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ABSTRAKT

Analyticka chemie hraje klicovou roli pfi studiu chemické ekologie a jen diky sofisttkovanym
metodam je mozné detekovat biologicky aktivni latky, které se obvykle vyskytuji v nepatrnych
mnozstvich, ¢asto jako slozky komplexnich smési. Ma prace je zaméfena na aplikaci modernich
analytickych metod a instrumentace pfi zjistovani identity, chemické diverzity a funkce
semiochemikalif a obrannych latek pouzivanych raznymi druhy termita.

Prvni c¢ast mé prace je zaméfena na identifikaci chemickych latek pouzivanych
pfi komunikaci, tzn. feromonu. V této casti jsem se zabyvala studiem chemické komunikace
pii stopovani u tfi vybranych termitich druht. Kromé nejbéznéjstho termititho stopovaciho
feromonu, (3Z,6Z,8E)-dodeka-3,6,8-trien-1-olu, nalezeného u druhu Psammotermes  hybostoma
(Rhinotermitidae), jsem se podilela na identifikaci dvou novych struktur, (10Z,13Z)-nonadeka-
10,13-dien-2-onu u druhu Glossotermes oculatus (Serritermitidae) a syn-4,6-dimethylundekan-1-olu
u druhu  Hodotermopsis - sjoestedti  (Archotermopsidae). Podafilo se nam identifikovat také
(3Z,6Z,8E)-dodeka-3,6,8-trien-1-ol jako samici pohlavni feromon u druhu Psammotermes hybostoma,
a gyn-4,6-dimethylundekanal jako samdci pohlavni feromon u druhu Hodotermopsis  sjoestedt.
Identifikovala jsem také chemické slozeni viceslozkového poplasného feromonu produkovaného
vojaky druhu Temmitogeton planus (Rhinotermitidae) a specifickou kralovskou latku, dodekan-2,10-
diol, u druhu Prorhinotermes simplex (Rhinotermitidae).

Druha ¢ast mé prace shrnuje vysledky dvou studii chemické obrany termitd. U vojaka
druhu Psammotermes hybostoma jsem detekovala celkem 33 obrannych latek patficich pfevazné mezi
seskviterpeny a vétsinu z nich plné identifikovala. Kvalitativni a kvantitativni srovnani obrannych
smési mezi jednotlivymi koloniemi jednoznacné rozlidilo tfi rozdilné chemotypy korespondujici
s lokalitou vyskytu. U délnika druhu Neocapritermes taracua (Termitidae) jsem se podilela na popisu
dffve neznamého viceslozkového obranného mechanismu spocivajictho v oxidaci hydrochinonta
na benzochinony za katalyzy proteinem vazajicim méd’.

M¢é vysledky zduraznuji komplexnost chemické komunikace a obrany termitich
spolecenstev a pfispivaji k pochopeni evoluce feromont a obrannych latek u tohoto nejstarsiho

spolecenského hmyzu.



UVOD

Chemicka ekologie je relativné mlada védecka disciplina spojujici chemiky a biology pfi studiu

(93

vztahi mezi organismy a jejich prostfedim. Chemické signaly pfedstavuji nejstarsi a
nejrozsifenéjsi komunikacni néstroj v fisi zvifat. Hlavnim cilem chemickych ekologt je ziskat
,maximum informaci z minimalnfho mnozstvi vzorku“ [1]. Vzhledem k tomu, zZe
semiochemikalie se ¢asto vyskytuji ve velmi nizkych koncentracich, v fadu mikrogramt i méné, je
potieba pouzivat techniky pracujici v mikroméfitku spolecné s piislusnym vybavenim.
V nékterych piipadech mohou byt vyuzity jednoduché chemické reakce vedouci k modifikaci

puvodni latky, a tim kusnadnéni analyzy zlepsenim separace, zvysSenim detekovatelnosti ci

odhalenim konkrétn{ funkén{ skupiny na urcitém mist¢ v molekule.

CiLE

Cilem mé prace bylo studium chemické komunikace a obrany u termitich spolecenstev s dirazem
na malo prozkoumané druhy z fylogeneticky dulezitych rodovych linii. Hlavni ¢ast mé prace byla
provedena v ramci projektu nazvaného ,,Biologie, chemicka ekologie a fylogeneze klicovych roda
termitt z ¢eledi Rhinotermitidae a Serritermitidae®. Zabyvala jsem se témito tématy:
e stopovaci feromon u druhu Glossotermes oculatus (Serritermitidae) (Publikace A)
e stopovaci feromon, pohlavni feromon a chemicka obrana u druhu Psammotermes hybostoma
(Rhinotermitidae) (Publikace B, E)
e poplasny feromon u druhu Termitogeton planus (Rhinotermitidae) (Publikace D)
Mimo hlavniho projektu jsem se podilela na dvou dalsich studiich ve spolupraci se zahrani¢nimi
chemickymi ekology:
e stopovaci feromon a pohlavni feromon u druhu  Hodotermopsis  sjoestedti
(Archotermopsidae) (Publikace C)
e chemicka obrana délnika druhu Neocapritermes taracua (Termitidae)
Dal$im tématem naseho vyzkumu je studium chemickych signala vysilanych termitim kralem a
kralovnou. V této praci se vénuji nasledujicimu tématu:
e identifikace t¢kavych latek signalizujicich plodnost u druhu Prorhinotermes simplex:

(Rhinotermitidae)



MATERIAL A INSTRUMENTACE

Biologicky material
Kolonie druhu Glossotermes oculatus a Neocapritermes taracna byly piivezeny z Francouzské Guyany,
Psammotermes hybostoma z Egypta, Hodotermopsis sjoestedti z Vietnamu a Termitogeton planus ze zapadni

Papuy. Prorhinotermes simplex pochazi z Kuby a je chovan v laboratornich podminkach od roku

1964.

Chemikalie
Cinidla a syntetické standardy byly zakoupeny od firem Sigma-Aldrich a Fluka, rozpoustédla
od firem Penta a Merck. Standardy stopovacich feromont byly poskytnuty Christianem

Bordereau z partnerského pracovisté ve francouzském Dijonu.

Instrumentace

Jednorozmérny GC-MS (s kvadrupdlovym hmotnostnim analyzatorem): Focus GC, Thermo
Scientific DSQ 1.

MS data s vysokym rozlisenim: Waters GCT Premier s praletovym hmotnostnim analyzatorem.
Chiralni separace: plynovy chromatograf HP 6850 Series (Agilent) s plamenové-ionizacnim
detektorem (FID).

Dvourozmérny plynovy chromatograf s hmotnostni detekei (s praletovyim hmotnostnim
analyzatorem) GCXGC/TOF-MS: Pegasus 4D, Leco Corporation, USA.

Preparativn{ plynovy chromatograf: 6890N plynovy chromatograf (Agilent) vybaveny inletem
s programovatelnou teplotou EPC PTV inlet (Gerstel, Mihlheim, Germany) a plamenové-
ionizacnim detektorem (FID). Frakce byly jimany v preparacnim frakénim kolektoru (Gerstel).
Plynova chromatografie s elektroantenografickou detekci (GC-EAD): GC-5890A Hewlett-
Packard. EAD-termiti tykadlo pfipojeno ke dvéma argent-chloridovym elektrodam napojenym
do AC/DC ptevodniku a 10XProbe (Syntech, Hilversum, Nizozemi).

NMR spektra: Bruker Avance 500 MHz.

FTIR spektra: plynovy chromatograf Agilent 6850 spojeny s Nicolet 6700FT-IR spektrometrem

(Thermo Scientific).



VYSLEDKY A DISKUZE

1 Feromony

1.1 Stopovaci feromon druhu Glossotermes oculatus

Tato kapitola shrnuje nase vysledky identifikace stopovacitho feromonu u jihoamerického druhu
Glossotermes oculatus, které byly publikovany v ¢asopise Chemical Senses v roce 2011 (Publikace A).

Biologicky aktivni hexanovy extrakt pfipraveny z 300 sternalnich zlaz délnika druhu
Glossotermes oculatus byl analyzovan pomoci dvourozmérné plynové chromatografie s hmotnostni

detekci (GCXGC/TOF-MS). Vysledkem byl velmi bohaty chromatogram (Obt. 1).

Retention time BPX-50 (s)

416 916 1416 Retention time (s)
A Retention time DB-5 (s) B

Obr. 1 A. 2D-chromatogram extraktu sternalnich zlaz délnika G. oculatus

B. 3D vizualizace

Vzhledem ke komplexnosti extraktu, problémum zpusobenym velkym vyskytem mastnych
kyselin a neuspéchu pii pouziti elektroantenografického detektoru jsme pfistoupili k frakcionaci
extraktu a naslednému testovani biologické aktivity jednotlivych frakci. Nejprve bylo pomoci
sloupcové chromatografie zfskano 11 frake{ (hexan:ether od 10:0 do 0:10), z nichz dvé byly
biologicky aktivni. Tyto frakce byly smichany a nasledné rozdéleny pomoci preparativni plynové
chromatografie ve tfech krocich. Z této série frakcionaci vzesla jedina aktivn{ frakce s jedinou
kandidatni litkou (KI = 2075 na DB-5) s m/z 278. Hmotnostn{ spektrum této latky je zobrazeno
na Obr. 2.
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Obr. 2 Hmotnostni spektrum kandidatni latky

Na zakladé hmotnostniho spektra podobného v pfirodé se vyskytujici kyseliné linolové a jejim
derivatim byla navrzena struktura (10Z,13Z)-nonadeka-10,13-dien-2-on (dale uvadéna jako
nonadekadienon). Stereochemie byla navrzena v souladu s pfirozenou kyselinou linolovou.
Pro potvrzeni nasi hypotézy byla navrzena struktura syntetizovana z komeréné dostupného
methylesteru kyseliny linolové. Porovnani chromatografického chovani a hmotnostnich spekter
syntetického standardu a nasi kandidatni latky z autentického extraktu ukazalo pfesnou shodu.
Prestoze pozice dvojnych vazeb byla navrzena na zakladé pfirodni kyseliny linolové,
pro empirické potvrzeni byly pfipraveny DMDS derivaty jak latky z extraktu, tak latky syntetické

(Obr. 3), coz opét ukazalo pfesnou shodu.
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Obr. 3 DMDS nonadecadienonu

Identifikovana  struktura,  (10Z,13Z)-nonadeka-10,13-dien-2-on,  se  dramaticky  lisi
od nenasycenych alkoholt s 12-ti uhlikatym fetézcem vyskytujicich se u vSech dalSich celedi

vyssich termitt a zduraznuje vzdalenou fylogenetickou pozici ¢eledi Serritermitidae.



1.2 Stopovaci feromon a pohlavni feromon u druhu Psammotermes hybostoma

V této kapitole jsou shrnuty vysledky studie zaméfené na identifikace stopovaciho a pohlavniho
feromonu u termita druhu Psamimotermes hybostoma (Rhinotermitidae) pochazejicich z Egypta, které
byly publikovany v ¢asopise Journal of Chemical Ecology v roce 2011 (Publikace B).

Vzhledem k nizkym koncentracim stopovacich feromont byl pro analyzu pomoci
GCXGC/TOF-MS (LECO, Pegasus 3D) vyuzit velmi koncentrovany vzorek pfipraveny z 50
sternalnich zlaz v 1 pl hexanu. Pouziti takto koncentrovaného vzorku bylo mozné pouze diky
nizkému obsahu mastnych kyselin ve sternalnich zlazach v porovnani s celotélnimi oplachy.
Na zakladé retencnfho indexu a typické fragmentace byl pomoci diagnostického fragmentu
m/z 91 nalezen nejznaméjsi termiti stopovaci feromon (3Z,6Z,8E)-dodeka-3,6,8-trien-1-ol (dale
uvadén jako dodekatrienol; m/z 180, KI=1525 na DB-5 ). Porovnani se standardem je zobrazeno

na Obr. 4.
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Obr. 4 Vlevo: GCXGC chromatogram extraktu sternalnich zlaz délnika P. hybostoma, bily oval
znazornuje polohu dodekatrienolu. Vpravo: Hmotnostni spektra (3Z4,6Z,8 E)-dodeka-

3,0,8-trien-1-olu A - extrakt sternalnich zlaz, B - synteticky standard

Ackoli detekce dodekatrienolu neni pfekvapiva z fylogenetického pohledu, jelikoz je to nejcastéjsi
stopovaci feromon, jeho detekce pomoci chromatografickych metod je obtizna vzhledem k velmi
nizkym koncentracim nutnym pro vyvolan{ aktivity a tim padem stopovym mnozstvim ve zlaze.
Tato studie je dukazem efektivhosti modernich analytickych metod, jelikoz se nam poprvé
podafilo potvrdit pfitomnost dodekatrienolu v extraktu pomoci chromatografické metody.

Druhd cast této studie byla zaméfena na identifikaci samic¢iho pohlavniho feromonu
druhu  Psammotermes hybostoma, produkovaného v tergalnich a sternalnich Zlazach rojicich se

samicek. Nejprve byly pomoci GC-MS s kvadrupdlovym hmotnostnim analyzatorem porovnany



profily kutikularnich uhlovodikt samicek ze vsSech lokalit sbéru, aby se potvrdilo, ze vSechny
vzorky patii k jednomu druhu. Nasledné byly analyzovany hexanové extrakty sternalnich a
tergalnich zlaz (25 zlaz/1 pl) pomoci GCXGC/TOF-MS. V obou typech extraktd byl opét
detekovan dodekatrienol (Obt. 5).
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Obr. 5 GCXGC chromatogramy extraktd tergalnich a sternalnich zlaz

Identifikovali jsme (3Z,6Z,8E)-dodeka-3,6,8-trien-1-ol jako stopovaci a zaroven pohlavni
teromon u druhu Psammotermes hybostoma. Vzhledem k nepfesnosti kvantifikace této latky
zpusobené rozmyvanim pfi dvourozmérné chromatografii bylo mnozstvi dodekatrienolu uréeno
pomoci elektroantenografie na 1 — 10 pg ve sternalni zlaze délnika a 1 pg ve sternalnf a 10 pg

v tergalni zlaze samicek.



1.3 Stopovaci feromon a pohlavni feromon u druhu Hodotermopsis sjoestedti

Tato kapitola shrnuje vysledky studie zaméfené na identifikace stopovactho a pohlavniho
feromonu u termitd druhu Hodotermopsis sjoestedti (Archotermopsidae), na které jsem mcéla
moznost spolupracovat s védci z Australie, Francie a Japonska. Ziskané vysledky byly
publikovany v casopise Journal of Insect Physiology v roce 2011 (Publikace C).

Pro obé casti studie byly pouzity extrakty pfipravené tfenim pfislusnych zlaz na povrchu
téla termita pomoci SPME vlikna (PDMS/DVB). Pro studium stopovaciho feromonu bylo
extrahovano 20 — 50 sternalnich zlaz délnikt, pro studium pohlavniho feromonu 10 — 20
reprodukénich jedinci.

Stopovaci feromon byl detekovan na zakladé¢ srovnani latek nalezenych na povrchu
sternalnich Zlaz a kontrolni oblasti, zadn{ ¢asti zadecku. Tento experiment ukazal pfitomnost latky
specifické pro sternalnf zlazy s KI = 1468 na nepolarni koloné DB-5 a KI = 1937 na polarni

koloné¢ DB-WAX. Hmotnostni spektrum této latky je zobrazeno na Obr. 6.
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Obr. 6 EI spektrum stopovacitho feromonu druhu H. sjoestedti

Na zakladé¢ fragmentace, FT-IC spektroskopie a srovnani s publikovanymi daty [2] byla navrzena
struktura  4,6-dimethylundekan-1-ol. Naslednou syntézou byla pfipravena smés sz a anti
diastereomert. Pro identifikaci spravného diastereomeru uzivaného termity byly porovnany
chromatogramy syntetického standardu a pfirodniho extraktu. Na zaklad¢é tohoto srovnani bylo
zjisténo, ze stopovacim feromonem druhu H. goestedti je syn-4,6-dimethylundekan-1-ol. Vzhledem
k tomu, Zze syn-4,6-dimethylundekan-1-ol ma dva chiralni uhliky existuji dvé moznosti pro finalni

strukturu (Obr. 7).

(4R,6S)-4,6-dimethylundecan-1-ol (4S,6R)-4,6-dimethylundecan-1-ol

Fig. 7 Finaln{ struktury syz-4,6-dimethylundekan-1-olu
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Obdobné¢ jako v pfipadé studie stopovactho feromonu, pohlavni feromon druhu H. gjoestedti byl
studovan pomoci extraktu ziskaného pfimou extrakci z povrchu sternalnich a tergalnich zlaz
reproduké¢nich jedinci. Na povrchu sternalnich Zlaz samct byla nalezena specificka latka
s KI = 1406 na koloné¢ DB-5 a KI = 1668 na koloné¢ DB-WAX. Hmotnostni spektrum této latky

je zobrazeno na Obr. 8.
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Obr. 8 EI spektrum samci specifické latky

Na zakladé porovnani hmotnostniho spektra samci latky s pfibuznym druhem Zootermopsis
nevadensis, jehoz samc¢im pohlavnim feromonem je syn-4,6-dimethyldodekanal [2], byla navrzena
struktura syn-4,6-dimethylundekanal. Tato latky byla pfipravena oxidaci dfive pfipraveného
stopovaciho feromonu, 4,6-dimethylundekan-1-olu. Stejné jako v pfipadé stopovaciho feromonu

existuji dvé varianty finalni struktury (Obrt. 9).

(4R,6S)-4,6-dimethylundecanal (4S,6R)-4,6-dimethylundecanal

Ihn
In

Fig. 9 Finaln{ struktury synz-4,6-dimethylundekanalu

Situace u samicitho pohlavniho feromonu se ukazala mnohem jednodussi, nebot’ specificka samici
latka odpovidala (5E)-2,6,10-trimethylundeka-5,9-dienalu, nalezenému u druhu Zootermopsis
nevadensis. Jelikoz rozdilné pohlavni feromony u samct a samic byly dosud popsany pouze u rodu
Zootermopsis, nase vysledky potvrzuji ptibuznost rodt Hodotermopsis a Zootermopsis, jez byly nedavno

zafazeny jako sesterské rody do celedi Archotermopsidae [3] a oddéleny od ostatnich linif.
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1.4 Poplasny feromon druhu Termitogeton planus

Tato kapitola shrnuje na§ vyzkum chemického slozeni obranné sekrece vojaku malo
prostudovaného druhu  Temwitogeton planus (Isoptera: Rhinotermitidae) ze Zapadni Papuy
a biologické role této sekrece pii vyvolavani poplasného chovani. Nase vysledky byly publikovany
v casopise Journal of Chemical Ecology v roce 2014 (Publikace D).

Pomoci GC-MS s kvadrupdlovym hmotnostnim analyzatorem (DSQ II) a nepolarni
kolonou ZB-5MS bylo nejprve analyzovano 24 vzorkt obranné sekrece vojaka druhu T. planus
z deviti raznych.kolonii. Pro tyto analyzy byly pfipraveny dva typy extraktd. Jeden typ byl
piipraven extrakei 40 — 120 hlav vojaka piimo v terénu, druhym typem byly extrakty hlav jedinca
pfipravené v laboratofi v Praze. Vsechny extrakty byly pfipraveny stejnou procedurou, kdy bylo
pouzito 10 pl destilovaného hexanu na jedince a extrakce probihala 12 hodin pfi 4°C. Pro ucely
kvantifikace byl pouzit vnitini standard 1-bromdekan (40 ng/ul), ktery byl nastfikovan spole¢né
se vzorkem. Pro jednoznacné uréeni specifickych obrannych latek vojaka (Obr. 10; Tab. 1) byly

z kazdé kolonie analyzovany také celotélni oplachy délnikd.
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Obr. 10 GC chromatogram obranné sekrece vojakt druhu Termitogeton planus
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Tab. 1 shrnuje identitu a relativn{ zastoupeni obrannych latek vojaku ze vSech studovanych

kolonii.

RI w1 TP-2 TP-3 TP-4 TP-5 TP6 TP-7 TP-8 TP-9 TP-10 TP-11 nglind.

Nonan 900 94 149 112 111 7.9 6.8 7.4 10.3 6.5 18.1 15.8 /
(18)-(-)-a-Pinen 940 711 660 705 728 753 783 742 755 753 514 355 3300
(1S)-(-)-B-Pinen 986 111 12.1 1.5 100 102 9.9 1.1 1.3 102 7.5 6.5 500

Myrcen 991 0.5 ND ND ND ND ND <0.5% ND 0.6 0.7 0.9 65

Dekan 1000 <0.5% ND ND ND ND ND <0.5% <0.5% <0.5% 14 2.7 /
a-Phellandren 1011 1.4 1.3 2.0 1.4 1.4 1.0 1.4 0.9 1.2 1.0 1.5 83

a-Terpinen 1022 25 1.6 29 1.5 1.8 1.5 2.8 0.9 1.9 4.0 4.9 250
(R)-limonen 1036 2.7 1.8 1.5 1.9 23 1.7 23 0.7 25 29 4.2 198
(E)-B-Ocimen 1048 ND ND ND ND ND ND ND ND ND <0.5% <0.5% 15
y-Terpinen 1062  ND ND ND ND ND ND ND ND ND <0.5% <0.5% 10
Teprinolen 1092 ND ND ND ND ND ND ND ND <05% 0.8 1.5 50
Undekan 1100 1.2 23 <05% 1.3 1.2 0.8 06 <05% 1.3 120 26.2 /

Pro presnéjsi separaci a identifikaci byly nékteré vzorky analyzovany také pomoci dvourozmérné
plynové chromatografie s hmotnostni detekci (GCXGC/TOF-MS; Leco, Pegasus III). Sepatrace
v druhé dimenzi odhalila také stopové mnozstvi undecenu. Celkové byly identifikovany 4
nasycené ¢i nenasycené uhlovodiky spolecné s osmi monoterpeny, které byly identifikovany
na zakladé srovnani retencnich indexu a fragmentace s literaturou [4] a s komerc¢né dostupnymi
standardy. Vzhledem k tomu, Ze enantiomerickd cistota muze byt klicova pro vyvolani
poplasného chovani [5, 6], byly nékteré vzorky analyzované také na GC-FID (HP 6850 Series)
s chirdln{ kolonou HP-CHIRAL-20B a porovnany s komercnimi standardy.

V dal§im kroku bylo smichiano 8 komercnich standardd monoterpent v relativnim
zastoupen{ odpovidajicim autentickému extraktu. Tato smés byla pouzita pro biotesty a jelikoz
vyvolavala stejnou poplasnou reakci jako piirodni extrakt, pokracovali jsme v hledani latek
odpovédnych za toto chovani. Vzhledem k omezenému poctu testovacich jedinct nebylo mozné
testovat vSechny mozné kombinace monoterpent, a proto byla pfipravena smés 4 dominantnich
monoterpent a 4 minoritnich monoterpend. Testy byly provedeny také s nejvice zastoupenym
monoterpenem, (15)-a-pinenem. Pfestoze reakce termitt na smés 4 dominantnich monoterpent
a (15)-a-pinen byla silnéjsi, smés minoritnich monoterpenu byla také aktivni.

Na zaklad¢ téchto vysledkd jsme dosli k zavéru, Ze poplasny feromon druhu
T. planus je viceslozkovym signalem kombinujicim majoritni 1 minoritni slozky obranné sekrece
vojakua. Tento typ viceslozkového chemického signalu je u raznych druhd hmyzu 1 jinych zvifat

preferovan nad jednoslozkovym signalem [7] a pfedstavuje takzvany chemicky jazyk [8].
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1.5 Signaly plodnosti druhu Prorhinotermes simplex

Tato kapitola shrnuje nasi studii chemickych latek produkovanych pohlavnimi jedinci termitd
druhu  Prorhinotermes simplex: (Rhinotermitidae), jez by meély hrat roli pfi jejich rozpoznavani.
Na zakladé pfedchoziho vyzkumu kolegt jsme se zaméfili na nizkomolekularni tékavé latky,
pravdépodobné polarntho charakteru, které by mély byt vazané na protein vylucovany povrchem
téla kralt a kraloven.

Mym prvnim dkolem bylo vyvinout vhodnou extrakéni metodu kompatibilni s GC.
Ze vsech pokusu se nejefektivnéjsi ukdzala extrakce dichlormethanem po dobu 16 hodin
v mrazaku. Obr. 11 ukazuje srovnani 1D chromatogramu extrakti samct, samic a délnika

pfipravenych vyse popsanou procedurou. Specificka latka pro pohlavni jedince je oznacena

hvézdickou.
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Obr. 11 GC chromatogramy pohlavnich jedinct a délnikt

Dalsim krokem byla identifikace kandidatni latky, jejiz hmotnostni spektrum je zobrazeno

na Obr. 12.
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Obr. 12 EI spektrum kandidatni latky
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Analyza na pfistroji Q-TOF (Waters) urcila molekulovou hmotnost neznamé latky m/z 220
s prvkovym slozenim C,H,O,. Vyrazny fragment m/z 31 typicky pro alkoholy spolecné
s vysledky z IC spektroskopie ukazovaly na latku s dvémi hydroxyskupinami. Ke zjisténi polohy
hydroxyskupin byla pouzita derivatizace pomoci TMSI. Pro pfedstavu o vétveni molekuly byl
pfipraven také silylovany derivat komercniho standardu dodekan-1,12-diolu. Posun v retenc¢nim
case oproti derivatu nasi kandidatn{ latky naznacil vétveni. Jelikoz v EI spektru derivatu nasi latky

dominovaly fragmenty m/z 117 a 131 (Obr. 13), byla navrzena struktura dodekan-2,10-diol.
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Obr. 13 EI spektrum kandidatni latky po silylaci

Navrzena struktura, dodekan-2,10-diol byla pfipravena synteticky a porovnana s piirodnim
extraktem pomoci GCXGC/MS a GC-IC. Obé tyto metody ukazaly piesnou shodu stejné jako
porovnani silylovanych derivata. Dal$im krokem tohoto vyzkumu bude selektivni syntéza 4
moznych izomerd dodekan-2,10-diolu (Obr. 14) a tvorba vhodného biotestu ke zjisténi

biologické role této latky v termitich koloniich.
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Obr. 14 Izomery dodekan-2,10-diolu
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2 Obranné chemické latky

2.1 Obranné latky vojakia druhu Psammotermes hybostoma

Tato kapitola shrnuje nasi studii obrannych chemickych latek termita druhu Psammotermes
hybostoma (Rhinotermitidae), publikované v casopise Journal of Chemical Ecology v roce 2012
(Publikace E).

V ramci této studie byla analyzovana sekrece frontalni zlazy vojaka z deviti ruznych
kolonif z péti lokalit v povodi Nilu a Zapadni pousté¢ v Egypté. Vedle identifikace obrannych
chemickych latek byla studovana také vnitrokolonialni, mezikolonialni a geograficka chemicka
diverzita. Nejprve byly porovnany extrakty délniktt a vojaka pro nalezeni latek specifickych

pro vojaky (Obr. 15).

100"
80 worker
60 7
40

207

1007

Relative Abundance

60+ soldier

607
40|

20

T T T T
12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time (min)

Obr. 15 Srovnani chromatogramu délnikd a vojaka

Celkem bylo detekovano 33 latek specifickych pro kastu vojaka patficich pfrevazné mezi
seskviterpeny a jejich oxidované derivaty. Vzhledem k tomu, ze standardy seskviterpent vétsinou
nejsou komeréné dostupné, probihala identifikace pfrevazné na zakladé srovnani s literaturou
[4, 9], jen v nékolika pifpadech bylo finalni potvrzeni provedeno pomoci pfirodntho nebo
syntetického standardu. Tabulka 2, jez je zjednodusenou verzi tabulky uvedené piimo v Publikaci
E, ukazuje vSechny latky specifické pro vojaky, jejichz zastoupeni v extraktu bylo vice nez 1%. Uz
pfi prvnim pohledu na tabulku je mozné jednoduse rozlisit tfi odlisné chemotypy obsazené
v naSich vzorcich. Latky typické pro jednotlivé chemotypy byly B-elemen, valencen a

(E)-y-bisabolen.
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Tab. 2 Seznam obrannych latek druhu P. hybostoma

RI Nazev Chem.tiida A1 A2 A3 [Pl Bl Bllct c2 b1 E1 E2
1188 p-methylacetophenon keton - - - - - - - - 2 - -
1394 iso-B-elemen sesquiterpen - - - 2 3 3 2 - - - -
1402 B-elemen sesquiterpen 11 8 25|64 62 58|34 15 15 14 25
451 2 cihylbcydols sOjdekan SeSIePen 22 oo
1464 a-helmiscapen sesquiterpen 18 16 8 5 5 7 4 5 - - -
1488 cis-eudesma-6,11-dien sesquiterpen 2 2 - - - - - - - - -
1495 selina-4,11-dien sesquiterpen - - - - - - 7 5 8 - -
1497 aristolochen sesquiterpen 5 4 3 2 2 2 - - - - -
1504 valencen sesquiterpen 58 65 54 | 22 21 26|19 3 6 3 6
1515 B-bisabolen sesquiterpen - - - - - - 4 7 15 6
1532 7-epi-a-selinen sesquiterpen - - - - - - - 2 3 2
1541 (E)-y-bisabolen sesquiterpen - - - - - - 25 24 34 46 49
1549 (E)-a-bisabolen sesquiterpen - - - - - - - - 2 4 -
1648 gossonorol ox. sesquiterpen - - - - - - - - 3 4 -
1690 neidentifikovan ox. sesquiterpen - - - - - - - - 2 4 -
1796 neidentifikovan ox. sesquiterpen - - - - - - - - - 3 -

Pro srovnani variability mezi jednotlivymi koloniemi byly pfipraveny hexanové extrakty 10 vojaka

z kazdé kolonie. Pro stanoveni variability v ramci kolonie bylo separatné extrahovano 10 velkych

vojaku z kolonie E2 a 10 malych vojaka z kolonie Al. Pro
uréeni rozdild mezi rbiznymi velikostmi vojaka  byly
z kolonie B1 analyzovany tfi velikostni kategorie (mali,
stfedni, velci). Vysledky téchto porovnani jsou znazornény
na Obr. 16.

V ramci jednotlivich kolonii a mezi raznymi
velikostmi vojakt nebyly pozorovany rozdily. Naproti tomu
mezi jednotlivymi koloniemi byly detekovany tak vyrazné
kvantitativni a kvalitativni rozdily, ze bylo mozné rozlisit tfi
ruzné chemotypy odpovidajici lokalit¢ pavodu. Tato zjisténi
prokazuji moznost vyuziti obranné chemie termitd jako

nastroj pro studium fylogeografie.
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2.2 Obranné chemické latky druhu Neocaptitermes taracua

Tato kapitola shrnuje nas vyzkum obrannych chemickych latek a obranného mechanismu délnika
neotropickych termitt  Neocapritermes taracua (Termitidae). Tento vyzkum je rozsifenim nasi
pfedchozi studie zaméfené na obranu tohoto druhu z pohledu anatomie a chovani [10] a bude
soucasti pfipravované publikace zabyvajici se velmi neobvyklou obrannou strategii druhu
N. taracna z chemického pohledu.

Délnici druhu N. faracua pouzivaji unikatni dvouslozkovou obranu. S pfibyvajicim vékem
ve dvou kapsach na zadni ¢asti téla postupné kumuluji par modrych struktur pfipominajicich
krystaly (dale nazyvany modré krystaly). Pokud dojde k utoku, délnikim praskne tkan mezi
modrymi krystaly a slinnymi zlazami. Smichanim obsahu slinnych zlaz a modrych krystala
v hemolymfé vznikne zluta lepkava kapalina, ktera je toxicka pro ostatni termity. Spolupracujic
biochemici urcili, ze modré krystaly jsou proteiny vazajici méd a mnozstvi médi v jednom
krystalu bylo urceno pomoci hmotnostni spektrometrie s indukéné vazanym plazmatem
(ICP-MS) na 9%2 ng [10]. Funkéni mechanismus obrany z chemického pohledu vsak ztstaval
neznamy.

Jelikoz extrakce v organickych rozpoustédlech se ukazala velmi komplikovana vzhledem
k nerozpustnosti modrych krystald, rozhodla jsem se pouzit SPME pro studium tékavych latek
vylucovanych toxickou kapalinou. Prvni experimenty byly provedeny se skupinou 10 starych
délnika s modrymi krystaly a skupinou 10 mladych délnika bez téchto krystald. Zatimco
u mladych délnfka byly detekovany pouze nizké koncentrace methyl- a ethylbenzochinonu,
u starych délnikd byly nalezeny vysoké koncentrace benzochinonu a jeho methyl- a ethyl- derivata
stejné¢ jako hydrochinonu a jeho methyl- a ethyl- derivata (Obr. 17).

Dale byly analyzovany methanolové vzorky 5 slinnych zlaz délnika ze tif kategorii
(bez modrych krystalt, s malymi krystaly a s velkymi krystaly), coz ukazalo pfitomnost
hydrochinonu a jeho derivatt, které byly nalezeny pfi headspace analyze. Pfestoze tyto latky byly
nalezeny u vSech tif studovanych kategorii, byl pozorovan vyrazny narust kvantity se zvétsujici se

velikosti modrého krystalu, a tim padem s vékem délnikta (Obr. 18).
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Obr. 17 Headspace analyza délnika bez/s modrymi krystaly
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Obr. 18 Zvysujici se mnozstvi hydrochinonu a jeho derivata s vékem délnika

Dile jsme studovali relativni mnozstvi benzochinonu a jeho derivatd ve vznikajici kapaliné

u razné starych jednotlivet pomoci headspace SPME a nasledné GCXGC/MS analyzy (Obr. 19).
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Obr. 19 Relativni mnozstvi benzochinonu a jeho derivath ve vznikajici kapaliné

Navzdory obtiznosti kvantifikace vystupti z dvourozmérné plynové chromatografie jsme
zaznamenali stejny trend ve zvySovani mnozstvi s vékem jako v pfipadé hydrochinonu a jeho
derivata ve slinnych zlazach. Tato zjisténi nas pfivedla k hypotéze, ze obranny mechanismus
tohoto druhu spociva v oxidaci hydrochinonu a jeho derivatd pochazejicich ze slinnych Zlaz
na toxicky benzochinon a jeho derivaty za katalyzy modrych krystalem tvofenym proteinem

vazajicim méd’ (Obr. 20).
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Obr. 20 Oxidace hydrochinonu proteinem vazajicim méd’ [11]

Nase zjistén{ jsou v souladu s dfive publikovanymi daty, kde byla popsana role méd’'natych ionta
pfi zvySovani cytotoxicity hydrochinonu [11, 12]. Nicméné zdroj médi a dal$i aspekty této

unikatni obranné strategie zustavaji neznamé.
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ZAVER

Cilem této prace bylo pfispét ke znalosti chemické komunikace a obrany u vybranych dalezitych a
malo prostudovanych rodu termitd s durazem na chemickou identitu a funkci semiochemikalif a
obrannych latek a jejich chemickou diverzitu ve fylogenetickém kontextu.

V ramci projektu zaméfeného na klicové termiti rody z celedi Rhinotermitidae a
Serritermitidae jsem se podilela na identifikaci nového stopovactho feromonu termitd druhu
Glossotermes oculatus. 1dentifikovana struktura, (10Z,13Z)-nonadeka-10,13-dien-2-on, se vyrazné lisi
od nenasycenych alkoholt s 12 uhliky, které byly detekovany u vsech ostatnich druht pfibuznych
celedi, a tim podtrhuje oddélenou fylogenetickou pozici celedi Serritermitidae.

Dile jsem spolupracovala na identifikaci stopovaciho a pohlavniho feromonu druhu
Psammotermes hybostoma (Rhinotermitidae). Prestoze byl v obou pfipadech identifikovan nejcastéjsi
termit{ feromon, (3Z,6Z,8E)-dodeka-3,6,8-trien-1-0l, bylo to poprvé co se nam podafilo
detekovat tuto latku pomoci chromatografickych metod. U druhu Psammotermes hybostoma jsem
studovala také obrannou sekreci vojaka. Dohromady jsem detekovala 33 obrannych latek, z nichz
vétsina byla plné identifikovana. Kvalitativni a kvantitativni srovnani obrannych smési
jednoznacné odlisilo tii razné chemotypy, které odpovidaly lokalit¢ ptivodu. V ramci stejného
projektu jsem také identifikovala chemické slozeni poplasného feromonu vojaka druhu
Termitogeton planus (Rhinotermitidae). Ukazalo se, Ze poplasny signal je viceslozkovy a kombinuje
majoritn{ 1 minoritni monoterpeny z obranné sekrece.

Ve spolupraci se zahranicnimi pracovisti byly u zastupce primitivnich termita
Hodotermopsis ~ sjoestedti. identifikovany dva nové feromony: syn-4,6-dimethylundekan-1-ol jako
stopovaci feromon a syn-4,6-dimethylundekanal jako samci pohlavni feromon. Nase vysledky
podtrhuji  fylogenetickou pfibuznost roda Hodotermopsis a  Zootermopsis  patfici k  celedi
Archotermopsidae.

U délnika neotropickych termita Neocapritermes taracua (Termitidae) jsem se podilela
na popisu dvouslozkového obranného mechanismu, ktery spociva v oxidaci hydrochinonu a jeho
derivatd na toxicky benzochinon a pfislusné derivaty za katalyzy proteinem vazajicim méd.
Nakonec jsem identifikovala dodekan-2,10-diol jako signal plodnosti u druhu Prorhinotermes simplex

(Rhinotermitidae) a hypoteticky primer feromon.
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ABSTRACT

Analytical chemistry plays a crucial role in studies on chemical ecology and only the development
of sophisticated methods enables the detection of biologically active compounds that are usually
present in minute quantities and often in very complex mixtures. My thesis is dedicated
to the application of modern analytical techniques and instrumentation to unravel the identity,
chemical diversity and function of semiochemicals and defensive compounds used by various
species of termites.

The first section of this thesis aims at the identity of chemicals used in communication,
the pheromones. I studied the chemistry of the trail-following communication in three selected
species of termites. Besides the identification of (3Z,6Z,8E)-dodeca-3,6,8-trien-1-ol, the most
frequent termite trail-following pheromone, as the trail-following pheromone in Psammoternes
hybostoma ~ (Rhinotermitidae), 1 participated in the description of two new structures,
(10Z,13Z)-nonadeca-10,13-dien-2-one  in  Glossotermes — oculatus ~ (Serritermitidae)  and
syn-4,6-dimethylundecan-1-ol in  Hodotermopsis ~ sjoestedti  (Archotermopsidae). We identified
(34,6Z,8E)-dodeca-3,6,8-trien-1-ol to be the female sex pheromone in Psammotermes hybostoma,
and syn-4,6-dimethylundecanal to be the male sex pheromone in Hodotermopsis sjoestedti. 1 also
identified the chemical composition of the complex multi-component alarm pheromone secreted
by the soldiers of Temmitogeton planus (Rhinotermitidae) and the volatile specific to reproductives,
dodecane-2,10-diol, in Prorhinotermes simplex (Rhinotermitidae).

In the second section, I summarize the studies on the chemistry of termite defensive
compounds. In soldiers of Psammotermes hybostoma, 1 detected altogether 33 defensive chemicals
belonging mainly to sesquiterpenes and fully identified majority of them. Qualitative and
quantitative comparison of defensive blends among colonies clearly distinguished three different
chemotypes, corresponding well with the localities of their origin. In workers of Neocapritermes
taracua (Termitidae), I participated in the description of a previously unknown multi-component
defensive mechanism, resulting in the production of benzoquinone(s), converted
from hydroquinone(s) through the catalysis by a copper-binding protein.

To conclude, my results highlighted the complexity of chemicals used in communication
and defence in termite societies, and contributed to the understanding of the evolution

of pheromones and defensive chemicals in these oldest social insects.



INTRODUCTION

Chemical ecology is a relatively new discipline linking chemistry and biology in order to study
interactions between organisms and their environment. Chemical signals represent the most
ancient and widespread communication tool in the animal kingdom. The main objective
of chemical ecologists is to get ‘the maximum amount of information from the minimum amount
of the sample’ [1]. Since semiochemicals often occur in really low quantities, micrograms or less,
microscale techniques together with microscale equipment are needed. In some cases, a simple
chemical reaction leading to a modification of the original compound can facilitate the analysis
by enhancing the separation, increasing the detectability or by indicating the presence

of particular functional group at specific position in the molecule.

AIMS

The aim of my thesis is to unravel the chemistry of pheromone communication and chemical
defence in societies of termites, with emphasis on poorly known species from phylogenetically
important lineages. The main part of this thesis was performed in the frame of a research project
entitled "Biology, chemical ecology, and phylogeny of critical termite genera from families
Rhinotermitidae and Serritermitidae”. I studied and included in my thesis the following topics:
e trail-following communication of Glossotermes oculatus (Serritermitidae) (Paper A)
e trail-following pheromone, sex pheromone and chemical defence in Psammotermes
hybostoma (Rhinotermitidae) (Papers B, E)
e alarm communication in Temmnitogeton planus (Rhinotermitidae) (Paper D)
Beside the main project I was involved in two other projects on the chemical ecology of termites,
performed in collaboration with biologists and chemists from foreign laboratories:
e trail-following pheromone and sex pheromone in  Hodotermopsis  sjoestedti
(Archotermopsidae) (Paper C)
e chemical defence by workers of Neocapritermes taracua (Termitidae)
I also participated in the search for chemical fertility signals emitted by the kings and queens:
e identification of a fertility related volatile compound in Prorhinotermes simplex

(Rhinotermitidae)



MATERIALS AND INSTRUMENTATION

Biological material

Colonies of Glossotermes oculatus and Neocapritermes taracua were collected in French Guiana,
Psammotermes hybostoma in Egypt, Hodotermopsis sjoestedti in Vietnam and Termitogeton planus in West

Papua. Prorbinotermes simplex originated from Cuba and is held in the laboratory since 1964.

Chemicals

Reagents and synthetic standards were purchased from Sigma-Aldrich or Fluka, solvents
from Penta or Merck. Standards of trail-following pheromones were kindly supplied by Christian

Bordereau (Dijon, France).

Instrumentation

One-dimensional GC-MS (quadrupole mass analyzer): Focus GC, Thermo Scientific DSQ 1I.
High-resolution MS data: Waters GCT Premier with time-of-flight mass analyzer.

Chiral separation: gas chromatograph HP 6850 Series (Agilent) with FID detector.
Two-dimensional comprehensive gas chromatograph coupled with mass detector (time-of-flight
mass analyzer) GCXGC/TOF-MS: Pegasus 4D, Leco Corporation, United States.

Preparative gas chromatograph: 6890N gas chromatograph (Agilent) equipped with a liquid
nitrogen cooled EPC PTV inlet (Gerstel, Mihlheim, Germany) and FID detector. Fractions
collected in Preparative fraction collector (Gerstel).

Gas chromatograph coupled with electroantennographic detector (GC-EAD): GC-5890A
Hewlett-Packard. EAD-termite antenna connected via two glass Ag/AgCl electrodes to universal
AC/DC 10XProbe (Syntech, Hilversum, The Nethetlands).

NMR spectra: Bruker Avance 500 MHz.

FTIR spectra: gas chromatograph Agilent 6850 combined with Nicolet 6700FT-IR spectrometer

(Thermo Scientific).



RESULTS AND DISCUSSION

1 Pheromones

1.1 Trail-following pheromone of Glossotermes oculatus

This chapter reports on our results on the trail-following communication in the South-American
species Glossotermes oculatus, published in Chemical Senses in 2012 (Paper A).

A biologically active hexane extract of sternal glands from 300 workers was analyzed
by means of two-dimensional gas chromatography with time-of-flight mass spectrometric

detection (GCXGC/TOF-MS), giving rise to a very rich chromatogram (Fig. 1).

Retention time BPX-50 (s)

416 916 1416 Retention time (s)
A Retention time DB-5 (s) B
Fig. 1 A. 2D-chromatogram of the sternal gland extract of G. oculatus workers

B. 3D visualization

Because of the complexity of the extract, difficulties caused by the great abundance of fatty acids
in the extract and the failure of our attempts of electroantennographic detection, we decided
to fractionate the extract and test the biological activity of the fractions. Firstly, we used column
chromatography and obtained 11 fractions (hexan:ether from 10:0 to 0:10). Since two of these
fractions were active, we merged them and separated by means of preparative GC in three steps.
From this series of fractionations we obtained one active retention window where we found
a single candidate compound (KI = 2075 on DB-5) with m/z 278. EI-MS spectrum of this

molecule is shown in Fig. 2.
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Fig. 2 EI-MS spectrum of the candidate compound

Based on EI mass spectrum and fragmentation pattern similar to naturally occurring linoleic acid
and its derivatives, we proposed the structure (10Z,13Z)-nonadeca-10,13-dien-2-one (hereafter
referred to as nonadecadienone). The stereochemistry was suggested in accordance
with the natural linoleic acid. To confirm our hypothesis, the nonadecadienone was synthesized
from commercially available methyl (9Z,127)-octadeca-9,12-dienoate (linoleic acid methyl ester).
The comparison of the chromatographic behaviour and mass spectra of the synthetic compound
with our candidate compound from an authentic extract manifested a perfect match. Although
we have proposed the double bonds locations on the basis of the position in naturally occurring
linoleic acid, we decided to confirm these positions empirically by comparing DMDS derivatives

of synthetic and natural compounds (Fig. 3) and it again matched perfectly.
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Fig. 3 DMDS of nonadecadienone

The identified structure, (10Z,13Z)-nonadeca-10,13-dien-2-one, differs dramatically from C12
unsaturated alcohols occurring as trail-following pheromones in all other advanced termite

families and underlines the remote phylogenetic position of Serritermitidae.



1.2 Trail-following and sex pheromones in Psammotermes hybostoma

This chapter summarizes our investigations on the trail-following pheromone and the sex
pheromone in the sand termite Psammotermes hybostoma (Rhinotermitidae) from Egypt, published
in the Journal of Chemical Ecology in 2011 (Paper B).

The first part of this study was focused on the search for the trail-following pheromone.
Bearing in mind the low quantities of termite trail-following pheromones per one individual,
the analysis was performed using GCXGC/TOF-MS (LECO, Pegasus 3D) with a very
concentrated sample representing an extract of 50 sternal glands in 1 pl of hexane. Using of such
a concentrated sample was possible only because of the low amount of fatty acids in the sternal
gland extract in comparison with whole body extracts. Based on the retention indices and
a typical fragmentation of the known termite trail-following pheromones, (3Z,6Z,8E)-dodeca-
3,6,8-trien-1-ol (hereafter named dodecatrienol, m/z 180, KI=1525 on DB-5) was found
in the sternal gland extracts of Psammotermes hybostoma when searching for a diagnostic fragment

m/z 91 (Fig. 4).
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Fig. 4 Left: GCXGC chromatogram of the sternal gland extract of P. hybostoma, a white circle
marks the peak of dodecatrienol. Right: EI-MS spectrum of (3Z,6Z,8E)-dodeca-3,6,8-

trien-1-ol. A - extract of sternal glands, B - synthetic standard

Although the detection of dodecatrienol is not surprising from the phylogenetic point of view,
since it is the most frequent termite trail-following pheromone, its chromatographic detection is
difficult due to the minute active quantities of the compound and thus its low amounts
in the glands. Indeed, this was the first time we had detected this compounds by chromatographic

methods which underlines once again the effectiveness of modern analytical methods.



The second part of this study aimed to identify the female sex pheromone of Psammotermes
hybostoma produced in the tergal and sternal glands of the swarming females. Prior to the proper
analysis, hexane extracts of female alate heads were measured by means of GC-MS
with quadrupole mass analyzer to check whether their cuticular hydrocarbons profiles are
identical, indicating that they belong to the same species and population. Then the hexane
extracts of sternal and tergal glands were analyzed using GCXGC/TOF-MS and by the injection
of 25 gland equivalents in 1ul of hexane. Once again, we determined the presence

of dodecatrienol in both types of extracts (Fig. 5).

Retention time BPX-50 (s)
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Fig. 5 GCXGC chromatograms of female tergal and sternal glands

To conclude, we identified (3Z,6Z,8E)-dodeca-3,6,8-trien-1-o0l as the trail-following pheromone
and at the same time as the sex pheromone in the sand termite Psammotermes hybostoma. Given
an inaccuracy in quantification of this compound by two-dimensional GC caused by tailing,
the quantity was estimated by electroantennography to be 1 - 10 pg in the sternal gland

of workers and 1 pg in the sternal gland and 10 pg in the tergal glands of females.



1.3 Trail-following pheromone and sex pheromones in Hodotermopsis sjoestedti

This chapter summarizes a study on the trail-following pheromone and the sex pheromone
in Hodotermopsis sjoestedti (Archotermopsidae) on which 1 had the opportunity to collaborate
with researchers from Australia, France and Japan. The results of the study were published
in the Journal of Insect Physiology in 2011 (Paper C).

For both purposes, extracts were prepared by rubbing of the surface of appropriate
glands with SPME fibers (PDMS/DVB). For the study of the trail-following pheromone, sternal
glands of 20 - 50 workers were extracted, for the sex pheromone 10-20 reproductives were used.

The trail-following pheromone was identified by the comparison of compounds detected
on the sternal gland surface and on the control surface on the dorsum of abdomen. This
experiment revealed the presence of one compound specific for the sternal gland with KI = 1468

on non-polar column DB-5 and KI = 1937 on polar DB-WAX. The EI-MS spectrum is shown

in Fig. 6.
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Fig. 6 EI-MS spectrum of H. gjoestedt; trail-following pheromone

Based on the fragmentation pattern, FT-IR and comparison with published data [2] we proposed
the structure 4,6-dimethylundecan-1-ol. Subsequent synthesis yielded a blend of gy» and anti
diastereomers. To identify the correct diastereomer used by termites, the GC profiles
of the synthetic mixture and the natural extract were compared. On the basis of this comparison,
we suggested that the trail-following pheromone of H. goestedsi is syn-4,6-dimethylundecan-1-ol.
Since syn-4,6-dimethylundecan-1-ol has two chiral carbon atoms, the two possible final structures

were as follows (Fig. 7):

\/\/\r\r\/\OH - - OH

(4R,6S)-4,6-dimethylundecan-1-ol (4S,6R)-4,6-dimethylundecan-1-ol

Fig. 7 Possible final structures of sy»-4,6-dimethylundecan-1-ol
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Similarly to the trail-following study, the sex pheromone of H. sjoestedti was studied from extracts
obtained using SPME of sternal and tergal glands of reproductives. The specific compound
of male reproductives with KI = 1406 on DB-5 and KI = 1668 on DB-WAX was detected

on the surface of their sternal glands. The EI-MS spectrum is shown in Figure 8.
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Fig. 8 EI-MS spectrum of the male specific compound

Having compared the MS spectrum with that of the male-specific compound in the related

species Zootermopsis nevadensis, syn-4,6-dimethyldodecanal [2], we hypothesized the structure

of the male sex pheromone in H. sjoestedti to be syn-4,6-dimethylundecanal. This compound was
easily prepared by the oxidation of the previously prepared trail-following pheromone,
4,6-dimethylundecan-1-ol. And just as in the case of the trail-following pheromone, the two

possible final structures were proposed (Fig. 9).

(4R,6S)-4,6-dimethylundecanal (4S,6R)-4,6-dimethylundecanal

Fig. 9 Possible final structures of sy»-4,6-dimethylundecanal

The situation in female reproductives appeared to be much easier since their specific compound
corresponded  to  the  female  sex  pheromone  of  Zootermopsis  nevadensis,
(5E)-2,6,10-trimethylundeca-5,9-dienal. Taking into consideration that sex-specific pheromones
in both sexes were previously described only in the genus Zootermopsis, our results underlined
the relation of the genera Hodotermopsis and Zootermopsis which were recently classified as sister

genera and separated from other lineages in a distinct family Archotermopsidae [3].

11



1.4 Alarm pheromone in Termitogeton planus

This chapter summarizes our investigations of the chemical composition of the defensive
secretion of soldiers in a poorly known termite species Termitogeton planus (Isoptera:
Rhinotermitidae) from West Papua and on the biological role of the secretion in eliciting
the alarm behaviour. The results of the study were published in 2014 in the Journal of Chemical
Ecology (Paper D).

In the first step, twenty-four samples of soldier defensive secretion of 1. planus collected
from nine different colonies were analyzed by means of GC-MS with quadrupole mass analyzer
(DSQ 1II) equipped with non-polar ZB-5MS column. For these analyses, two types
of samples were prepared, i.e. extracts of 40 - 120 soldier heads prepared directly in the field and
extracts of individual soldier heads prepared in the laboratory in Prague. All the samples were
prepared in the same way using 10 ul of distilled hexane per individual for an extraction time
of 12 hours at 4°C. For the purposes of relative quantifications, the internal standard,
1-bromodecane (40 ng/pl), was co-injected with the samples. As a control, body extracts of 10
workers from each colony were analyzed, allowing us to clearly discriminate soldier-specific

defensive chemicals (Fig. 10; Tab. 1).
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Fig. 10 GC chromatogram of the defensive secretion of Termitogeton planus soldiers
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Tab. 1 summarizes the identity and relative proportion of soldier defensive compounds from all

studied colonies.

RI w1 TP-2 TP-3 TP-4 TP-5 TP6 TP-7 TP-8 TP-9 TP-10 TP-11 nglind.

Nonane 900 9.4 149 112 111 7.9 6.8 7.4 10.3 6.5 18.1 15.8 /
(1S)-(-)-a-Pinene 940 711 66.0 705 728 753 783 742 755 753 514 355 3300
(1S)-(-)-B-Pinene 986  11.1 12.1 1.5 100 102 9.9 1.1 1.3 102 7.5 6.5 500

Myrcene 991 0.5 ND ND ND ND ND <0.5% ND 0.6 0.7 0.9 65

Decane 1000 <0.5% ND ND ND ND ND <0.5% <0.5% <0.5% 14 2.7 /
a-Phellandrene 1011 1.4 1.3 2.0 1.4 1.4 1.0 1.4 0.9 1.2 1.0 1.5 83

a-Terpinene 1022 25 1.6 2.9 1.5 1.8 1.5 2.8 0.9 1.9 4.0 4.9 250
(R)-limonene 1036 2.7 1.8 1.5 1.9 23 1.7 23 0.7 2.5 2.9 4.2 198
(E)-B-Ocimene 1048 ND ND ND ND ND ND ND ND ND <0.5% <0.5% 15
y-Terpinene 1062  ND ND ND ND ND ND ND ND ND <0.5% <0.5% 10
Teprinolene 1092 ND ND ND ND ND ND ND ND <05% 0.8 1.5 50
Undecane 1100 1.2 23 <05% 1.3 1.2 0.8 06 <05% 1.3 120 26.2 /

For a precise separation and identification, some of the samples were analyzed also by means
of GCXGC/TOF-MS (Leco, Pegasus III) and the separation in the second dimension revealed
the presence of an alkene in trace quantities. Finally, we identified 4 saturated or unsaturated
hydrocarbons together with nine monoterpene hydrocarbons, which were confirmed by their
retention indices and fragmentation patterns with literature [4] and with commercially available
standards. In view of the fact that enantiomeric purity is essential for eliciting the alarm behaviour
[5, 6], we analyzed the natural extracts using GC-FID (HP 6850 Series) with a chiral column
HP-CHIRAL-20B and compared with commercially available standards.

Subsequently, 8 synthetic standards of monoterpenes were mixed together in relative
proportions corresponding to those in the authentic extracts and used in alarm bioassays. Since
the synthetic mixture elicited the same alarm reaction as the natural extract, we continued
with searching for the responsible compound(s). Low number of testing individuals did not allow
us to test all possible combinations of monoterpenes, therefore we tested the mixtures prepared
from 4 major monoterpenes, 4 minor monoterpenes and the dominant monoterpene
(15)-a-pinene. Although the reactions of the termites to the mixture of the four major
compounds and (15)-a-pinene were stronger, the mixture of minor compounds was also active
in eliciting the alarm behaviour.

We concluded that the alarm pheromone of T. planus is a multi-component signal
combining major as well as minor components from the defensive secretion of soldiers. Such
a multi-component chemical signalling is preferred to single-component pheromones in a variety

of insects and other animals [7] and represents what is called the chemical language [8].
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1.5 Fertility signals in Prorhinotermes simplex

This chapter summarizes our investigations on chemicals produced by the reproductives
of the termite Prorhinotermes simplex (Rhinotermitidae), expected to act as recognition cues. Based
on previous investigations of my colleagues, we were searching for a small volatile compound,

very likely quite polar, released from a binding protein secreted on the body surface of the kings

and queens.

My first task was to develop a suitable extraction method compatible with GC. Finally,
the most effective method was the extraction with dichloromethane for 16 hours in freezer.
Fig. 11 shows a comparison of 1D chromatograms of male and female reproductives and workers

prepared by the described method. The candidate compound specific to reproductives is marked

with an asterisk.
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Fig. 11 GC profiles of reproductives versus workers

Subsequently, we proceeded to the identification of the unknown compound of the EI-MS

spectrum depicted in Fig. 12.
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Fig. 12 EI-MS spectrum of the candidate compound
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The analysis on Q-TOF (Waters) determined the molecular mass of our compound to be m/z
202 and the elemental composition C,,H,O,. The m/z 31, typical for alcohols, together with
results from infrared spectroscopy suggested that the compound bears two hydroxyl groups. To
localize the position of the hydroxy groups using TMSI, we prepared a silylated derivative of the
compound as well as the silylated derivative of a commercial standard of a primary diol —
dodecane-1,12-diol. The shift of the retention time suggested a branching of our compound. EI-
MS spectrum of the compound after derivatization (Fig. 13) showed among the dominant
fragments the fragments m/z 117 and 131. Based on these observations we proposed the

molecular structure dodecane-2,10-diol.
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Fig. 13 EI-MS spectrum of the silylated compound

Finally, the compound from the natural extract was compared with the synthetic dodecane-2,10-
diol using GCXGC/MS, GC-IR and both analyses revealed a perfect match. In addition, EI-MS
spectra of silylated derivatives of both, natural and synthetic compounds, were identical. In the
next step, we will selectively prepare the four possible isomers of dodecane-2,10-diol (Fig. 14) and

design a suitable bioassay to investigate the biological role of the compound in termite colonies.
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Fig. 14 Possible isomers of dodecane-2,10-diol
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2 Defensive chemicals

2.1 Defensive chemicals in soldiers of Psammotermes hybostoma

This chapter summarizes our investigations on the defensive chemistry of soldiers in the termite
Psammotermes hybostoma (Rhinotermitidae) published in the Journal of Chemical Ecology in 2012
(Paper E).

In this study, defensive secretions from the frontal gland of soldiers from nine colonies
and five different localities from the Nile Valley and Egyptian Western Desert were analyzed in
order to identify the defensive chemicals and compare their intracolonial, intercolonial and
geographical chemical diversity. Extracts of workers and soldiers were compared in order to

highlight chemicals specific to the caste of soldiers (Fig 15).
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Fig. 15 Comparison of extracted workers and soldiers

Altogether, we detected 33 soldier-specific compounds, belonging mainly among sesquiterpene
hydrocarbons and their oxygenated derivatives. Since standards of sesquiterpenes are in most
cases not commercially available, majority of P. hybostoma chemicals was identified based on the
comparison with literary data [4, 9] and when natural or synthetic standards were available, they
were used for a final confirmation. Table 2 represents a simplified version of a table included in
the Paper E. It shows all soldier-specific compounds identified in extracts in quantity superior to
1%. Even a simple visual inspection of the table allows to distinguish easily three different
chemotypes, present in our sampling. The most indicative compounds for these chemotypes were

B-clemene, valencene and (E)-y-bisabolene.
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Tab. 2 List of P. hybostoma defensive chemicals

RI Name Class at a2 a3 | Pl Bl Slict c2 D1 E1 E2
1188 p-methylacetophenone ketone - - - - - - - - 2 - -
1394 iso-B-elemene sesquiterpene - - - 2 3 3 2 - - - -
1402 B-elemen e sesquiterpene 11 8 25|64 62 58|34 15 15 14 25
1451 28?7?2%585:y5c|(o1[5r.n3eot]hd)g\é:r¥2 sesquiterpene 22 - | - == |- s s -
1464 a-helmiscapene sesquiterpene 18 16 8 5 5 7 4 5 - - -
1488 cis-eudesma-6,11-diene sesquiterpene 2 2 - - - - - - - - -
1495 selina-4,11-diene sesquiterpene - - - - - - 7 5 8 - -
1497 aristolochene sesquiterpene 5 4 3 2 2 2 - - - - -
1504 valencene sesquiterpene 58 65 54 | 22 21 26|19 3 6 3 6
1515 B-bisabolene sesquiterpene - - - - - - 4 7 15 9 6
1532 7-epi-a-selinene sesquiterpene - - - - - - - 2
1541 (E)-y-bisabolene sesquiterpene - - - - - - 25 24 34 46 49
1549 (E)-a-bisabolene sesquiterpene - - - - - - - - 2 4 -
1648 gossonorol ox. sesquiterpene - - - - - - - - 3 4 -
1690 unidentified ox. sesquiterpene - - - - - - - - 2 4 -
1796 unidentified ox. sesquiterpene - - - - - - - - - 3 -

For the comparison of intercolonial variability, hexane extracts of 10 soldiers of each colony were
analyzed, while to assess the intracolonial variability, samples of 10 individual large soldiers
from colony E2 and samples of 10 individual small soldiers from colony Al were compared.
Finally, we evaluated the variability among soldiers

of different body sizes in the colony B1, containing all a4 ‘C—’h_l

the three soldier categories (small, middle and large).
A3
Results are depicted in Figure 16. 9
To conclude, we had not observed any variations B 2
2]
(2]

between soldiers of different body sizes neither within

QO
N =

colonies. On the other hand, we detected quantitative and

2

qualitative differences among particular localities which g4

o
were in some cases so distinctive that three significantly E2Z

. . . . 01 02 03 04 05
different chemotypes corresponding well with the locality Linkage Distance

of origin were established. These findings prove the
Fig. 16 Cluster tree

possibility of using termite defensive chemistry as a tool for

studies on phylogeography.
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2.2 Defensive chemistry of the termite Neocaptitermes taracua

This chapter summarizes our investigations on the defensive chemicals and the functional
mechanism of defence in workers of the neotropical termite Neocapritermes taracua (Termitidae).
This research was conducted as an extension of our previous study on anatomic and behavioural
aspects of the defence in this species [10] and will be a part of a future publication on the
chemistry of the unusual defensive strategy that we discovered in N. faracua [manuscript i prep.].

Workers of N. taracua have a unique two-component chemical defence. As they age, they
gradually accumulate in two cuticular pouches outside their body cavity a pair of blue crystal-like
structures (hereafter called blue crystals). When disturbed, the workers rupture their body wall
between blue crystals and labial glands. The mixing of the labial glands content and blue crystals
with hemolymph results in a yellow sticky fluid which is toxic to other termites. The collaborating
biochemists determined that the blue crystals are copper-containing proteins and the quantity of
the copper was estimated by ICP-MS to be 9%f2 ng [10]. However, the chemistry of the
mechanism of N. faracua defence remained unclear.

Since solvent extraction revealed to be complicated because of insolubility in majority of
solvents, I decided to use the SPME headspace extraction to study volatiles emitted by the
bursting liquid. First experiments were performed with a group of 10 old workers with blue
crystals and 10 young workers without the blue crystals. While in the sample of young workers
without the blue crystals methyl- and ethylbenzoquinone were detected in moderate quantities, in
old workers with the blue crystals we identified very large quantities of benzoquinone and its
methyl- and ethyl-derivatives as well as hydroquinone and the corresponding methyl- and ethyl-
derivatives (Fig. 17).

Subsequently, we analyzed five labial glands of workers of three categories (without blue
crystals, with small blue crystals and with large blue crystals) which revealed the presence of
hydroquinone and both its derivatives which were previously found in the headspace analysis.
These compounds were found in all three categories of workers but there was an obvious
increase in their quantity along with the increase in size of the blue crystals and thus with the age

of the workers (Fig. 18).
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Fig. 17 Headspace analysis of workers without/with blue ctystals
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Fig. 18 The increasing quantity of hydroquinone and its derivatives with workers age

We also studied the relative quantity of benzoquinone and its derivatives in the bursting liquid of

individuals at different age by headspace SPME and subsequent GCXGC/MS analysis (Fig. 19).
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Fig. 19 Relative quantity of benzoquinone and its derivatives in the bursting liquid

Despite the difficulties in the quantification of outputs from two-dimensional gas
chromatography, we noticed the same age-dependent trend in the increase of quantity
of benzoquinones with age as in case of hydroquinone and its derivatives in labial glands. Thus
we hypothesized that the defensive mechanism is based on an oxidative conversion
of hydroquinone(s) originating in labial glands into benzoquinone(s) catalysed by the blue crystals,

made up of copper-binding protein (Fig. 20).
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Fig. 20 Oxidation of hydroquinone by copper-binding protein [11]

Our findings are in agreement with the previously published data where the role of copper ions in
enhancing of hydroquinone cytotoxicity has been described [11, 12]. The source of the copper

and other aspects of this unique defensive strategy remain unknown.
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SUMMARY

The aim of this thesis was to contribute to the knowledge on chemical communication and
defence in selected important and poorly studied genera of termites, namely on chemical identity
and function of semiochemicals and defensive compounds, and their chemical diversity
in a phylogenetic context.

Within a research project focusing on critical termite genera from families
Rhinotermitidae and Serritermitidae, I participated on the identification of a new trail-following
pheromone in the serritermitid Glossotermes oculatus. The identified structure, (10Z,13Z)-nonadeca-
10,13-dien-2-one, differs dramatically from C12 unsaturated alcohols occurring as trail-following
pheromones in all other advanced termite families and underlines the remote phylogenetic
position of Serritermitidae.

I was involved in the identification of trail-following and sex pheromones in the sand
termite  Psammotermes  hybostoma (Rhinotermitidae). Although in both cases we assigned
the pheromone role to the most frequent termite pheromone, (3Z,6Z,8)-dodeca-3,6,8-trien-1-ol,
it was the first time we have detected this compound by chromatographic methods.
In Psammotermes hybostoma, also the defensive chemistry has been studied. Altogether 33 defensive
chemicals have been detected and majority of them fully identified. Qualitative and quantitative
comparison of defensive blend among colonies clearly distinguished three different chemotypes
corresponding well with the locality of origin. Under the terms of the same project, I identified
the chemical composition of alarm pheromone secreted by soldiers of a poorly known termite
species Termitogeton planus (Rhinotermitidae). The alarm communication appears to be a multi-
component signal, combining major and minor monoterpene components from the defensive
secretion.

In collaboration with foreign laboratories, two new pheromones have been identified
in the basal termite Hodotermopsis sjoestedss, i.e. syn-4,6-dimethylundecan-1-ol as the trail-following
pheromone and syn-4,6-dimethylundecanal as the male sex pheromone,. Our results underlined
the phylogenetic relationship of the genera Hodotermopsis and Zootermopsis within the family
Archotermopsidae.

In workers of the neotropical termite Neocapritermes taracua (Termitidae), 1 participated
on the description of multi-component defensive mechanism, resulting in the production
of benzoquinone(s), converted from hydroquinone(s) through the catalysis by a copper-binding
protein. Last but not least, dodecane-2,10-diol was identified as a fertility-related volatile

in Prorhinotermes simplex (Rhinotermitidae) and a hypothetic primer pheromone.
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