax, and the basal part of the
labrum in Embiratermes neotenicus. In all specimens,
the apical and ventro-lateral part of the labrum
possessed numerous pores typically about 30-50 nm in
diameter (Fig. 2C).

OPTICAL MICROSCOPY

The labral gland appeared as a thickened epithelium
located on the ventral side of the labrum, with possible
extension to the dorsal side at the labrum apex. An
independent portion of secretory epithelium appeared
also on the dorso-apical part of the hypopharynx
(Fig. 3A, B). Labral gland secretions were shown
to accumulate in the space between the secretory
epithelium and the overlaying cuticle with no reservoir.

The labral gland secretory epithelium varied in
thickness among species, most commonly ranging
between 20 and 30 pm. The thinnest epithelium
was found in Nasutitermes lujae (2 pm) and the
thickest epithelium was found in the large soldiers
of Psammotermes hybostoma (147 pm) (Table S1).
Hypopharyngeal thickness varied between 4 and
30 pm. The ultrastructural features were nearly
identical between the labral and hypopharyngeal
regions of the labral gland in all species. The shape
and overall size of the labral gland were diverse and
not proportional to the size of the labrum. While some
labral glands covered the entire labrum, others covered
less than half of the labral ventral area.
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Figure 2. Labral gland development. (A) Micrograph of the ventral side of the labrum of Coptotermes formosanus; the
small rectangle indicates the sector where the micrograph in B was taken. (B) Region with a group of sensillae (marked with
white arrows) in C. formosanus labrum. (C) High-magnification micrograph of the apical region with epicuticular pores in

Sphaerotermes sphaerothorax labrum.

Within the four studied species with soldier sub-
castes, the thickness of the labral gland increased with
the size of the soldier morph (Table S1).

TRANSMISSION ELECTRON MICROSCOPY

TEM revealed that the labral and hypopharyngeal
epithelium were made up of secretory cells. The
ultrastructural features of the secretory cells in the
labral and hypopharyngeal regions of the labral gland
were almost identical, and are thus described together.

The labral gland was predominantly made up of
columnar class 1 secretory cells (according to the
classification of Noirot & Quennedey, 1974) that were
characterized by an abundance of smooth endoplasmic
reticulum (ER), vesicles of different electron densities,
abundant mitochondria, numerous microtubules
orientated apico-basally, glycogen granules, myelin
figures and sparse rough ER mainly located around the
nucleus (Fig. 4A—C). The secretory cells could easily be
differentiated from the non-modified cells (Fig. S3A)
as the latter are thinner and lack the characteristics
mentioned above. Electron-lucent vesicles were also
relatively common within the cells, although they
were rarely observed to be released (then including
the membrane) at the cell apex, while electron-dense
granules were rare. The secretory cell cytoplasm
often contained lipid-like droplets (around 1-2 pm in
diameter; Fig. S3B, C) that were located freely in the

cytoplasm and particularly abundant in major soldiers
of Dolichorhinotermes longilabius. The droplets in
D. longilabius had a foamy appearance and turned into
lucent vesicles that were occasionally excreted at the
secretory cell apex. Junctions between neighbouring
class 1 cells were formed by apical zonulae adherens
followed by septate junctions, while the basal parts of
the membranes were devoid of any junctions. Basal
invaginations were well developed throughout the
gland, and on average were about 5 pm deep (up to
20 pm in Labiotermes labralis) (Fig. 4A) and showed
frequent pinocytotic activity (Fig. S3D). The nucleus
of the class 1 cells was basally located and elliptic or
slightly irregular in shape. The largest dimension of the
nucleus was 5 pm (rarely up to 10 pm) and the nucleus
was predominantly filled with dispersed chromatin with
few aggregates. Microvilli were well developed, about
1.5 pm in length (rarely up to 3—4 pm), approximately
100 nm thick, and always had a central channel
about 40 nm in diameter (Figs 4A, S3C, E). The basal
invaginations and microvilli of the hypopharyngeal
region of the labral gland were always shorter than
those of the labral region. Microvilli were in some cases
longer in the central part of the gland than in the gland
margins.

The cuticle was in general made up of three layers, the
endocuticle of helicoid structure, exocuticle showing no
discernible layers and a thin epicuticle (see Table S1). The
labral gland secretions were stored in the space between
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Figure 3. Sagittal sections of the forehead of Psammotermes hybostoma medium soldier (A) and Neocapritermes taracua
soldier (B), showing the secretory epithelium in hypopharynx. Abbreviations: cl, clypeus; hy, hypopharynx; b, labium; 1g,

labral gland.

the secretory epithelium, the overlying cuticle and inside
the porous cuticle. There was no invaginated reservoir in
any of the studied species. The cuticle showed numerous
adaptations for release of the secretion, and these were
more pronounced towards the labral tip (Fig. 2C, 4D, S4A,
B). The cuticular modifications included an increase in
the number and width of the pore canals, which widened
towards the cuticle base (Fig. 4D), and the occurrence
of epicuticular pores allowing for the secretion to be
evacuated from the body.

Secretory cells were innervated by free axons
frequently observed at the base of the secretory
epithelium (Fig. 4C). The singular axons without
envelope cells often occurred among the basal
invaginations, and sometimes contained typical
electron-dense grains of neurosecretions. A different
kind of neural tissue was represented by groups of
sensillae located along the central line of the labrum,
each comprising between two and five sensory neurons
(represented by distal dendrites) and corresponding
envelope cells (Figs 4D, S4C).

Apart from the common organelles, large microtubule
bundles running through secretory cells were found in
Mastotermes darwiniensis, Hodotermopsis sjoestedti
and Embiratermes neotenicus (Fig. S3D). Additionally,
tracheae going through class 1 cells were found in
M. darwiniensis and H. sjoestedti (Fig. S3E). Major
soldiers of Dolichorhinotermes longilabius possessed
particularly large amounts of lipid droplets, with
electron-dense granules that dissolved into lucent
vesicles. In all studied Nasutitermitinae the labral
gland was relatively underdeveloped, although the cells
retained the general characteristics of the labral gland.

Class 3 secretory cells, when present, commonly
occurred on the dorsal side of the labrum and were
generally separated from the secretory epithelium by
non-modified epidermal cells. However, the class 3 cells
were in few cases mixed with class 1 cells (Fig. 4E) in
Glossotermes oculatus, Termes hospes, and in the minor
soldiers of Dolichorhinotermeslongilabius.In Mastotermes
darwiniensis, by contrast, the class 3 secretory cells were
located adjacent to the class 1 secretory cells.
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Figure 4. Ultrastructure of the labral gland in soldiers. (A) Overall development of the labral gland in Labiotermes labra-
lis. Note the development of the apical microvilli and basal invaginations. (B) Detail of labral gland secretory cell class 1
cytoplasm in Neocapritermes taracua showing well-developed smooth endoplasmic reticulum. (C) Detail of labral gland
secretory cell class 1 cytoplasm in large soldier of Dolichorhinotermes longilabius showing a free axon located at the base
of the secretory epithelium. (D) Highly modified cuticle underlying the labral gland in Embiratermes neotenicus. Note
enlarged pore canals ensuring secretion release and the margin of the sensillum. (E) Class 3 secretory cell in Glossotermes
oculatus. Abbreviations: a, axon; ¢3, class 3 secretory cell; cc, conducting canal; en, endocuticle; ex, exocuticle; g, glycogen;
bi, basal invagi ; m, mitochondria; ms, margin of the sensillum; mt, microtubule; mv, microvilli; n, nucleus; rer, rough
endoplasmic reticulum; ser, smooth endoplasmic reticulum.

Class 3 cells did not touch either the apex or the
basement membrane of the gland. Their cytoplasm
predominantly contained vesicles of moderate electron
density (Fig. 4E), but also contained rough ER and
free ribosomes, Golgi apparatus, mitochondria,
microtubules and rare electron-dense granules. The
cells were equipped with porous receiving canals
continuous with a conducting canal approximately
0.4 pm in diameter. The conducting canal comprised

inner (approximately 40 nm thick) and outer
(approximately 6 nm thick) epicuticles (Fig. 4E).

DISCUSSION

The labral gland is an integral part of the labrum,
which is a thin lip-like structure that covers the
dorsal side of the pre-oral cavity. The labral gland
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LABRAL GLAND IN TERMITE SOLDIERS 7

belongs to the basic body plan of termites. However,
its presence has rarely been investigated. Here we
report on its presence and cytological features in
soldiers of 28 species across the termite phylogeny.
The presence of the labral gland in all observed species
was unexpected as the gland has only been reported
in soldiers of three termite species previously (Deligne
et al., 1981; Quennedey, 1984; Sobotnik et al., 2010b;
Costa-Leonardo & Haifig, 2014). The labral gland
was originally recognized as an exocrine organ by
Deligne et al. (1981). Quennedey (1984) described the
hypopharyngeal part of the labral gland and suggested
that the occurrence of the hyaline tip proves the
presence of the labral gland in termite soldiers. It was
only recently, and following Sobotnik et al’s (2010b)
study on the defensive glands in Glossotermes oculatus,
and Costa-Leonardo & Haifig’s (2014) study on the
labral gland in Cornitermes cumulans, that additional
data on the labral gland appeared. In addition to the
presence of the labral gland in termite soldiers, it was
also recently observed in some imagoes (Kiizkova
et al., 2014) and certain workers (Palma-Onetto V
and Sobotnik J, our unpublished data). These random
observations suggest that the labral gland might be
present in all termite castes, pointing to its importance
during termite evolution.

The labral gland is split into two secretory regions
located in the ventral part of the labrum and dorso-
apical part of hypopharynx, respectively. Although the
secretory epithelium is always thicker in the labral
part, the ultrastructure of secretory cells present
in these two secretory regions is virtually identical.
We therefore expect that both secretory regions play
the same role, and should thus be treated as a single
gland. The nomenclatural change from ‘labral gland’ to
‘cibarial gland’ proposed by Quennedey (1984), based
on gland development in two regions, is therefore
redundant and the original name, well accepted by the
scientific community, should prevail.

The hyaline tip is a traditionally described
morphological character. The dorsal side of the labrum
is always sclerotized, while the ventral part is always
formed by a lucent membranous cuticle. However,
species may differ in the level of sclerotization of
the dorsal side, especially at the labrum apex. While
some soldiers show an unchanged level of labrum
sclerotization (hyaline tip absent), the level of
sclerotization often decreases towards the labrum apex
in others (hyaline tip present). All basal taxa primarily
lack the hyaline tip, which evolved in a common
ancestor of Rhinotermitidae and Termitidae, and was
subsequently lost at least four times independently:
once in Nasutitermitinae, in which the entire labrum
is greatly reduced in size, twice independently in
lineages with snapping soldiers, Pericapritermes

and Neocapritermes + Planicapritermes, and once
in Microcerotermes. While the hyaline tip has been
shown to disappear in some lineages, the labral gland
was found in all termite families studied here. This
suggests that the evolution of snapping mandibles did
not see a loss of the labral gland and that the evolution
of mandibles has not necessarily been accompanied by
a reduction or loss of chemical adaptation (Kyjakova
et al. 2015).

The cytological features of the labral gland
showed many similarities among all studied species.
Additionally, the four species with polymorphic soldiers
that we studied showed that the labral gland volume
increased with sub-caste size and was particularly
pronounced in Psammotermes hybostoma.

The common features shared by labral and
hypopharyngeal parts of the labral glands include:
(1) abundance of smooth ER, (2) the presence of
apical microvilli with a central channel, (3) well-
developed basal invaginations ensuring the intake of
precursors from the haemolymph, and (4) cuticular
modifications in the tip of the labral gland allowing
gland secretions to reach the exterior (see also
Deligne et al., 1981; Quennedey, 1984; Sobotnik
et al., 2010b; Costa-Leonardo & Haifig, 2014). These
ultrastructural features are a conservative account
of the characteristics of the two secretory regions in
the studied species, which suggest that the labral
gland has the same function among all species. The
labral gland secretion is stored between the secretory
epithelium and the overlying cuticle, as well as within
the cuticle itself. Labral secretions from the glandular
cells are under neural control, supposedly from the
brain, as singular axons have often been detected at
the base of the secretory epithelium.

The function of the labral gland is probably not
defensive due to the absence of a reservoir, a feature
characteristic of defensive glands (Chapman, 2013).
Additionally, the labral gland is present in soldiers of
all species, irrespective of their defensive strategies,
including species having soldiers with nasus glands,
with snapping mandibles or performing body rupture.
The composition of the labral gland secretion remains
unknown despite our repeated attempts to identify
labral gland-specific compounds. This may be due to the
small size of the labral gland and the unknown nature
of its secretion. Nevertheless, the high abundance of
a smooth ER suggests that the secretion may have
a lipidic and volatile nature and could be used in
communication (Percy-Cunningham & MacDonald,
1987; Nakajima, 1997; Tillman et al., 1999; Alberts
et al., 2002).

The presence of specialized receptors on the ventral
side of the labrum is likely to aid in dosage of labral
secretions. As all observed receptors contained several
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dendrites, a chemosensory function is likely for all
species while a mechanoreceptive function remains
hypothetical. The idea that the labral receptors respond
to mechanical pressure has a functional parallel in
the sternal gland, secretion releases from which are
controlled by groups of campaniform sensillae (Stuart
& Satir, 1968; Quennedey et al., 2008).

Class 3 cells occur frequently on the dorsal side of the
labrum and on the sclerotized body cuticle (Sobotnik
et al., 2004; Sobotnik, Weyda & Hanus, 2005). Class
3 cells may also occur adjacent to the labral gland
secretory epithelium but should not be considered
as part of the labral gland until the two cell classes
are combined, as seen in G. oculatus (Sobotnik et al.,
2010b), the minor soldiers of D. longilabius (presented
here), C. cumulans (Costa-Leonardo & Haifig, 2014)
and T. hospes (presented here). Class 3 cells have
not been observed in the hypopharyngeal part of the
labral gland in any of above-mentioned species. The
ultrastructure of the class 3 secretory cells is uniform
in termites, irrespective of their caste (Costa-Leonardo
& Shields, 1990; Sobotnik et al., 2004) and position
in the gland, such as mandibular (Lambinet, 1959;
Cassier, Fain-Maurel & Lebrun, 1977), sternal (Noirot
& Quennedey, 1974; Quennedey et al., 2008), tergal
(Ampion & Quennedey, 1981; Sobotnik et al., 2005)
and epidermal (Sobotnik et al., 2003). The secretory
cells are always rich in rough ER and Golgi apparatus,
and contain variable amounts of moderately electron-
lucent vesicles released to the extracellular reservoir
(‘end apparatus’), into which the cuticular canal is
inserted. This ultrastructure suggests that rough ER
produces proteinaceous water-soluble secretions that
are configured in the Golgi apparatus (Hand & Oliver,
1984) before being released on the surface of the body
cuticle. These secretions may appear as the uppermost
layer of the epicuticles protecting the lower layers
from abrasion (Chapman, 2013).

CONCLUSION AND FURTHER HYPOTHESES

The labral gland has previously been suggested to be a
synapomorphy of Neoisoptera (Sobotnik et al., 2010a).
The presence of the labral gland in termite soldiers
of all studied species suggests that the labral gland
evolved with the soldier caste where it hasremained an
important organ. Moreover, the labral gland has long
been thought to primarily have a defensive function.
Gland secretion was thought to be on the mandibles
and deposited into the wound following bite (Deligne
et al., 1981; Quennedey, 1984; Sobotnik et al., 2010b;
Costa-Leonardo & Haifig, 2014). However, preliminary
observations based on the morphology, structure and

ultrastructure of the labral gland suggest that labral
gland secretion has a communicative function.

The presence of a labral gland in soldiers of all
termite species suggests that it has a fundamental
role in colony survival and success. Our data suggest
that the function of the labral gland may be related
to communication. This hypothesis is supported by
personal observations of soldiers wiping their labrum
against the floor after encountering an enemy. A better
understanding of the function of the labral gland in
termites is called for to enhance knowledge of termite
defence mechanisms and communication behaviour.

ACKNOWLEDGEMENTS

Credit for Figure 1B goes to Ales Bucek (OIST, Japan).
We thank Mirek Hylis from the Laboratory of Electron
Microscopy (Faculty of Sciences, Charles University
in Prague) for his help and support with SEM and
TEM. We are grateful to Yves Roisin for constructive
criticism of the manuscript. We also thank three an-
onymous reviewers for their helpful comments and
suggestions. Financial support was provided by the
project IGA FLD No. A13/17 (Czech University of Life
Sciences, Prague).

REFERENCES

Alberts B, Johnson A, Lewis «J, Raff M, Roberts K, and
Walter P. 2002. Molecular Biology of the cell: the endoplas-
mic reticulum, 4th edn. New York: Garland Science.

Ampion M, Quennedey A. 1981. The abdominal epidermal
glands of termites and their phylogenetic significance. In
Howse PE, Clément JL, eds. Biosystematics of social insects.
London: Academic Press, 249-261.

Billen J, Sobotnik J. 2015. Insect exocrine glands. Arthropod
Structure & Development 44: 399-400.

Bourguignon T, Lo N, Cameron SL, Sobotnik J, Hayashi
Y, Shigenobu S, Watanabe D, Roisin Y, Miura T, Evans
TA. 2015. The evolutionary history of termites as inferred
from 66 mitochondrial genomes. Molecular Biology and
Evolution 32: 406-421.

Bourguignon T, Sobotnik J, Brabcova J, Sillam-Dussés
D, Buéek A, Krasulova J, Vytiskova B, Demianova Z,
Mares M, Roisin Y, Vogel H. 2016. Molecular mechanism
of the two-component suicidal weapon of Neocapritermes
taracua old workers. Molecular Biology and Evolution 33:
809-819.

Bourguignon T, Lo N, Sobotnik J, Ho SY, Igbal N, Coissac E,
LeeM, Jendryka MM, Sillam-Dussés D, Krizkova B, Roisin
Y, Evans TA. 2017. Mitochondrial phylogenomics resolves the
global spread of higher termites, ecosystem engineers of the trop-
ics. Molecular Biology and Evolution 34: 589-597.

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-10

Downloaded from https://academic.oup.com/biolinnean/advance-article-abstract/doi/10.1093/biolinnean/blx162/4841623
by guest
on 09 February 2018

93



LABRAL GLAND IN TERMITE SOLDIERS 9

Cassier P, Fain-Maurel MA, Lebrun D. 1977. Electron
microscopic study of the mandibular glands of Kalotermes
flavicollis fabr. (Isoptera; Calotermitidae). Cell and Tissue
Research 182: 327-339.

Chapman RF. 2013. The insects: structure and function,
5th edn. In Simpson SdJ, Douglas AE, eds. The integument,
gas exchange and homeostasis. Cambridge: Cambridge
University Press, 464-496.

Costa-Leonardo AM, Shields KS. 1990. Morphology of the
mandibular glands in workers of Constrictotermes cypher-
gaster (Silvestri) (Isoptera: Termitidae). International
Journal of Insect Morphology and Embryology 19: 61-64.

Costa-Leonardo AM, Haifig I. 2014. Termite communica-
tion during different behavioral activities. In Witzani G, ed.
Biocommunication of animals. Dordrecht: Springer, 161-190.

Deligne J, Quennedey A, Blum MS. 1981. The enemies and
defense mechanisms of termites. In Hermann HR, ed. Social
insects, Vol. 2. New York: Academic Press, 1-76.

Hand AR, Oliver C. 1984. The role of GERL in the secretory
process. In Cantin M, ed. Cell biology of the secretory process.
Basel: Karger Publishers, 148-170.

Haverty MI. 1977 The proportion of soldiers in termite colo-
nies: a list and a bibliography. Sociobiology 2: 199-216.

Kyjakova P, Dolejsova K, Krasulova J, Bednéarova L,
Hadravova R, Pohl R, Hanus R. 2015 The evolution of
symmetrical snapping in termite soldiers need not lead to
reduced chemical defence. Biological Journal of the Linnean
Society 115: 818-825.

Korb J. 2011. Termite mound architecture, from function to
construction. In Bignell ED, Roisin Y, Lo N, eds. Biology
of termites: a modern synthesis. Dordrecht: Springer,
349-373.

Kfizkova B, Bourguignon T, Vytiskova B, Sobotnik
J. 2014. The clypeal gland: a new exocrine gland in ter-
mite imagoes (Isoptera: Serritermitidae, Rhinotermitidae,
Termitidae). Arthropod Structure & Development 43:
537-542.

Lambinet F. 1959. La glande mandibulaire du termite a cou
Jjaune (Calotermes flavicollis). Insectes Soc. 6: 165-17.

Maddison WP, Maddison DR. 2010. Mesquite: a modular sys-
tem for evolutionary analysis. 2011; Version 2.75. Available
at: mesquiteproject.org/mesquite/download/download.html

Nakajima T. 1997. Cytochrome P450 isoforms and the metab-
olism of volatile hydrocarbons of low relative molecular
mass. Journal of Occupational Health, 39: 83-91.

Noirot C, Quennedey A. 1974. Fine structure of insect epi-
dermal glands. Annual Review of Entomology 19: 61-80.

Percy-Cunningham JE, MacDonald JA. 1987. Biology
and ultrastructure of sex pheromone-producing glands. In

Prestchich GD, Blomquist G, eds. Pheromone biochemistry.
London: Academic Press, 27-75.

Prestwich GD. 1984. Defense mechanisms of termites.
Annual Review of Entomology 29: 201-232.

Quennedey A. 1984. Morphology and ultrastructure of ter-
mite defense glands. In Hermann HR, ed. Defensive mecha-
nisms in social insects. New York: Praeger, 151-200.

Quennedey A, Sillam-Dusses D, Robert A, Bordereau C.
2008. The fine structural organization of sternal glands of
pseudergates and workers in termites (Isoptera): a compara-
tive survey. Arthropod Structure & Development 37: 168-185.

Redford KH, Dorea JG. 1984. The nutritional value of inver-
tebrates with emphasis on ants and termites as food for
mammals. Journal of Zoology 203: 385-395.

Stuart AM, Satir P. 1968. Morphological and functional
aspects of an insect epidermal gland. Journal of Cell Biology
36: 527-549.

Sobotnik KJ, Weyda F, Hanus R. 2003. Ultrastructure
of epidermal glands in neotenic reproductives of the ter-
mite Prorhinotermes simplex (Isoptera: Rhinotermitidae).
Arthropod Structure & Development 32: 201-208.

Sobotnik J, Weyda F, Hanus R, Kyjakova P, Doubsky J.
2004. Ultrastructure of the frontal gland in Prorhinotermes
simplex (Isoptera: Rhinotermitidae) and quantity of the
defensive substance. European Journal of Entomology 101,
153-163.

Sobotnik J, Weyda F, Hanus R. 2005. Ultrastructural study
of tergal and posterior sternal glands in Prorhinotermes
simplex (Isoptera: Rhinotermitidae). European Journal of
Entomology 102: 81-88.

Sobotnik J, Jirosova A, Hanus R. 2010a. Chemical warfare
in termites. Journal of Insect Physiology 56: 1012-1021.

Sobotnik J, Bourguignon T, Hanus R, Weyda F, Roisin
Y. 2010b Structure and function of defensive glands in sol-
diers of Glossotermes oculatus (Isoptera: Serritermitidae).
Biological Journal of the Linnean Society 99: 839-848.

Sobotnik J, Bourguignon T, Hanus R, Demianova Z,
Pytelkova J, Mares M, Foltynova P, Preisler J, Cvatka
J, Krasulova J, Roisin Y. 2012. Explosive backpacks in old
termite workers. Science 337: 436.

Sobotnik J, Kutalova K, Vytiskova B, Roisin Y,
Bourguignon T. 2014. Age-dependent changes in ultra-
structure of the defensive glands of Neocapritermes tar-
acua workers (Isoptera, Termitidae). Arthropod Structure &
Development 43: 205-210.

Tillman JA, Seybold SJ, Jurenka RA, Blomquist GJ.
1999. Insect pheromones—an overview of biosynthesis and
endocrine regulation. Insect Bioch. l
Biology 29: 481-514.

istry and Mol

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-10

Downloaded from https://academic.oup.com/biolinnean/advance-article-abstract/doi/10.1093/biolinnean/blx162/4841623

by guest

on 09 February 2018

94



Dow:
by

10 V.PALMA-ONETTO ET AL.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Scanning electron micrograph of the mouth parts of Nasutitermes lujae, with antennae and part of
the maxillary palp removed.

Figure S2. Labral gland development. Sagital sections of the labrum in: (1) Mastotermes darwiniensis,
(2) Hodotermopsis sjoestedti, (3) Neotermes cubanus small soldier, (4) Neotermes cubanus large soldier, (5)
Dolichorhinotermes longilabius small soldier, (6) Dolichorhinotermes longilabius large soldier, (7) Prorhinotermes
simplex, (8) Psammotermes hybostoma small soldier, (9) Psammotermes hybostoma medium soldier, (10)
Psammotermes hybostoma large soldier, (11) Termitogeton planus, (12) Glossotermes oculatus, (13) Reticulitermes
flavipes, (14) Coptotermes formosanus, (15) Sphaerotermes sphaerothorax, (16) Pericapritermes sp., (17)
Microcerotermes sp., (18) Spinitermes sp., (19) Globitermes globosus small soldier, (20) Globitermes globosus large
soldier, (21) Globitermes sulphureus, (22) Termes hospes, (23) Inquilinitermes fur,(24) Neocapritermes taracua,(25)
Planicapritermes planiceps, (26) Dentispicotermes brevicarinatus, (27) Labiotermes labralis, (28) Embiratermes
neotenicus, (29) Indotermes sp., (30) Nasutitermes lujae, (31) Constrictotermes cavifrons, (32) Hirtitermes sp., (33)
Trinervitermes sp.

Figure S3. Ultrastructure of the labral gland in soldiers. (A) Non-modified epithelium surrounding the la-
bral gland in Hirtitermes sp. (B) Labral gland development in Hirtitermes sp. (C) Labral gland development in
Nasutitermes lujae. Note the highly electron-dense vesicles. (D) Pinocytotic activity at the cell base in the labral
epithelium in the large soldier of Dolichorhinotermes longilabius. Arrows indicate the pinocytotic activity at the
base of the cell. (E) View of the central channel present in the microvilli, allowing secretion release from secretory
cells. Abbreviations: en, endocuticle; ex, exocuticle; 1, lipid-like droplet; mv, microvilli; n, nucleus; v, vesicle.
Figure S4 Ultrastructural features in the labral gland. (A) Highly modified cuticle underlying the labral gland
in Neocapritermes taracua. (B) Detail of apical glandular cuticle at the tip of the labral gland in Nasutitermes
lujae showing epicuticular pores allowing secretion out from the body. (C) Chemoreceptors containing four or five
axons going through the labral epithelium in Hirtitermes sp. (D) Large microtubule bundles running through
secretory cells in Hodotermopsis sjoestedti. (E) Tracheae going through labral gland cells in Mastotermes darwin-
iensis. Abbreviations: dd, distal dendrite; dg, electron-dense granule; en, endocuticle; ep, epicuticle; ex, exocuticle;
1y, electron-lucent vesicle; m, mitochondria; mb, microtubule bundle; mv, microvilli; n, nucleus; s, secretion; ser,
smooth endoplasmic reticulum; tr, trachea; v, vesicle.

Table S1. List of studied termite species, with indication of the fixation buffer used, collection location, species
and subcastes (if any), number of repetitions, and labral and hypopharynx epithelium measures (um). The last
four columns provide detail of the cells analysed by TEM, with indication of cell type, thickness of cuticular layers,
smooth ER and presence of axons. Abbreviations: n.a., not applicable; Y, yes.

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-10
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Supplementary materials

Figure S1. Scanning electron microscopy picture of the mouth parts of N. lujae, with antennae and
part of the maxillary palp removed.
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Figure S2. Labral gland development. Sagital sections of the labrum in: 1) Mastotermes darwiniensis, 2)
Hodotermopsis sjostedti, 3) Neotermes cubanus small soldier, 4) Neotermes cubanus large soldier, 5)
Dolichorhinotermes longilabius small soldier, 6) Dolichorhinotermes longilabius large soldier, 7) Prorhinotermes
simplex, 8) Psammotermes hybostoma small soldier, 9) Psammotermes hybostoma medium soldier, 10)
Psammotermes hybostoma large soldier, 11) Termitogeton planus, 12) Glossotermes oculatus, 13)
Reticulitermes flavipes, 14) Coptotermes formosanus, 15) Sphaerotermes sphaerothorax, 16) Pericapritermes
sp., 17) Microcerotermes sp., 18) Spinitermes sp., 19) Globitermes globosus small soldier, 20) Globitermes
globosus large soldier, 21) Globitermes sulphureus, 22) Termes hospes, 23) Inquilinitermes fur, 24)
Neocapritermes taracua, 25) Planicapritermes planiceps, 26) Dentispicotermes brevicarinatus, 27) Labiotermes
labralis, 28) Embiratermes neotenicus, 29) Indotermes sp., 30) Nasutitermes lujae, 31) Constrictotermes
cavifrons, 32) Hirtitermes sp., 33) Trinervitermes sp.
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Figure S3. Ultrastructure of the labral gland in soldiers. (A) Non-modified epithelium surrounding the
labral gland in Hirtitermes sp. (B) Labral gland development in Hirtitermes sp. (C) Labral gland
development in N. lujae. Note the highly electron-dense vesicles. (D) Pinocytotic activity at the cell
base in the labral epithelium in the large soldier of D. longilabius. The arrows indicate the pinocytotic
activity at the base of the cell. (E) View of the central channel present in the microvilli, allowing
secretion release from secretory cells. Abbreviations: en = endocuticle, ex = exocuticle, | =lipid-like
droplet, mv = microvilli, n = nucleus, v = vesicle.
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Figure S4 Ultrastructural features in the labral gland. (A) Highly modified cuticle underlying the labral gland in
N. taracua. (B) Detail of apical glandular cuticle at the tip of the labral gland in N. lujae showing epicuticular
pores leading the secretion out from the body. (C) Chemoreceptors containing 4 or 5 axons going through the
labral epithelium in Hirtitermes sp. (D) Large microtubule bundles running through secretory cells in H.
sjostedti. (E) Tracheae going through labral gland cells in M. darwiniensis. Abbreviations: dd = distal dendrite,
dg = electron-dense granule, en = endocuticle, ep = epicuticle, ex = exocuticle, lv = electron-lucent vesicle, m =
mitochondria, mb = microtubule bundle, mv = microvilli, n = nucleus, s = secretion, ser = smooth endoplasmic
reticulum, tr = trachea, v = vesicle.
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Termites are important contributors to ecosystem functioning. They are highly abundant in tropical and sub-tropical
habitats, and represent an important resource for a wide range of predators. Their evolutionary success is driven
largely by a life in populous colonies with a complex communication system controlled by a rich set of exocrine glands
whose secretions are involved in many aspects of termite life. As many as 20 different exocrine organs are known to
oceur in termites. Among them, the labral gland has been largely understudied. Here we examine the structure of the
labral gland in workers of 28 species and imagoes of 33 species across all termite taxa, and in the Cryptocercus wood
roach. The labral gland is present in all species, and comprises two secretory regions located on the ventral side of
the labrum and the dorso-apical part of the hypopharynx, respectively. The epithelium of the gland consists of class 1
secretory cells with an abundance of smooth endoplasmic reticulum, and long microvilli with a channel inside, which
releases secretion through a modified cuticle. Our observations suggest that the labral gland is involved in defensive
communication after encounter with a non-nestmate.

ADDITIONAL KEYWORDS: development —evolution — exocrine gland — Isoptera — Termitoidae — ultrastructure.

INTRODUCTION matter, soil aeration, transport of tonnes of different
materials per hectare and year, and increase in soil
heterogeneity and net productivity (Jouquet et al.,
2006; Eggleton, 2011; Evans et al., 2011).

The importance of termites is reflected by their
abundance, often exceeding 1000 individuals/m? in
tropical regions (Eggleton et al., 1996; Dahlsjé et al.,
2014). Termites also represent an important food
source for a wide variety of predators (Deligne et al.,
1981; Redford & Dorea, 1984). Selection pressures
on termites have resulted in an arms race leading
to improved defensive abilities, best expressed in the
specialized caste of defenders, soldiers (Haverty, 1977;
Deligne et al., 1981; Krishna et al., 2013). However,
workers are also important in defence, as they
construct below- or above-ground galleries and nests,

Termites are among the most important decomposers
of dead plant material and are of prime importance in
both natural and urban areas. Their impact in tropical
regions is immense: they ingest 50-100% of raw plant
biomass in tropical forests (Bignell & Eggleton, 2000).
They probably participated in reducing terrestrial
carbon reserves after their adaptive radiation at the
beginning of the Tertiary (Engel et al., 2009). They also
contribute significantly to the world’s atmospheric
carbon dioxide and methane (Sugimoto et al., 2000).
Termites are often called ecosystem engineers due to
their dramatic impact on terrestrial environments,
including release of nutrients from dead vegetal

*Corresponding author. E-mail: sobotnik@fld.czu.cz which have a primarily protective function (Eggleton,
"These authors contributed equally to the study. 2011). Termite colony members, in general, live in a
© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 126, 587-597 587
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588 V.PALMA-ONETTO ET AL.

protected closed system of chambers and galleries,
although the alate imagoes are an exception as they
leave the maternal nest to establish new colonies, and
this is when they are most at-risk, , often being eaten by
non-specialized predators or are later outcompeted by
older colonies (Nutting, 1979). However, the defensive
mechanisms of termites have been almost exclusively
studied in soldiers (for a review see Sobotnik et al.,
2010a), while those of imagoes and workers have
largely been neglected (but see e.g. Sands, 1982;
Thorne, 1982; Piskorski et al., 2009; Sobotnik et al.,
2012; Bourguignon et al., 2015).

Exocrine glands can have multiple functions,
producing pheromones, defensive chemicals,
antibiotics, lubricants and digestive enzymes
(Chapman, 2013). They are organs of fundamental
importance in all insects, being most abundant and
most diverse in social insects (Billen & Sobotnik, 2015).
The complex lives of social insects are also reflected by
plentiful chemical signals produced by as many as 149
different glands described so far. While ants possess 84
exocrine glands producing mostly infochemical signals
(Hoslldobler & Wilson, 1990; Billen & Sobotnik, 2015),
only 20 exocrine glands have so far been described in
termites. Some termite exocrine glands are present
in all castes, but may be inactive in larval instars
(Sobotnik & Hubert, 2003; Sobotnik & Weyda, 2003),
while others are limited to only some species and
castes. The exocrine glands produce secretions related
to sexual behaviour occurring in winged imagoes, or to
defence in soldiers, workers and imagoes.

The frontal gland is a defensive organ of prime
importance in termites, occurring in most Neoisoptera
(Stylotermitidae, Rhinotermitidae, Serritermitidae,
Termitidae) soldiers and imagoes (Prestwich &
Collins, 1982; Quennedey, 1984; Sobotnik et al., 2004,
2010b; Piskorski et al., 2009; Wu et al. 2018), and
in some workers (Sobotnik et al., 2010c¢). Another
important organ, the labial glands, is universally
present in termites (Noirot, 1969; Billen et al., 1989;
Sobotnik & Weyda, 2003). Their function in workers
is connected to feeding (Noirot, 1969; Reinhard et al.,
2002; Fujita et al., 2008) and nest construction (Noirot,
1969; Reinhard et al., 2002), while in all soldiers
and in workers of soldierless species they produce
defensive secretions (Sillam-Dusses et al., 2012).
Workers in general have developed different means
of defence, protecting them during foraging activities
or during invasion of predators into the nest (Deligne
et al., 1981; Prestwich, 1984; Sobotnik et al., 2012;
Bourguignon et al., 2015; Poiani & Costa-Leonardo,
2016). The most important contribution of workers to
colony defence is via passive defence, such as gallery
construction and nest fortification (Sobotnik et al.,
2010a). Termite workers are often directly engaged in
nest defence (Thorne, 1982; Binder, 1988), and this is

of particular interest with regard to (1) conflicts with
conspecific colonies defended primarily by soldier-
produced toxins due to the presence of specific auto-
detoxification mechanisms (Spanton & Prestwich,
1982), (2) soldierless species in which workers are
considerably more aggressive that soldiered species
(Sands, 1982; Sobotnik et al., 2010a), (3) dehiscence
mechanisms when the body wall ruptures and
intestinal contents contaminate opponents (Sands,
1982); and (4) autothysis connected to the release of
toxic or incapacitating compounds from inside the body
(Costa-Leonardo, 2004; Sobotnik et al., 2010a, 2012;
Bourguignon et al., 2015; Poiani & Costa-Leonardo,
2016).

The labral gland is an important termite secretory
organ, but has been studied in detail only in soldiers
so far (Deligne et al., 1981; Quennedey, 1984; Sobotnik
et al., 2010d; Costa-Leonardo & Haifig, 2014; Palma-
Onetto et al., 2018). It was first reported on the ventral
side of the labrum in Macrotermes bellicosus (Deligne
et al., 1981), later observed on the dorsal side of the
hypopharynx in the same species (Quennedey, 1984),
and finally reported to occur in all termite soldiers
(Palma-Onetto et al., 2018). The gland epithelium
in soldiers consists of class 1 secretory cells in most
representatives, with additional class 3 secretory cells
in a few species (Sobotnik et al.,2010d; Costa-Leonardo
& Haifig, 2014; Palma-Onetto et al., 2018). Here, we
describe the occurrence, structure and ultrastructure
of the labral gland in a representative set of termite
workers and imagoes, as well as in the wood roach
Cryptocercus punctulatus.

MATERIAL AND METHODS

SCANNING ELECTRON MICROSCOPY, OPTICAL
MICROSCOPY AND TRANSMISSION ELECTRON
MICROSCOPY

Observations of the labrum and hypopharynx were
made using optical, scanning electron microscopy
(SEM) and transmission electron microscopy
(TEM). We examined workers (including sub-castes
if present) of 28 species and imagoes of 33 species
representing most extant termite taxa (see Krishna
et al., 2013). We also examined nymphs and female
adults in the cockroach Cryptocercus punctulatus,
member of the sister group to termites (Lo et al., 2000;
Inward et al., 2007). The procedures used for optical
microscopy, TEM and SEM are well established in
our lab, and correspond to those provided in detail
by Sobotnik & Weyda (2003) and Palma-Onetto
et al. (2018). Important data are summarized in
Supporting Information Tables S1-S3. We also used
an FEI Helios NanoLab 660 G3 UC scanning electron

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 126, 587-597
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THE LABRAL GLAND IN TERMITES 589

microscope with focused ion beam milling equipped
for cryo-imaging and correlative light-electron
microscopy.

BEHAVIOURAL EXPERIMENTS

Two types of bioassays were performed. In the first
experimental set-up, we ran arena tests in Glossotermes
oculatus and Coptotermes testaceus groups of five
workers and two soldiers, to which we introduced a
single intruder, a worker of a different termite species
or an ant. The behaviour resulting from subsequent
encounters was recorded and specific behavioural
patterns were subsequently analysed. The tests were
performed under dimmed artificial light, and Canon
EOS 60D, 6D or 5D SR cameras combined with Canon
EF 100-mm f/2.8L Macro IS USM lenses were used.

In the second experimental set-up, labral extracts
were prepared by dissecting 60 labra of Prorhinotermes
canalifrons soldiers (four replicates), which were then
extracted in 400 pL of either hexane or methanol (two
repetitions for each solvent), and used in behavioural
tests (repeated six times for each stimulus). These
tests consisted of placing groups of Prorhinotermes
canalifrons (two soldiers and eight workers) in a Petri
dish lined with filter paper split into two sectors: labral
extracts (six labra equivalents in 40 pL of solvent) vs.
control 1 (six legs equivalents in 40 pL of solvent; leg
extracts prepared as for labra) or control 2 (40 pL pure
solvent). The same bioassay was performed six times
using groups of Reticulitermes flavipes consisting of two
soldiers and eight workers, to test for a possible effect
on another termite species. The number of termites on
each sector was recorded using the above-mentioned
equipment 10 min after the introduction of termites
to the Petri dish. The number of termites choosing the
sector treated with labral extracts was compared with
the one in solvent via Student’s ¢-test (Norusis, 1990). To
identify any preference for a sector, t- Student’s ¢-tests
were used if the comparison between sectors from the
same Petri dish was normal, and a Mann—Whitney U
test was used if it was not normal (Norusis, 1990).

CHEMICAL ANALYSES

Chemical analyses using samples of 100 labra or 100
legs (as control) extracted in methanol or hexane
were carried out using a 6890N gas chromatograph
(Agilent, Santa Clara, CA, USA) coupled to a 5975B
quadrupole mass spectrometer equipped with an
HP5ms fused silica capillary column (30 m x 0.25 mm,
0.25 pm; Agilent). The carrier gas was helium at 1 mL/
min. The injector was operated in split mode (10:1) at
200 °C; the injected volume was 1 pL. The temperature
programme comprised: 40 °C (2 min), then 8 °C/min
to 200 °C, then 15 °C/min to 320 °C (3 min). Standard

70-eV mass spectra were recorded in the m/z 25-600
range; a 4 min solvent delay was used. Temperatures
of the transfer line, ion source and quadrupole were
280, 230 and 150 °C, respectively. Chemical profiles
of labra and legs extracts were compared to detect
specific compounds from the labral gland.

RESULTS
SCANNING ELECTRON MICROSCOPY

The labrum of a worker or an imago was most often
oval shaped (Fig. 1), broadly attached to the clypeus.
The labrum usually did not differ greatly in size
among species and castes, being c. 2.7 times shorter
than head length (distance between clypeo-frontal
boundary and posterior margin of head), with the
exception of Termes hospes and Microcerotermes sp.
workers, Pseudacanthotermes militaris small workers
and Coptotermes testaceus imagoes, in which the
labrum was about 3.2-5 times shorter than the head
(Tables S1 and S2).

The dorsal side of the labrum was covered by smooth
rectangular plates ¢. 10 pm in size mixed with a few
hair-like sensillae. The ventral faces of the labrum and
of the hypopharynx consisted of four regions of similar
appearance for workers and imagoes of all studied taxa
(see Fig. 1): (@) a smooth region in the apical zone along
the midline of the labrum, with a wrinkled structure
with numerous pores ¢. 30-50 nm in diameter (Fig. 1A,
B, D); (b) a basal zone in the midline extending forward
around zone ‘@’, consisting of many irregular hair-like
structures (acanthae based on TEM observations),
ranging in length between 5 and 25 pm; (¢) two lines of
sensillae (numerous chemoreceptors usually with four
dendrites and relatively few campaniform sensillae
located predominantly in the basal parts of the sector)
encircling zone ‘6’ (Fig. 1A, B) on the ventral labrum
but missing from the hypopharynx; and (d) lateral
regions, consisting of irregular scales ranging in size
between 2 and 4 pm (Fig. 1).

OPTICAL MICROSCOPY

The labral gland was found in workers and imagoes
of all studied species. It was located on the ventral
side of the labrum, extending to the dorsal side at
the labrum apex, and in the dorso-apical region of the
hypopharynx (Fig. 2A, B). It appeared as a thickened
epithelium composed of columnar cells (Fig. 2). The
thickness of the secretory epithelium in workers
was in general ¢. 15-30 pm (on average 17.98 pm).
The epithelium was thinnest in Pseudacanthotermes
militaris small workers (7.80 pm) and thickest
in Mastotermes darwiniensis (29.22 ym) workers
(Table S1). In imagoes, labral gland thickness was

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 126, 587-597
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590 V.PALMA-ONETTO ET AL.

Figure 1. Scanning electron micrographs detailing labral gland development. A, ventral side of labrum in Embiratermes
neotenicus female imago. B, ventral side of labrum in Pseudacanthotermes militaris worker. C, dorsal side of the hypopharynx
in Acanthotermes acanthothorax female imago. D, detailed view of region ‘a’ with pores through the epicuticle in labrum of
Microcerotermes sp. female imago. The sectors are abbreviated as follows: a, zone with small porosities located at the apex
of the labrum along the midline; b, zone formed with many irregular hair-like structures located partially around zone ‘a’; c,
two lines of sensillae located around zone ‘b’; d, region with scales of irregular shape located at the labrum margins.

on average 18.21 pm; the thinnest epithelium was
found in Nasutitermes sp. (8.27 pm) and the thickest
in Neocapritermes araguaia (32.65 pm) (Table S2).
The thickness of the labral gland differed slightly
between sexes in imagoes, but without a clear trend.
For all termite samples, the hypopharyngeal part of
the epithelium was in general significantly thinner,
usually between 8 and 15 pm thick, with the exception
of the ‘lower’ termite workers, in which the thickness
of the secretory epithelium was similar in the labral
and hypopharyngeal portions of the gland.

TRANSMISSION ELECTRON MICROSCOPY

Secretory cells of the labral gland were always made of
class 1 (according to the classification of Noirot &
Quennedey, 1974), i.e. secretory cells in direct contact
with the body cuticle, through which the secretion
passes. Their ultrastructure was nearly identical in
the labral and hypopharyngeal regions of the labral
gland in all castes and therefore our description is
based on the observation of both parts of the gland.
There was often an abundance of class 3 secretory cells
(Noirot & Quennedey, 1974), i.e. cells separated from
the body wall by epithelial cells, through which they

release their products via (epi)cuticular canals. They
mostly occur at the dorsal face of the labrum, but these
cells never mixed with the labral gland epithelium,
unlike in some soldiers (Palma-Onetto et al., 2018),
and always released their secretion to the dorsal side
of the labrum (Fig. 3A). Class 1 and class 3 secretory
cells were very different, and also easily distinguished
from non-modified epidermal cells (Fig. 3A), which
were much thinner (typically ¢. 0.5 pm) and contained
virtually no secretory organelles (Fig. S1B).

Labral gland secretory cells were columnar (Fig.
3A-C), and their cytoplasm contained abundant
smooth endoplasmic reticulum (ER), scattered rough
ER, small secretory vesicles, abundant mitochondria,
numerous microtubules orientated predominantly
apico-basally, glycogen granules and sometimes also
myelin figures. While the microtubules are scattered
throughout the secretory cells in most representatives,
they appear grouped into bundles in Glyptotermes
sp. workers. Apical microvilli were well developed
throughout the gland (Fig. 3D), but were longer in the
middle part of the epithelium compared to the margins.
The microvilli were up to 1.3 pm long and about 80 nm
thick, slightly shorter in workers than in imagoes, and
always with a central channel about 30 nm in diameter

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 126, 587597
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THE LABRAL GLAND IN TERMITES 591

Figure 2. Sagittal sections of the labral gland. A, head of Termitogeton planus worker. B, labrum and hypopharynx of
Globitermes sulphureus worker. C, labrum of Coptotermes testaceus male imago. D, labrum of Neocapritermes taracua
worker. Note the secretory epithelium of hypopharynx in A and B. Abbreviations: b, brain; cl, clypeus; fg, frontal gland; hy,
hypopharyngeal portion of the labral gland; Ib, labium; Ig, labral gland; mn, mandible; mm, mandibular muscles; p, pharynx;

spg, subesophageal ganglion.

in termite imagoes and about 40 nm in workers (Fig.
3D; Table S3 and Fig. S1D). Numerous small vesicles
were observed at the microvilli bases (Fig. 3D). These
vesicles were generally electron-lucent when occurring
at the base of microvilli, but sometimes appeared
more electron-dense deeper in the cells, as in males
and females of G. oculatus alate imagoes, in female
alate imagoes of Heterotermes tenuis and in workers
of Thoracotermes sp. Lipid-like droplets were observed
only rarely, but they were more common in Coptotermes
formosanus imagoes, Nasutitermes lujae workers and
Pseudacanthotermes militaris large workers. The
basal parts of the secretory cells differentiated into
invaginations typically about 5 pm deep (up to 12 pm
in workers of Neocapritermes taracua and Coptotermes
formosanus) with frequent formation of pinocytotic
vesicles (Figs 3C, S1C). Free axons were commonly
observed inserted within the basal invaginations.
The basal parts of secretory cells were covered by a
basement membrane (c. 100 nm thick) sometimes
strengthened by clusters of collagen fibres (then up
to 1.5 pm thick). There was no junction between the

neighbouring secretory cells in the basal parts, while
there were always zonulae adherensfollowed by septate
Jjunctions in the apical parts. The nuclei were elliptical,
located at the cell bases, and usually ¢. 5 pm long (up
to 7 um in N. taracua workers and G. oculatus male
alate imagoes). The nuclei contained predominantly
dispersed chromatin with a few aggregates.

The cuticle overlying the labral gland was highly
modified for secretion evacuation, and always thicker
in imagoes than in workers (on average 6.5 and
4 pm, respectively; Fig. 4A). The cuticle was formed
by endocuticle of helicoidal structure, exocuticle and
a thin epicuticle (c. 30 nm thick; Table S3, Fig. 4B).
Modifications to the glandular cuticle were highly
pronounced, especially in the smooth middle part of
the ventral labrum. These modifications included
an increased number of pore canals, which widened
towards the cuticle base (Fig. 4A), and plentiful
epicuticular pores. The cuticle of the hypopharyngeal
portion of the gland was very similar, although the
endocuticle was slightly thicker than in the labrum.
There was no reservoir and the secretion was stored
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Figure 3. Ultrastructure of the labral gland in termites. A, middle part of the labrum in Coptotermes testaceus female
imago, showing the labral gland consisting of class 1 secretory cells at the bottom, and class 3 secretory cells occurring at
the dorsal side of the labrum. B, labral gland secretory epithelium in Coptotermes testaceus female imago. C, labral gland
secretory cells in Coptotermes formosanus worker. Note the well-developed invaginations reaching to near cell apices. D,
detailed view of the apex of labral gland secretory cells in Pseudacanthotermes militaris worker showing well-developed
smooth endoplasmic reticulum. Abbreviations: bi, basal invaginations; ¢, cuticle; c1, class 1 secretory cell; ¢3, class 3 secretory
cell; h, haemocytes; mv, microvilli; n, nucleus; ser, smooth endoplasmic reticulum; sv, secretory vesicle. Asterisk indicates

mitochondria in the cell cytoplasm.

only in the space between the secretory epithelium
and the cuticle, or inside the porous cuticle.

The labral gland was also observed in Cryptocercus
punctulatus nymphs and female imagoes. The
epithelium of the labral gland had the same
characteristics as described above, although the
microtubules predominantly occur in large bundles
(Fig. S1F). An important difference was shallower
basal invaginations and shorter microvilli lacking
internal central channels.

BEHAVIOURAL EXPERIMENTS

We observed potential use of the labral gland in
soldiers of G. oculatus and Coptotermes testaceus

after encounter with an alien termite or ant worker.
Immediately after such an encounter, the soldiers
changed their behaviour by walking backwards
while rubbing the labrum against the substrate (see
Video S1).

In a second experimental bioassay, the number of
workers and soldiers of Prorhinotermes canalifrons
present at the two sectors did not differ between labral
and leg extracts, using neither methanol (P = 0.869)
nor hexane (P = 0.355) nor pure solvent (P = 0.325
for methanol, P = 0.614 for hexane). Interestingly, the
number of workers and soldiers of R. flavipes avoiding
the sector treated with labral gland extracts was
higher than controls irrespective of the solvent, either
leg extracts (P < 0.0001) or solvent (P < 0.0001).
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Figure 4. Cuticle of the labral gland. A, highly modified
cuticle underlying the labral gland in Coptotermes testaceus
male imago. Note the enlarged pore canals. B, detail of the
apical cuticle underlying the labral gland of Coptotermes
testaceus female imago. Note the distinct layers of the
epicuticle. Abbreviations: en, endocuticle; ep, epicuticle; ex,
exocuticle; s, secretion.

CHEMICAL ANALYSES

No specific compounds were detected in the labral
extracts, and the profiles of these extracts and of legs
extracts did not differ to any great extent (data not
shown).

DISCUSSION

The labral gland is an integral part of the labrum in
termites, occurring in soldiers (Palma-Onetto et al.,
2018), workers and imagoes. While its structure is
well known in soldiers (Palma-Onetto et al., 2018),
only anecdotal information about its presence in some
imagoes has previously been published (Kiizkovaet al.,
2014). In the present study, we describe the labral

gland in workers and imagoes of a set of representative
termite species and in nymphs and adults of the wood
roach Cryptocercus punctulatus.

The labrum and the labral gland share the same
characteristics in all species and castes studied so far.
Common features are a higher degree of sclerotization
of the dorsal side of the labrum, which is in general
more pronounced in soldiers, the occurrence of class
3 secretory cells at the dorsal side of labrum but
rarely within the labral gland, and the presence of
the labral gland comprising class 1 secretory cells on
the ventral side of labrum and on the dorsal side of
hypopharynx. The secretory cells are also quite similar
in their ultrastructure, showing well-developed
apical microvilli with a central channel (lacking in
Cryptocercus punctulatus), numerous vesicles of
different electron densities, abundant smooth and
rough ER, cuticle modified for secretion release,
and innervation of the secretory cells through axons
running freely within the basal invaginations (Palma-
Onetto et al., 2018). At the same time, there are also
considerable differences between termite soldiers on
the one hand and workers and imagoes on the other: (1)
the hyaline tip, present in soldiers of many advanced
species, is missing in other castes; (2) the shape of the
labrumishighly variable insoldiers whereasitisalmost
identical in all workers and imagoes; and (3) overall
development of microvilli and basal invaginations is
lower in workers and imagoes (Palma-Onetto et al.,
2018). These observations suggest that the labral
gland has the same function in all castes, but plays
a more important function in soldiers. We also cannot
exclude that the labral secretion is used in a different
context by workers and imagoes, as rubbing of labral
gland secretory openings against the substrate was
observed exclusively in soldiers. Although Cryptocercus
punctulatus showed differences in the labral gland
structure in comparison to termites, such as shorter
microvilli devoid of a central channel, the presence of
microtubule bundles was shared particularly between
Cryptocercus punctulatus, and M. darwiniensis and
Hodotermopsis sjoestedti soldiers (Palma-Onetto et al.,
2018), and Glyptotermes sp. workers, suggesting itis a
common feature in basal taxa inherited from cockroach
ancestors.

The hyaline tip, a transparent and extensible
apical part of the labrum, is probably an evolutionary
novelty occurring in some soldiers of Rhinotermitidae
and Termitidae. Our mapping of ancestral characters
(Palma-Onettoet al., 2018) suggests that the hyaline tip
evolved in a common ancestor of Rhinotermitidae and
Termitidae, and was subsequently lost at least in four
independent cases: (1) all soldiers of Nasutitermitinae
in which the whole labrum is highly reduced in size
as well as all other mouth parts; (2 and 3) in snapping
soldiers, represented by two independent lineages,
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Pericapritermes and Neocapritermes, in which the
labrum is highly modified; and (4) in Microcerotermes
for no clear reason apart from the general small size
of the labrum in the soldier caste (Palma-Onetto et al.,
2018). At the same time, workers and imagoes of other
lineages show similarly developed labra without a
hyaline tip, even in taxa with highly modified labra in
soldiers. However, the ultrastructure of secretory cells
is always similar, although the overall size of the labral
gland is much larger in soldiers having a secretory
epithelium approximately twice as thick, apart from
the larger size of the labrum in general (see Palma-
Onetto et al., 2018).

An interesting question is how labral gland
secretion release is controlled. It seems clear that the
release from secretory cells is under neuronal control,
similarly to sternal gland secretion in Mastotermitidae,
Archotermopsidae and Kalotermitidae (Quennedey,
1969, 1975; Quennedey et al., 2008), the nasus gland
of Angularitermes soldiers (Sobotnik et al., 2015),
the salivary glands of different insects (Whitehead,
1971; Ali et al., 1993; Ali & Orchard, 1996; Ali, 1997),
including the termite species Kalotermes flavicollis
(Alibert, 1983) and Prorhinotermes simplex (Sobotnik
& Weyda, 2003). After release from secretory cells, the
secretion is presumably evacuated from the body by
pressing the labrum (and hypopharynx) against the
substrate, and the pressure is probably controlled
by groups of campaniform sensillae similarly to
trail pheromone release from the sternal gland
(Stuart & Satir, 1968; Quennedey et al., 2008). The
chemoreceptors are clearly more populous within area
‘c’, but it remains unknown if these receptors are also
involved in the control of secretion release or if they
play a gustatory function.

The labral gland does not form any specific reservoir,
and the secretion is stored only in the space between
the secretory epithelium and the overlying cuticle,
as well as within the cuticle itself. The absence of a
reservoir, a feature characteristic of defensive glands
(Chapman, 2013), excludes a potential defensive
function of the labral gland, in contrast to previous
speculations (see e.g. Deligne et al., 1981 or Quennedey,
1984). The gland also has a very similar structure in
all castes and species, which indicates that it is not
linked to defense. In addition, the high abundance of
smooth ER, an organelle known to produce lipidic and
volatile secretions, typical of pheromone-producing
glands (Percy-Cunningham & MacDonald, 1987;
Nakajima, 1997; Tillman et al., 1999; Alberts et al.,
2002), provides additional evidence for communicative
function rather than strictly defensive function.

We repeatedly observed soldiers wiping the labrum
against the substrate after encountering a threat
(heterospecific termite or an ant worker), and the
observed behaviour (moving backwards combined

with wiping the labrum against the surface) suggests
that the soldiers are warning their nestmates by using
labral gland secretion. Unfortunately, this function
was not proven by our experiments irrespective of
the setting, and only the avoidance of heterospecifics
(which can be considered as potential competitors or
enemies) to labral gland extracts was statistically
significant. However, this avoidance effect can also
result from other compounds dissolved from the labra,
such as cuticular hydrocarbons as species-recognition
cues (Howard & Blomquist, 1982, 2005) or frontal
gland secretion, which inevitably contaminates all
body parts of termite soldiers (Piskorski et al., 2007,
our unpublished observations). Therefore, the function
of the secretion need to be rigorously tested, especially
since we did not detect any labral gland-specific
compounds, probably due to the small quantity of
the secretion linked to the small gland size and the
absence of a reservoir.

CONCLUSION

The labral gland has been thought to have a defensive
function (Deligne et al., 1981; Quennedey, 1984).
However, Palma-Onetto et al. (2018) suggested based
on gland morphology, structure and ultrastructure
that it may have a communicative function rather
than defensive function. The presence of the labral
gland in other castes and in the closest relative of
termites, the wood roach Cryptocercus punctulatus, as
well as the occurrence of the same basic features of
the gland structure and ultrastructure, reinforce its
alternative function and suggest its essential role in
colony survival and success. Moreover, our behavioural
observations suggest that the labral gland produces
volatiles secreted in response to a threat. A better
understanding of labral gland function in termites and
cockroaches is needed to enhance knowledge of termite
chemical communication behaviour.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Figure S1. Ultrastructure of the labral gland. A, non-modified cuticle at the dorsal side of the labrum in
Embiratermes neotenicus male imago. B, non-modified epithelium surrounding the labral gland in Coptotermes
formosanus worker. C, pinocytotic activity at the cell base in the labral gland epithelium in the male imago of
Glossotermes oculatus. Arrows indicate pinocytotic activity at the base of the cell. D, view of the central channels
in the microvilli of Coptotermes testaceus female imago, which allow secretion release from secretory cells. E, detail
of basal part of the labral gland in a worker of Neocapritermes taracua showing free axons located within the
basal invagination. F, large microtubule bundle running through secretory cells in the wood roach Cryptocercus
punctulatus. Abbreviations: a, axon; en, endocuticle; ex, exocuticle; m, mitochondria; mb, microtubule bundle; n,
nucleus; ser, smooth endoplasmic reticulum; sj, septate junction; v, vesicle.

Table S1. List of termite workers used in analyses, with additional information and secretory epithelium
measures. Blank spaces indicate lack of information. All measurements are in micrometres.

Table S2. List of termite imagoes used in our analyses, with additional information and secretory epithelium
measures. Blank spaces indicate lack of information. All measurements are in micrometres.

Table S3. List of termite workers and imagoes used for transmission electron microscopy. Abbreviations: NM,
not modified cuticle; NV, not visible (due to low sample quality). Blank spaces indicate lack of information. All
measurements are in micrometres.

Video S1. Encounter of Glossotermes oculatus with the ant Solenopsis invicta. Note the soldier of G. oculatus
walking backwards while rubbing the labrum against the substrate immediately after the encounter.

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 126, 587-597
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Abstract

Termites have evolved diverse defence strategies to protect themselves against predators, including a complex alarm com-
munication system based on vibroacoustic and/or chemical signals. In reaction to alarm signals, workers and other vulnerable
castes flee away while soldiers, the specialized colony defenders, actively move toward the alarm source. In this study, we
investigated the nature of alarm communication in the pest Reticulitermes flavipes. We found that workers and soldiers of R.
Sflavipes respond to various danger stimuli using both vibroacoustic and chemical alarm signals. Among the danger stimuli,
the blow of air triggered the strongest response, followed by crushed soldier head and light flash. The crushed soldier heads,
which implied the alarm pheromone release, had the longest-lasting effect on the group behaviour, while the responses to
other stimuli decreased quickly. We also found evidence of a positive feedback, as the release of alarm pheromones increased
the vibratory communication among workers and soldiers. Our study demonstrates that alarm modalities are differentially
expressed between castes, and that the response varies according to the nature of stimuli.

Keywords Communication - Defence - Pheromones - Positive feedback - Vibratory behaviour

Introduction

Alarm communication is common in social animals, and it
increases rates of survival (Wyatt 2003; Hunt and Richard
2013). Almost all social insects use alarm communication
to coordinate the defensive activities of the entire colony
(Leonhardt et al. 2016). These alarm signals are shared
through different communication channels, with vibratory
and pheromonal communication being the most common
(Greenfield 2002; Cocroft and Rodriguez 2005). In ter-
mites, as well as their sister group, the subsocial roaches
Cryptocercus (Seelinger and Seelinger 1983; Connétable
etal. 1999; Rohrig et al. 1999; Reinhard and Clément 2002;
Hager and Kirchner 2013; Delattre et al. 2015), vibratory
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and/or chemical signals are produced by disturbed colony
members and induce the retreat of workers and other vulner-
able castes while attracting soldiers (Reinhard and Clément
2002; Sobotnik et al. 2008a, 2010). These mechanisms are
essential for termite colony defence, and greatly contribute
to their ecological success. For example, tamandua anteaters
are specialized predators of Nasutitermes, which they find
in wood pieces, but they are unable to feed on this termite
directly in the nest where the soldier proportion is higher
(Lubin and Montgomery 1981).

@ Springer
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Many termite species produce substrate-borne vibra-
tions by hitting their heads and/or abdomens on the sub-
strate (Connétable et al. 1999; Rohrig et al. 1999; Hager
and Kirchner 2013). All colony members are able to detect
vibrations with their subgenual organs, specialized chordo-
tonal vibroreceptors, located on the leg tibiae (Howse 1962,
1965a; Chapman 1998). Such unique alarm communica-
tion mechanism may have evolved only once in the com-
mon ancestor of termites and Cryptocercus (Seelinger and
Seelinger 1983), probably after its diet switched from loose
substrates to wood, a material through which vibratory sig-
nals easily spread. The vibratory alarm signals are generated
using several types of oscillatory movements in termites.
In this paper, we will follow the terminology introduced by
Hill (2014), who recognized two categories of vibrational
mechanisms: (1) drumming, commonly used in termites to
produce substrate-borne vibrations; (2) tremulation, a body
movement performed without any hit on the substrate, used
to propagate the alarm selectively to calm nestmates (Kettler
and Leuthold 1995; Sobotnik et al. 2008b).

Another mean of alarm signalling is the chemical chan-
nel. Social insects evolved a rich set of exocrine glands (Bil-
len and Sobotnik 2015) producing a wide range of infoche-
micals. In termites, alarm pheromones are produced either
by the frontal or labial glands, which are the defensive
glands of soldiers (§obolm’k et al. 2008a, 2010; Delattre
et al. 2015). Alarm compounds are mostly mono- or sesqui-
terpenes (see Sobotnik et al. 2010 for a review), except in
Mastotermes darwiniensis, that uses benzoquinone (Delattre
etal. 2015).

In certain termite species, the efficiency of alarm signal-
ling is enhanced by positive feedback, a mechanism imply-
ing amplification of the signal by newly alerted specimens
(Vrko¢ et al. 1978; Roisin et al. 1990; Rohrig et al. 1999;
Hager and Kirchner 2013; Cristaldo et al. 2015; Delattre
etal. 2015). Vibratory positive feedback has been demon-
strated in M. darwiniensis (Delattre et al. 2015), in several
Macrotermitinae (Termitidae; Connétable et al. 1999; Hager
and Kirchner 2013; Rohrig et al. 1999), and in Constric-
totermes cyphergaster (Termitidae: Nasutitermitinae; Cris-
taldo et al. 2015). Chemical positive feedback relies upon
the alarm pheromone present in soldier defensive secretion
and is known in M. darwiniensis (Delattre et al. 2015) and in
several Nasutitermes species (Termitidae: Nasutitermitinae)
(Roisin et al. 1990; Vrkoc et al. 1978).

While the nature of vibratory or chemical alarm signals
is well-known and has been the focus of many studies, the
alarm transmission mechanisms have seldom been investi-
gated. Cristaldo et al. (2015) demonstrated that individuals
react to alarm pheromone stimulation by vibratory alarm sig-
nalling in C. cyphergaster, and Delattre et al. (2015) showed
that artificial vibratory alarm signals trigger the release of
the alarm pheromones in M. darwiniensis. In this study, we

@ Springer

carried out a careful examination of alarm communication
mechanisms in Reticulitermes flavipes (Kollar, 1837) (Rhi-
notermitidae), including a vibrational and chemical analy-
sis of this behaviour. Since only the basal termites and the
most derived termites have been studied, this study aims to
improve our understanding of the evolution of alarm com-
munication in termites. Reticulitermes is a temperate genus
that includes many pest species responsible for billions of
dollars of damage annually worldwide (Su and Scheffrahn
2000). We characterized the vibratory and chemical com-
munication in workers and soldiers, and determined their
responses to particular danger stimuli, including the alarm
pheromones of their colony mates.

Materials and methods
Insect material

All the experiments were carried out on one colony of Retic-
ulitermes flavipes collected in fle d’Oléron (France) in 1998,
and kept in laboratory stable conditions (26 °C, 90% relative
humidity) since then.

Behavioural experiments

All experiments were performed at 26 °C under dimmed red
light. We first conducted a behavioural experiment to assess
how R. flavipes workers and soldiers react to various danger
stimuli. To avoid any effect of social deprivation, we formed
groups (N=12) of 38 workers and 2 soldiers (natural caste
ratio; see Haverty 1977) that were put in 85 mm Petri dishes
lined with moist clean Whatman No. 1 filter paper. The groups
were left to settle for at least 2 h prior to testing, and between
two tests. The stimuli set included: (1) light flash (3 s, 800 Ix
intensity, 5500-6000 K colour temperature), (2) blow of air,
delivered through a fine straw for 3 s, which mimics a breach
into the colony, (3) one crushed worker head and (4) one
crushed soldier head. Crushed heads were prepared by cut-
ting termites at the level of the prothorax and the heads were
crushed on filter paper using a small spatula, allowing the
impregnation of the filter paper by the contents of the frontal
gland (soldier frontal gland is known to produce alarm phero-
mone; Reinhard and Clément 2002). We recorded group activ-
ity without any stimulation as controls for experiments (1) and
(2). For experiments (3) and (4), the controls consisted in the
insertion of a blank filter paper. Pieces of filter paper were
carefully inserted into the Petri dish through a fine slit in the
lid. Each stimulus was tested six times in random order and
on randomly chosen groups (3 stimuli per group in random
order). Behavioural reactions were recorded using a Canon
EOS 6D combined with EF 100 mm {/2.8L Macro IS USM
for 3 min before stimulation and 6 min after the stimulation.
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We chose to analyse the speed-of-motion of individuals, to
assess their reaction to our stimuli. Speed-of-motion increases
as workers flee the disturbance source, and soldiers gather
next to it (Reinhard and Clément 2002; Sobotnik et al. 2008a,
2010). We tracked two randomly chosen workers and both
soldiers per group for each record. We estimated the group
behaviour 1 min before the stimulus introduction, and 1 and
6 min after (short-term and long-term responses, respec-
tively), using the Mouse-Tracer Software (see Sobotnik et al.
2008a). We then computed the variation of speed-of-motion
for all the stimuli using the difference between the mean speed
before and after the introduction of the stimulus. This method
allowed us to normalize the variance between the different
termite groups. Variations in speed-of-motion for all danger
stimuli were compared to their respective controls.

Chemical analyses

We carried out two experiments to identify the alarm com-
pounds in workers and soldiers of R. flavipes. In the first
experiment, 20 termites were cut at the level of the prothorax
and the anterior parts were successively extracted with 60 pl
and 40 ul of hexane. Both extractions took place over two
successive nights at 4 °C. Both extracts were merged and one
termite equivalent was injected in a 6890N gas chromato-
graph (Agilent, Santa Clara, CA, USA). The most abundant
compounds were identified based on spectral characteristics
and published records (summarized in Sobotnik et al. 2010).
In the second experiment, we crushed heads of five individu-
als of each caste in a 1.2 mL glass vial with a Pasteur pipette.
The headspace extraction of volatiles was carried out using
SPME fibre holder for manual sampling equipped with a
fused silica fibre coated with 30 um polydimethylsiloxane
(Supelco, Bellefonte, USA). The analytes were desorbed at
220 °C in a split/splitless injector of a 5975B quadrupole
mass spectrometer coupled to a gas chromatograph. The
separation was achieved on a DB-5 ms capillary column
(30 mx0.25 mm, a film thickness of 0.25 um, Agilent) at
a constant flow mode (1 mL/min) with helium as a carrier
gas. The column temperature was held at 40 °C (1 min),
gradually increased at 5 °C/min to 200 °C, then gradually
increased at 15 °C/min to 320 °C, and held at 320 °C for
3 min. The temperatures of the transfer line, ion source and
quadrupole were 280, 230, and 150 °C, respectively. The
compounds were ionized at 70 eV electrons.

Vibroacoustic experiments

To decipher the vibratory component of R. flavipes behaviour,
we formed ten new groups of termites, using the same ratio we
used in our behavioural experiments. The aim of this experi-
ment was to determine the interaction between a chemical
stimulation and the vibratory component of alarm signalling

in R. flavipes. We crushed one worker and one soldier head on
different pieces of filter paper (following the same protocol as
the behavioural experiment), and used another identical piece
of blank filter paper for control. Due to methodological con-
straints and to avoid the absorption of the termite-produced
vibrations, termite groups were placed into a 85 mm Petri dish
without filter paper, and moisture was provided by a piece of
wet cotton attached to the lid. The bottom of the Petri dish was
heavily scratched to allow termites to walk. Our experiments
were carried out in an anechoic room at the Czech Technical
University in Prague under dimmed red light. All experiments
took place on a table hung from the ceiling to avoid any per-
turbations from the experimenters (see Supplementary video
SV1). All experiments were recorded using a SONY DCR-
SR72 camera in night-shot mode fixed above the experimental
arena. These records were only used to link the behaviour of
termite groups to recorded vibrations, and were not used for
behavioural analyses.

Vibratory communication was recorded using accelerom-
eters (Briiel and Kjer type 4507 B 005) glued to the bottom
of Petri dishes. We analysed the recorded vibratory signals
using a Soft dB Tenor recorder (24 bits, sampling frequency
48 kHz) and Matlab software (R 2012a; see ESM 1). Prior to
each experiment, we recorded high-resolution videos of both,
disturbed and undisturbed groups of termites, to decipher the
repertoire of vibrations generated by R. flavipes workers and
soldiers. We considered recorded frequencies below 15 Hz
as low-frequency vibrations, and frequencies above 15 Hz as
high-frequency vibrations. These preliminary tests were also
used to determine the optimal parameters of frequency fil-
ters used for post-processing of vibration records of R. flavi-
pes groups in the described environment. This allowed us to
reduce the background noise.

In these experiments, because termite signals overlap, we
were unable to analyse individual signals. Therefore, we com-
puted the total amount of energy produced by group vibratory
signals after each stimulation. This variable Ey, was computed
using the following equation:

Ty Jo* P e

Eg =10.log =I5
R Ta [5, ] ar

in which T, is the evaluation period after disturbance (60 s
and 360 s, respectively), Ty is the evaluation period before
disturbance (60 s), and x(7) is the filtered acceleration signal
(bandpass filter 50-500 Hz) and is a function of time (7).
Statistics

We performed Kruskal-Wallis tests and two-by-two post
hoc permutation tests (10,000 permutations) for independent
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samples, and we carried out Friedman tests and two-by-two
post hoc permutation tests (10,000 permutations) for paired
samples. Bonferroni-Holm corrections (Holm 1979) were
applied for multiple comparisons among groups. All sta-
tistical tests were performed with StatXact software (Cytel
Studio, version 9.0.0, 2010).

Results
Behavioural experiments

All groups significantly reacted to all experimental stimuli.
We found significant differences among stimulations for
both soldiers and workers, both 1 and 6 min after stimu-
lations (short-term vs. long-term responses, respectively;
Table 1).

‘Workers were sensitive to the blow of air, the crushed
soldier head (CSH) and light flash exposure, but not to the
crushed worker head (CWH). Soldiers revealed similar
responses, but were also sensitive to the crushed worker
head during the first minute after the stimulus introduction
(Fig. 1, Fig. SI).

Chemical analyses

Analytical approaches revealed a set of monoterpenes pre-
sent in soldier extracts and SPME, while no candidate com-
pound was detected in workers, irrespective of method used
(Table 2). Extracts of workers and soldiers also contained
the cuticular hydrocarbons specific to R. flavipes (see, e.g.
Bagneéres et al. 1990; Vauchot et al. 1998; Perdereau et al.
2010).

Vibroacoustic experiments

In response to the stimuli, soldiers and workers displayed
body vibrations that they used to spread alarm within the
groups. Using vibroacoustic preliminary tests in conjunc-
tion with high-resolution video recordings, we observed
that these vibrations were mainly drumming or tremula-
tion. Drumming was produced by abdomen hits against the

Table 1 Differences in speed-of-motion between all stimulations after
stimulus introduction for workers and soldiers in R. flavipes

Workers Soldiers
Short-term response Hy=46 Hs=39.61
(1 min) P <0.001 P<0.001
Long-term response H;=46.01 Hs=27.24
(6 min) P<0.001 P<0.001

Kruskal-Wallis for multiple comparisons statistic values (Hs) and P
values are provided for both castes
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Fig.1 Change in speed-of-motion of workers (white bars) and sol-
diers (grey bars) in R. flavipes during a 1-min period after exposition
to experimental stimuli in comparison to controls. N=12 for each
caste and each stimulus. Box plots show the median and 25-75th per-
centiles. Whiskers show all data excluding outliers outside the 10th
and 90th percentiles (circles). Statistical differences are given for
P <0.05. CWH crushed worker head, CSH crushed soldier head

substrate, while tremulation was produced by tactile stimu-
lation of nestmates with the head. In a few cases, soldiers
displayed another kind of drumming signal consisting in
powerful hits to the ground with their mandibles.

We found that drumming and tremulation were used in
combination by workers and soldiers, forming thus com-
plex vibrations. These vibrations occurred in two kinds of
bursts (series of hits). The first kind of burst was at a high
frequency of 31+4 Hz, while the second kind of burst
occurred at a low frequency of 7.4 + 1.3 Hz. High and
low-frequency vibrations were often performed together,
the high-frequency bursts preceding the low-frequency
bursts (Fig. 2, video SV1). This could be defined as the
typical pattern of vibratory behaviour in R. flavipes.
Occasionally, the high- and low-frequency bursts were
performed separately after disturbance. A third kind of
drumming burst was specifically displayed by soldiers,

Table2 Chemical compounds identified by GC-MS from Reticulit-
ermes flavipes worker and soldier samples (hexane extracts or head-
space SPME)

Extracts SPME
Workers Soldiers Workers Soldiers
CHC a-Pinene ? «-Pinene
p-Pinene p-Pinene
Limonene Limonene
CHC Unknown compound

@ no volatile compound detected, CHC cuticular hydrocarbons
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Fig.2 Example of vibratory behaviour showing the typical structure
of the vibratory movements of workers and soldiers of Reticulitermes
flavipes. The complex vibrations occurred at two distinct frequencies,
described as high- (31 Hz) and low- (7.4 Hz) frequency bursts

Table 3 Differences in vibratory behaviour (permutation tests for
paired samples) recorded in termite groups (N= 10) before and after
the introduction of the stimulus

Stimulation Short-term response Long-term
(1 min) response
(6 min)
CcO —-0.959 —0.5501
P=0.359 P=0.5977
CWH —2.067 -2279
P=0.021 P=0.014
CSH —1.908 -1.574
P=0.006 P=0.057

CO control blank paper, CWH crushed worker head, CSH crushed
soldier head

and consisted of repeated hits to the substrate with the
mandibles, at an average frequency of 26 +2 Hz. Unfor-
tunately, this particular behaviour occurred too scarcely
(only 40 series recorded in all experiments combined) to
be analysed in our vibroacoustic work.

Reticulitermes flavipes groups reacted to the alarm
pheromone by producing vibroacoustic signals (Fig. S2).
The intensity of these signals was nearly identical 1 and
6 min after the stimulation, with the exception of the
response to CSH, which was lower after 6 min (Table 3;
Fig. 3). The responses to CSH were stronger in the first
minute after the stimulus introduction, while CWH stimu-
lation triggered a long-lasting effect increasing with time
during the timeframe of the experiment (Table 4).
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Fig.3 Energy ratio difference in vibrations recorded in groups
(N=10) before and after the introduction of the stimulus. Box plots
show the median and 25th-75th percentiles. Whiskers show all data
excluding outliers outside the 10th and 90th percentiles (circles). Sta-
tistical differences are shown for *P<0.05 and **P<0.01. CO con-
trol blank paper, CWH crushed worker head sample, CSH crushed
soldier head sample

Table4 Comparison between vibrational responses to crushed ter-
mite heads (N=10) (permutation tests for paired samples)

Stimulation comparison Short-term response  Long-term
(1 min) response
(6 min)
CO vs. CWH —1.839 —2.378
P=0.063 P=0.027
COvs. CSH —1.841 -1.579
P=0.047 P=0.088

CO control blank paper, CWH crushed worker head, CSH crushed
soldier head

Discussion

Alarm communication is an important component of the
defensive strategies of many gregarious, colonial and
social animals, and is used to coordinate defensive activi-
ties. In Reticulitermes flavipes, alarm signals are spread
via tremulations, substrate-borne vibrations and alarm
pheromones. Irrespective of the communication channel,
two modes of alarm transmission can be distinguished in
natural situations: general alarm responses follow strong
disturbance and affect large termite groups, while subtler
specific alarm communication involves a few specimens
reacting to low-level disturbance, such as the encounter
of alien individual into the gallery system (Howse 1965b;
Stuart 1963, 1988).

Here we studied the general alarm responses of R. flavi-
pes, and clearly showed that potential dangers, represented
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by air current, light flash, or crushed nestmate heads,
are treated with differing types of alarm responses. The
responses to air currents and crushed soldier heads were
the most pronounced, and triggered immediate increase
of speed-of-motion and quantity of vibroacoustic signals
in workers and soldiers. These behavioural changes were
abrupt and often lasted over 6 min.

The observed vibroacoustic signals were made of com-
plex vibratory movements, combining drumming and
tremulations. They were produced by workers and soldiers
repeatedly hitting their abdomen on the substrate. These
examples of vibroacoustic communication combine two
kinds of bursts differing in beat frequencies, as described
in Coptotermes gestroi, another species of Rhinotermitidae
(see Hertel et al. 2011). A duration-dependent effect could
be perceived and CSH samples elicited the strongest reaction
during the first minute after the stimulation.

CSHs were not the only stimuli which could trigger
vibrations, CWH revealed significant effect as well, as evi-
denced by the walking activity of soldiers and vibratory
activity of both soldiers and workers. Our results concur
with previous observations on C. cyphergaster (Termitidae,
Nasutitermitinae) (Cristaldo et al. 2015), in which the CWH
also provoke marked behavioural responses in soldiers. C.
cyphergaster workers possess enlarged mandibular glands
with defensive function (Costa-Leonardo and Shields 1990),
which are possibly the source of chemicals responsible for
the change in behaviour. In contrast, no gland with defensive
role is known in R. flavipes workers, and the source of the
excitement remains unknown.

Soldiers of R. flavipes also used their head and mandibles
to perform powerful hits to the substrate, which produced
a strong substrate-borne vibratory drumming-like signal,
much stronger than the abdominal drumming. The same
way of drumming has also been observed in Archotermop-
sidae (Kirchner et al. 1994), Rhinotermitidae (Hertel et al.
2011) and Macrotermitinae (Termitidae) (Connétable et al.
1999; Hager and Kirchner 2013; Kettler and Leuthold 1995;
Rohrig et al. 1999). The strongest signals are probably used
to warn nestmates and recruit soldiers from deeper inside
the colony.

Our chemical analysis showed high quantity of «- and
f-pinene, and limonene produced by the frontal gland of R.
flavipes soldiers. These compounds form the alarm phero-
mone in R. flavipes, as it has been previously suggested by
several authors (Bagnéres et al. 1990; Parton et al. 1981;
Reinhard et al. 2003), although not all compounds might be
necessary for the function, as they were never tested sepa-
rately. The alarm pheromones involve various compounds
classes, such as monoterpenes (also in R. flavipes), sesquit-
erpenes (for review see Sobotnik et al. 2010) or quinones
(Delattre et al. 2015), and are known to be released from
the soldier defensive glands, namely the labial glands in
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Mastotermitidae and the frontal gland in Rhinotermitidae
and Termitidae (Delattre et al. 2015; Kaib 1990; Kriston
et al. 1977; Pasteels and Bordereau 1998; Reinhard and CIé-
ment 2002; Roisin et al. 1990; Sobotnik et al. 2008a; Vrko&
etal. 1978).

Until recently, alarm positive feedback was only dem-
onstrated either for vibroacoustic (Connétable et al. 1999;
Delattre et al. 2015; Hager and Kirchner 2013; Rohrig
et al. 1999) or chemical signals (Roisin et al. 1990; Vrko¢
etal. 1978). Integrative studies appeared only recently, and
vibroacoustic feedback to chemical alarm has been shown
only in the basal Mastotermes (Mastotermitidae; Delattre
et al. 2015) and the derived Constrictotermes (Termiti-
dae: Nasutitermitinae; Cristaldo et al. 2015). In this study,
we found the third example of vibroacoustic feedback to
chemical alarm, as workers’ and soldiers’ speed-of-motion
increased after exposure to head volatiles. Moreover, as
showed in Connétable et al. (1999), it is likely that termites
spread the alarm further using complex vibratory communi-
cation based on tremulations and drumming, contributing to
the general state of colonial defensive activity (i.e. running
away from the threat).

Our work is the first exhaustive study on the alarm com-
munication strategies in a species of Rhinotermitidae. Both
workers and soldiers of R. flavipes reacted to all stimulations
(light flash, air currents and crushed nestmate heads) with
various degrees of excitement and displaying different vibra-
tory movements. These observations show specialized alarm
communication strategy based on complementary modali-
ties, which could trigger an efficient response according to
the nature and intensity of endangering stimulus. Moreover,
R. flavipes is a pest species in Western USA (Evans 2011;
Evans et al. 2013) and has been introduced to several places
around the world (Bagneres et al. 1990; Smith et al. 2006;
Evans et al. 2013), where it became invasive (originally
described as R. santonensis, and later synonymized with R.
Sflavipes by Austin et al. 2005). The dominance of R. flavipes
over R. grassei, which has already been observed in the field
(Perdereau et al. 2011), might, at least partially, be explained
by its sophisticated alarm communication strategy.
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4) Diskuse

Cast | - Ordlni zl4za, novy exokrinni organ termit(

Mezi Zlazy, které najdeme u vSech druhl termitQ patfi labralni, mandibularni,
labidlni a sterndlni Zlaza (Lambinet, 1959; Noirot, 1969; Sobotnik a Hubert, 2003; Sobotnik
a Weyda 2003; Palma-Onetto et al., 2018; 2019) a ¢astecné sem mlzZeme zaradit frontalni
Zlazu, kterou najdeme u naprosté vétSiny druhl Neoisoptera (Deligne et al.,, 1981;
Quennedy 1984; Kutalova et al., 2013). Veskeré ostatni Zlazy se vyskytuji pouze u
nékterych skupin nebo kast (Billen a Sobotnik, 2015). Nové popsand oralni 7ldza byla
pozorovana jak u délnikl a vojakl drevoiravych druh( Prorhinotermes simplex
(Rhinotermitidae) a Sphaerotermes spaherothorax (Termitidae: Shaerotermittinae), tak u
délnikd a vojaka hlinoZravych termitl Spinitermes trispinosus (Termitidae: termitinae). To
Ze byla oralni Zlaza pozorovana jak u ,vy$Sich” a ,nizSich” temitd, tak u termitd
drevozravych a hlinoZravych, poukazuje na pfitomnost Zlazy u viech druhl/kast, nebo
alesponi u naprosté vétsiny. Pokud by se opravdu jednalo o Zlazu pfitomnou u vsech druhd,
naznacovalo by to funkci dileZitou pro bézny Zivot termitich kolonii. Konrétni vyznam a
funkce Zlazy zatim neni znam, ale nabizi se ndm nékolik hypotéz zaloZzenych na umisténi a
strukture Zlazy. Pro komunikaéni funkci hovoti to, Ze cytoplazma sekrecnich bunék je
prevazné tvorena hladkym endoplazmatickym reticulem, tedy organelou ktera je zndma
produkci lipidovych substanci, které jsou casto pouZivany pro chemickou komunikaci
(Tillman et al., 1999). Produkce lipidovych substanci je dale potvrzena pritomnosti kapek
umisténych volné v cytoplazmé u nékolika pozorovanych vzorkd. Ostatni pozorované
organely jako napfiklad drsné endoplazmatické retikulum nebo Golgiho aparat
dosahovaly prokazatelné nizsi abundance a patrné slouzi pouze pro udrZovani sekre¢nich
funkci. Proti komunikacni funkci ale hovofi jeji umisténi pfimo za Ustnim otvorem. Nabizi
se tedy teorie, Ze sekrece ordlni zlazy slouzi k lubrikaci zac¢atku traviciho traktu, ¢imz
usnadnuje polykani ¢asti potravy, které mohou byt suché nebo tvoreny vétSimi kusy
(Donovan et al., 2001). Zl4za by také mohla slouZit k produkci primer feromonu, ktery
reguluje kastovni vyvoj v kolonii. Ve skutecnosti jsou termiti kolonie zaloZeny jiz
bezkridlimi imagy a vyvoj sekundarnich pohlavnich jedinct je inhibovan pravé zakladajicim
parem pomoci substance pfedavané vzajemnym kontaktem mezi jedinci (Lischer 1961;
Springhetti, 1972). Volatilni latky tvorici primer feromony byly nedavno identifikovany
(Matsuura et al., 2010; Funaro et al., 2018) a teoreticky mohou byt produkovany ordlni
Zlazou. Stejny priklad najdeme u vojakd, ktefi inhibuji proces tvorby novych vojaku

(Lefeuve and Borderau, 1984; Mitaka et al., 2017). Pfitomnost neotenikd je velice beZna
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a to predevsim mezi termity ,,nizsimi“, z pouzitych modelovych rodl byli pozorovani u
Prorhinotermes a Microcerotermes (Myles, 1999). Tim padem by primer feromon mohl
byt vyluCovan oralni Zlazou a nasledné predavan dalsim ¢lendm kolonie pomoci oralni
trophallaxie, kterd je u termitQ zcela béznd (McMahan, 1969), tak jak jiz bylo dfive
naznacovano (LlUscher, 1961). Ostatni funkce, jako naptiklad obrana nebo tvorba travicich
enzym, se zda velmi nepravdépodobnad, vzhledem k velikosti Zlazy (nejmensi ze vSech

pozorovanych Zlaz u termitt), strukture a ultrastrukture.
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Cast Il - Labralni Zl4za termitich vojaka

Labralni ZIaza je vnitfni soucasti labra a tvofi tenkou vrstvu ktera pokryva dolni
Cast preoralni dutiny. Poprvé byla popsana jako exokrinni Zlaza v roce 1981 (Deligne et al.
1981). Quennedey (1984) popsal hypofaringedlni c¢ast labralni Zlazy a navrhnul, Ze
pritomnost prisvitné Spicky potvrzuje pfitomnost Zlazy u termitich vojakd. Az pomérné
neddvno se objevily dalsi prace zabyvajici se touto #lazou. Sobotnik et al. (2010d) se
zabyval obranymi zldzami druhu Glossotermes oculatus a Costa-Leonardo a Haifig (2014)
publikovali praci o labralni zldze Cornitermes cumulans . Kfizkova et al. (2014) prokazala
jeji pritomnost u imag nékterych druhl. Z vysledk( vyplyva, Ze Zlaza patfi mezi zakladni
Casti téla termitd, ackoli jeji pfitomnost byla doposud zkoumana jen vyjimeéné. Zde byla
jeji pfitomnost prokazana u vojakl vsech 28 zkoumanych druh( napfic fylogenezi, coz bylo
velmi prekvapujici vzhledem k jejimu doposud prokazanému vyskytu pouze u tfi druh(
(Deligne et al., 1981; Quennedey, 1984; Sobotnik et al, 2010d; Costa-Leonardo a Haifig,
2014). Labralni Zlaza je rozdélena na dva sekrecni regiony umisténé na ventralni ¢asti labra
a dorsoapikalni ¢asti hypofarynxu. Ackoli epithelium v hypofaryngedlni ¢asti je vidy tenci
nez v labralni c&asti, tak ultrastruktura bunék obou casti je identickd. Takzie
predpokladame, Ze obé casti plni stejnou roli a mély by byt povaZovany za jednu Zlazu.
Také zména v ndzvoslovi z ,labralni zZlazy” na ,,cibaridlni zIazu” kterou navrhl Quennedey
(1984), a ktera byla zaloZena na rozdéleni do dvou regiond je zcela zbytecna.

Prasvitna Spicka je tradicné popisovan podle morfologickych znakl. Dorsalni
strana labra je vidy sklerotizovand, zatimco ventrdlni strana je vidy pokryta lucentni
membranovitou kutikulou. Nicméné druhy se muzZou lisit mirou sklerotizace dorsalni
strany, predevsim na apexu labra. Zatimco néktefi vojaci vykazuji nezménénou miru
sklerotizace labra (bez prlsvitné Spicky), tak u nékterych druhll se mira sklerotizace
znacéné snizuje smérem k apexu labra (s pridsvitnou Spi¢kou). VSechny basalni taxy
primarné postradaji prUsvitnou 3Spicku, ktery se wvyvinul az u spolecnych predki
Rhinotermitidae a Termitidae a byl nezavisle ztracen pfinejmensim Ctyrikrat: (i)
Nasutitermitinae, kde je celé labrum velikostné znacné zredukovano; (ii + iii) dvakrat
nezavisle u linii sluskacimi mandibulami, Pericapritermes a Neocapritermes +
Planicapritermes; (iv) a také u rodu Microcerotermes. Zatimco byla u nékterych skupin
prokdazana ztrata prasvitné spicky, nijak to nesouvisi s pfitomnosti labralni Zlazy, ktera byla
prokazana u vSech druh(. Z toho vyplyva, Ze vyvoj luskacich mandibul nezpUsobil ztratu
labralni Zlazy a tato mandibularni adaptace nemusi souviset s potlatenim nebo ztratou

chemickych adaptaci (Kyjakova et al. 2015).
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Cytologické funkce vykazovaly spoustu podobnosti mezi vsemi studovanymi
druhy. Navic ¢tyfi studované druhy, které mély polymorfni vojaky, prokazaly, Ze velikost
labralni Zlazy se zvétsuje s velikosti subkasty, coZ bylo nejvice zjevné u Psammotermes
hybostoma. Stejné funkce, které sdili labralni a hypofaringedlni cast byly: (i) vyskyt
hladkého endoplazmatického retikula; (ii) pfitomnost apikadlnich mikrovill s centralnim
kanalkem; (iii) dobfe wvyvinuté bazalni invaginace zajistujici pfijem prekurzori
z haemolymphy; (iv) modifikace kutikuly v okraji labralni Zlazy zajistujici vyvod sekreci (viz
Deligne et al., 1981; Quennedey, 1984; Sobotnik et al., 2010; Costa-Leonardo a Haifig,
2014). Tyto ultrastrukturdlni funkce jsou konzervativnim popisem obou sekrecnich
region( vSech studovanych druhl a naznacuji stejnou funkci labralni Zlazy u vsech druhl
termitl. Sekrece labralni Zlazy je ukladana mezi sekre¢nim epithelem a kutikulou a také
v kutikule samotné. Labralni sekrece zbunék Zldzy je neurdlné kontrolovdna,
pravdépodobné z mozku, protoze jednotlivé axony byly c¢asto pozorovdny na bazi
sekre¢niho epithelu.

Funkce Zlazy velice pravdépodobné neni obrana, vzhledem k tomu Ze zde zcela
chybi sekrecni reservoar a funkcni struktury typycké pro obrané Zlazy (Chapman, 2013).
Navic je labralni Zlaza pritomna u vojak( vsech druh(, bez zavislosti na jejich defensivnich
strategiich, véetné vojaka kteri maji zlazu v nasu, luskacimi vojaky nebo druhy které si
protrhavaji télni sténu. SloZeni sekreci labralni Zlazy zastava nezndmé, i pres opakované
pokusy identifikace latek, provedené vramci publikace Ill. Nicméné vysoky vyskyt
hladkého endoplazmatického retikula naznacuje, ze sekrece mGzou mit lipidovou nebo
nestalou povahu a mohou byt pouzivany pro komunikaci (Percy-Cunnigham a MacDonald,
1987; Nakajima, 1997; Tillman et al, 1999; Alberts et al., 2002).

Pritomnost specializovanych receptorl a ventraini strané labra pravdépodobné
pomaha pfi ddvkovani labralnich sekreci. VSechny pozorované receptory totiz obsahovaly
nékolik dendrit(l, takZze chemosensoricka funkce je pravdépodobné;jsi pro vétsinu druh,
zatimco mechanosensoricka funkce je pouze teoreticka. To, Ze by mély labralni receptory
reagovat na mechanicky tlak, by mélo paralelu u sternalni Zlazy, kde je uvolfiovani sekreci
fizeno skupinou campaniformnich sensil (Stuart a Satir, 1968; Quennedey et al, 2008).

Buniky lll. tfidy se Casto vyskytovaly v dorsalni ¢asti labra a na sklerotizované casti
kutikuly (Sobotnik et al., 2004; Sobotnik et al., 2005). Buriky IIl. tfidy se také mohou
vyskytovat prilehlé k sekre¢nimu epithelu labra, ale nemély by byt povazovany za soucast
labralni Zlazy, dokud nedojde ke kombinaci s druhou tfidou bunék, jak bylo pozorovano u
Glossotermes oculatus (Sobotnik et al., 2010d), minoritnich vojak(i Dolichorhinotermes

longilabius (viz vysledky ¢ast 1), Cornitermes cumulans (Costa-Leonardo a Haifig, 2014) a
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Termes hospes (vysledky ¢ast 11). Bunky tfetiho typu nebyly pozorovany v hypofaryngedlni
Casti labrélni Zlazy u Zadného z vySe zminénych druhd. Ultrastruktura buriek Ill. tfidy je
jednotna u vsech druhi termitQ bez ohledu na kastu (Costa-Leonardo a Shields, 1990;
Sobotnik et al, 2004) nebo umisténi v labralni Zlaze, stejné tak v mandibularni (Lambinet,
1959; Cassier et al., 1977), sternalni (Noirot a Quennedey, 1981; Quennedey et al., 2008),
tergalni (Ampion a Quennedey, 1981; Sobotnik et al., 2005) a epidermalni (Sobotnik et al.,
2003). Sekrecni buriky jsou vidy bohaté na drsné endoplazmatické retikulum a Golgiho
aparat a obsahuji rozdilné mnozstvi mirné elektronové-lucentnich vacka uvolfiovanych do
extracelularnich reservoart, do kterych usti kutikuldrni kanalek. Tato ultrastruktura
naznacuje, ze drsné endoplazmatické retikulum produkuje proteinové vodou rozpustné
sekrece, které jsou konfigurovany v Golgiho aparatu (Hand a Oliver, 1984), neZ jsou
vypustény na povrch télesné kutikuly. A tyto sekrece se mohou objevit jako uplné

nejsvrchnéjsi vrstvy pri télesném otéru (Chapman, 2013).
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Cast Il - Labralni Zlaza termitd: evoluce a funkce

Bylo potvrzeno Ze labralni Zlaza se vyskytuje nejen u vojakud vsech druh (viz ¢ast
1), ale také u délnikd a imag vSech druh( termitll a byla také zjisténa u nymf a dospélcl
drevozravého Svdba Cryptocercus punctulatus. Labrum a labrdlni zlaza sdili stejné
charakteristiky u zatim vSech studovanych druhll a kast. Spolechym znakem je vyssi
stupen sklerotizace, ktery je vétsinou vyraznéjsi u vojaka, vyskyt bunék IlI. tfidy na dorsalni
strané labra, ale vzacnéji jako soucast labrdlni Zlazy a pfitomnost labralni Zlazy obsahuijici
burniky prvniho typu na ventralni strané labra a na dorsalni strané hypofarynxu. Sekrec¢ni
buriky jsou také pomérné stejné, co se tyce ultrastruktury, vykazujici apikalni mikrovilly
s centralnim kanalkem (chybéjici u Cryptocercus punctulatus), pocetné vacky rlznych
elektronovych hustot, vysoky vyskyt hladkého a drsného endoplazmatického retikula,
modifikovana kutikula pro vypousténi sekreci a inervovani sekre¢nich bunék pres volné
umisténé axony v basalnich invaginacich (viz ¢ast Il). Na druhou stranu jsou zde znacné
rozdily mezi vojaky a délniky a dospélci: (i) prusvitna Spicka, ktera se vykystuje u vojaka
mnoha drh(, chybi u ostatnich kast; (ii) tvar labra je u vojakud rdznych druh(i velmi rozdilny,
zatimco u délnikd a dospélcl je prakticky identicky u vSech druhg; (iii) celkovy vyskyt
mikrovill a basalnich invaginaci je mnohem nizsi u vojakl a dospélcl (viz ¢ast Il). Toto
zjiSténi naznacuje, Ze je pravdépodobné funkce labralni zlazy stejna u vsech kast, ale hraje
mnohem duleZitéjsi roli u vojakl. Nesmime také opomenout fakt, Ze sekrece labralni Zlazy
je pravdépodobné pouzivana v jiném kontextu u délnik( a dospélcll, nez u vojaku, protoze
tfeni konce labra s vyvodem sekrece o substrat bylo pozorovéno vyhradné u vojaku. Ackoli
Cryptocercus punctulatus ve strukture labralni Zlazy vykazoval odliSnosti v porovnani
s termity, jako naptiklad kratsi mikrovilly bez centrdlnich kanalkd, tak pfitomnost svazka
mikrotubuld byla spolecna s vojadky Mastotermes darwiniensis a vojaky Hodotermopsis
sjoestedti (viz ¢ast Il) a délniky Glyptotermes sp. a poukazuje Ze, je to spolecny znak
basalnich skupin zdédéna po Svabich predcich.

Zajimavou otazkou je zpUsob, kterym je kontrolovano vypousténi sekrece Zlazy.
Zda se jasné, Ze uvolfiovani ze sekrec¢nich bunék je pod neuralni kontrolou, podobné jako
u sternalni Zlazy ¢eledi Mastotermitidae, Archotermopsidae a Kalotermitidae (Quennedey
1969, 1975; Quennedey et al., 2008), nasalni zlazy vojakd rodu Angularitermes (Sobotnik
et al., 2015) a slinych Zlaz rdznych skupin hmyzu (Whitehead, 1971; Ali et al., 1993; Ali a
Orchard, 1996; Ali, 1997), vietné druhl Kalotermes flavicollis (Alibert, 1983) a
Prorhinotermes simplex (Sobotnik a Weyda, 2003). Po uvolnéni ze sekreénich bunék je

sekrece pravdépodobné vyloucena z téla tlakem labra (a hypofarynxu) na substrat a tlak
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je pravdépodobné kontrolovan skupinami campanifromnich sensil (viz ¢ast Il) podobnych
sensilam kontrolujicich vypousténi stopovaciho feromonu ze sternalni Zlazy (Stuart a Satir,
1968; Quennedey et al., 2008). Chemoreceptory jsou oividné mnohem hojnéjsi v oblasti
,C" (viz kapitola vysledky, ¢ast lll, fig. 1), ale zustava nezjiSténo jestli tyto receptory jsou
také zapojeny do uvonovani sekreci nebo hraji roli pfi ,ochutnavani®.

U vSech kast zcela chybi v labralni Zlaze rezervoar a sekrece je uklddana mezi
sekrec¢nim epithelem a kutikulou (viz ¢ast Il). Je tak vyvracena domnénka (cast ll), Ze
labralni ZIaza ma obranou funkci (napfiklad Deligne et al., 1981; Quennedey 1984). Stejné
jako u vojaku, i u ostanich kast je struktura Zlazy velmi podobna u vSech druhl a vysoky
vyskyt hladkého endoplasmatického retikula je ¢asty pro produkci lipidickych a nestalych
latek, typickych ve feromonové komunikaci (Percy-Cunnigham a MacDonald, 1987;
Nakajima, 1997; Tillman et al., 1999; Alberts et al., 2002) a poskytuje dalsi dikaz pro spise
komunikacni funkci (viz ¢ast Il).

Opakované byli pozorovani vojaci, ktefi otirali labrum o substrat po tom, co se
setkali s hrozbou (cizi termit nebo mravenec) a pozorované chovani (pohyb vzad
kombinované s trfenim labra) poukazuje na to, Ze vojdci varuji ostatni jedince pred
hrozbou pomoci labralnich sekreci. Bohuzel tuto funkci se nepodafilo prokazat pomoci
laboratornich testll a pouze vyhybani se cizim termitlim (ktefi mohou byt povaZovani za
konkurenty nebo hrozbu) v ndvaznosti na sekreci labralni zlazy bylo statisticky vyznamné.
Nicméné tento efekt mohl byt zplsboen jinymi slozkami vylou¢enymi labrem, jako
naptiklad kutikularnimi uhlovodiky slouzicimi k rozpoznavani stejného druhu/obyvatele
hnizda (Howard a Blomquist, 1982, 2005) nebo sekrece frontalni zZlazy, ktera prokazatelné
kontaminuje vSechny casti téla termitich vojak( (Piskorski et al., 2007). Takze funkce
sekrece musi byt pfesné otestovana, zvlasté kdyZ se nepodafilo zjistit pro labralni Zlazu
zadné specifické slozky, pravdépodobné kvili malému mnoZstvi sekrece, které je spojeno

s chybéjicim rezervoarem a relativné malou velikosti ZIazy.
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Cast IV - Chemické a vibra&ni signaly pouZivané pfi poplané komunikaci
termita Reticulitermes flavipes (Rhinotermitidae)

Poplasnd komunikace je duleZitou soucasti obrannych strategii mnoha
spolecenskych, kolonidlnich a socialnich druh( zvifat, a slouZi ke koordinaci obranych
aktivit. U druhu Reticulitermes flavipes jsou poplasné signaly Sifeny tremulaci, vibracemi
substratu a poplasnymi feromony. Bez ohledu na komunika¢ni kandl, mohou byt
v pfirodnich podminkach rozliSeny dva druhy prenosu: (i) po silném narusni nasleduje
poplasna odezva, kterd ovliviiuje velké skupiny termitQ; (ii) zatimco jemnéjsi specificka
poplasna komunikace ovliviiuje pouze nékolik jedinc(, ktefi reaguji na narusni malého
vyznamu, jako napfiklad proniknuti ciziho jedince do systému galerii (Howse, 1965; Stuart,
1963, 1988). Cilem studie byla vSeobecna poplasna komunikace druhu Reticulitermes
flavipes a zcela jasné se ukazalo, Ze potencialni nebezpeci, zde reprezentovano proudem
vzduchu, svételnym zableskem a rozdrcenou hlavou hnizdniho jedice, je nadlesdovano
rozdilnymi poplasnymi reakcemi. Nejvyraznéjsi reakce nasledovaly po zavanu vzduchu a
vloZzeni rozdrcené hlavy a spoustély okamiZité zrychleni pohybu a mnoZstvi
vibroakustickych signal(, jak u vojaku, tak u délnikd. Tyto behavioralni zmény byly vyrazné
a trvaly casto vice nez Sest minut. Pozorované vibroakustické signaly se skladaly
z komplexu vibraénich pohybl, kombinaci bubnovani a tremulaci. Byly produkovany
vojaky a délniky opakovanymi idery abdomen( na substrat. Tyto priklady vibroakustické
komunikace kombinuji dva druhy zfetelné oddélenych frekvenci klepdpi, stejné jako bylo
popsano u Coptotermes gestroi, dalSiho druhu z Celedi Rhinotermitidae (Hertel et al.,
2011). Také byl zaznamenan Ucinek v zavislosti na délce trvani a vloZeni rozdrcené hlavy
vojaka vykazovalo nejsilnéjsi ucinek béhem prvni minuty po vloZeni. Rozdrcené hlavy
vojakll nebyly jedinou stimulaci schopnou vyvolat poplasné reakce, rozdrcené hlavy
délnikd také vykazovaly statisticky vyznamné reakce, predevsim zvySenim pohybové
aktivity a poplasnych vibraci u délnik( i vojakd. Nase vysledky se shoduji s predeskym
pozorovanim u Constrictotermes cyphergaster (Termitidae: Nasutitermitinae) (Cristaldo
et al., 2015), u kterého rozdrcené hlavy délnik( také vyvolaly vyznamné behavioralni
reakce u vojakl. Délnici C. cyphergaster také nesou zvétsené mandibularni Zlazy
s obranou funkci (Costa-Leonardo a Shields, 1990), které jsou pravdépodobné zdrojem
chemikalii zodpovédnych za zmény v chovani. Na druhou stranu u délnikd R. flavipes neni
zndma Zadna Zlaza s obranou funkci a zdroj chemikalii zGstava neznamy. Vojaci R. flavipes
také pouzivaji hlavy a mandibuly k silnym Gderlm na substrat, coZ vyvolava silné vibracni

signaly, které se Siti podloZzim a je mnohem silnéjsi nez bubnovani abdomenem. Stejné
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bubnovéani bylo pozorovdno u celedi Archotermopsidae (Kirchner et al.,, 1994),
Rhinotermitidae (Hertel et al.,, 2011) a podceledi Macrotermitinae (Termitidae)
(Connétable et al., 1999; Hager a Kirchner 2013; Kettler a Leuthold 1995; Rohrig et al,
1999). Nejsilnéjsi signaly jsou pravdépodobné pouzivany k varovani ostatnich jedincd a
privolani vojakid ze vzdalenéjsich ¢asti hnizda.

Chemické analyzy ukazaly vysoké hodnoty a-pinenu, B-pinenu a limonenu
produkovanych frontdlni zlazou vojakl R. flavipes. Tyto slozky tvoti poplasny feromon R.
flavipes, jak bylo dfive naznacovano nékolika autory (Bagnéres et al., 1990; Parton et al.,
1981; Reinhard et al., 2003), ackoli ne vSechny slozky musi byt nezbytné pro funkci zlazy,
protoZe nikdy nebyly testovany samostatné. Poplasné feromony zahrnuji rdzné tridy
latek, jako napiiklad monoterpeny (véetné R. flavipes), seskviterpeny (Sobotnik et al.,
2010b) nebo chinony (Dalettre et al., 2015) a je zndmo Ze jsou vypoustény z obranych Zlaz
vojaku, predevsim Zlazy labidlni u Mastotermitid(i a frontaini Zlazy u Rhinotermitid(i a
Termitid( (Delattre et al., 2015; Kaib, 1990, Kriston et al., 1977; Pasteels a Bordereau
1998; Reinhard a Clément; 2002; Roisin et al., 1990; Sobotnik et al., 2008; Vrko¢ et al.,
1978). Az do neddvna byla prokazana poplasnd zpétnd reakce pouze u vibroakustiky
(Connétable et al., 1999; Delattre et al., 2015; Hager a Kirchner 2013; Rohrig et al., 1999)
nebo chemickych signalt (Roisin et al., 1990; Vrkoc et al., 1978). Integrativni studie se
objevily pouze nedavno a vibroakusticka zavislost na poplasnych chemikaliich byla
prokdazana pouze u bazalniho rodu Mastotermes (Mastotermitidae) (Delattre et al., 2015)
a Constrictotermes (Termitidae: Nasutitermitinae) (Cristaldo et al., 2015). V této studii byl
prokdzan treti priklad vibroakustické odezvy na poplasné chemické latky, zvySenim
pohybové aktivity vojakl i déInikd po vystaveni hlavovym tékavym slou¢enindm. Navic jak
bylo poukazovano Connétablem et al. (1999), je pravdépodobné Ze termiti Sifi poplasné
latky za pouziti komplexni vibraéni komunikace zaloZené na tremulaci a bubnovani,
prispivajici ke vSeobecnym obranym aktivitdm kolonie (napfiklad aték od hrozby).

Tento clanek je prvni komplexni praci o poplasné komunikaci druhu z celedi
Rhinotermitidae. Obé kasty (délnici i vojaci) R. flavipes reagovaly na vSechny druhy
stimulaci s rlznymi stupni reakci a vykazovaly rlizné vibracni pohyby. Tato pozorovani
prokazuji rizné komunikacni strategie, které mohou spustit Gcinné reakce odpovidajici
povaze a sile patficného stimulu. Navic R. flavipes je povaZzovan za sklidce v zapadni USA
(Evans, 2011; Evans et al., 2013) a byl rozsifen na nékolik mist po celém svété (Bagnéres
et al., 1990; Evans et al., 2013), kde se stal invazivnim druhem (plvodné popsan jako R.
santonensis a pozdéji synonymizovan Austinem et al., 2015), a proto ma pochopeni jeho

komunikace a chovani celkové jesté vétsi vyznam. Dominance R. flavipes nad R. grassei,
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kterd jiz byla zdokumentovana v terénu (Perdereau et al., 2011) a mlZe byt zplsobena

(alespon ¢astecné) jeho sofistikovanou poplasnou komunikaéni strategii.
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5) Zavér a doporuceni pro praxi

V Casti jedna se zcela jednoznacné podafilo popsat novou Zlazu termitd, ktera se
v jistych vlastnostech, predevsim velikosti zlazy, vymyka od ostatnich Zzlaz. BohuZzel
vzhledem k umisténi a také velikosti je se soucasnou technologii nemozné zjistit jeji
sloZzeni nebo jeji funkci, o které mulieme pouze spekulovat. Jelikoz se bude
pravdépodobné jednat o Zldzu se vSeobecnym pouZitim (spojenou s béZnou cinosti
termit(), pro vysvétleni jeji funkce by pomohlo nalezeni druhu/skupiny termitd, ktery ji
postrada, pokud tedy takovy existuje. Provedené pozorovani na vybranych druzich
naznacuje Siroké rozsifeni zlazy mezi vSéemi termity, které je vSak nutno potvrdit na SirSim
spektru druhl a kast.

V ¢asti dvé a tfi bylo jednoznacné potvrzeno, ze labrdlni zlaza je pfitomna u vSech
druh( a kast termitl. CozZ také naznacuje, Ze funkce Zlazy bude mit vSseobecnou funkci
nutnou pro preziti termiti kolonie, coz je podporeno i jeji prfitomnosti u dfevozravého
Svaba C. punctulatus. Dale byla vyvracena doménka Ze funkce zlazy je obrannd. Vzhledem
k jeji strukture a ultrastrukture se jevi jako jedinnd moznost funkce komunikacni. Tato
doménka je podporena tim, Ze bylo pozorovano klepani vojakd labrem o podlozku pfi
setkani s ,nepratelskym” jedincem. Pravdépodobné se bude jednat o vylucovani
poplasného feromonu, ale pro potvrzeni této domnénky, je zapotiebi behaviordlnich
pokus(.

V ¢asti Ctyfi bylo prokazano, Ze vojaci a délnici R. flavipes rozdilné reaguji na rzné
simulace nebezpedi a také Ze vypusténi poplasného feromonu zvysuje vibroakustickou
komunikaci. Jedna se teprve o tfeti publikaci u termitd a prvni u ¢eledi Rhinotermitidae,
kdy to bylo prokazano. R. flavipes je invazivnim druhem a vyznamnym skddcem a
komplexni pochopeni jeho poplasné komunikace by mohlo vést k potlacni nebo
celkovému zabranéni skod, které plsobi.

Ackoli jsou termiti nepostradatelnou a vSudyptitomnou sloZkou tropickcych
ekosystém{, stale dochazi k objeviim a prvnim popistim zcela novych rodu (Scheffrahn et
al., 2018), unikatnich ptiklad polyethismu (Sobotnik et al., 2012) nebo rodicovské
manipulace (Maekawa et al., 2012). VySe uvedené priklady pfinaseji nové a dulezité
poznatky, ale také ukazuji, Ze stale o termitech a jejich chovani vime jen velmi mélo a i
zcela zakladni vyzkumy, mohou pfinést dllezZité a prekvapivé vysledky. KdyZz vezmeme
v potaz mizeni rostlinnych druh( a porostt celkové, a to predevsim v tropickych oblastech
(Ledford, 2019; Gomez et al, 2019), skoro jisté dochazi i ke ztraté stale nepopsanych druh(

téchto unikatnich Zivocichld. A pokud jim nebudeme vénovat dostatecnou pozornost,
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mUlzZeme ztratit Sanci k pochopeni fungovani tropickych ekosystému a mozZnosti jejich

obnovy.
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