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Abstrakt

V priibéhu evoluce se vyvinulo mnoho strategii obrany hmyzu pied jeho
predatory. Evolu¢né nejstar§$i a nejrozSifenéjSi je chemicka obrana nasledovana
akustickou nebo optickou obranou. Spousta druhli hmyzu vSak pouziva najednou vice
typlt varovnych signalid, které plsobi na rizné smyslové receptory jejich predatora.
Takovyto komplexni zplisob varovné signalizace se nazyva multimodalni. Miize vznikat
napiiklad soucasnym podilem chemickych a optickych signdli nebo kombinaci
akustické a optické signalizace. Pravé kombinace chemicko-optické signalizace kofisti
vuci predatorovi je pravdépodobné nejcastéjsi formou multimodalni signalizace.
Predkladana prace se zabyva analyzou biologicky aktivnich latek, které participuji pii
obrannych mechanismech jednoho z rozsitenych druht hmyzu — plostic.

Derivaty pterinu pfedstavuji rozsahlou skupinu ptirodnich latek odvozenych od
bicyklického heterocyklu pteridinu a vyskytuji se prakticky ve vSech zivych
organismech od bakterii k obratloveim. U hmyzu primdrné slouzi jako pigmenty a
napiiklad kutikulam ploStic proptjcuji jejich ndpadné zabarveni. Prvni ¢ast disertacni
prace byla zaméfena na identifikaci a kvantifikaci derivati pterinu v kutikuldch
vybranych druhii plostic. Pro separaci a kvantifikaci deseti derivati pterinu (L-
sepiapterin, 7,8-dihydroxanthopterin, 6-biopterin, pterin, D-neopterin, isoxanthopterin,
leukopterin, xanthopterin, erythropterin, pterin-6-karboxylova kyselina) byla vyvinuta
metoda kapilarni  zonové elektroforézy s UV detekci a hydrofilni interakéni
chromatografie ve spojeni standemovou hmotnostni detekci. Obé metody byly
validovany z hlediska béznych validacnich parametrii — linearita, spravnost, pfesnost,
limit detekce a kvantifikace aj. Metody byly pouzity pro identifikaci a zjisténi distribuce
derivati pterinu ve vybranych druzich plostic.

Plostice disponuji velmi dobfe vyvinutymi pachovymi zldzami, které pfii
podrazdéni produkuji velké mnozstvi silné zapachajicich latek, fungujicich jako
chemické ochrana proti jejich predatorim. Druha ¢ast této prace se vénovala vhodnym
strategiim odbéru t€kavych sekretii plostic. Byly navrzeny nové, neinvazivni metody
odbérii tékavych sekretl ploStic s jejich naslednou separaci pomoci plynové
chromatografie s hmotnostni detekci. Prekoncentrace vzorki sekretii byla provedena

sorpci na vlakné SPME. Z diivodu velké komplexnosti vzorkl sekretli byly testovany tii



typy SPME vlédken: nepoldrni polydimethylsiloxan (PDMS), polarni polyakrylat (PA) a
bipolarni  divinylbenzen/carboxen/polydimethylsiloxan (DVB/CAR/PDMS). Cela
optimaliza¢ni procedura byla provadéna pomoci faktorového planu — RSM (response
surface methodology).

Pro GC separaci byla pouzita moderni kapilarni fluorovana faze Rtx-200
poskytujici dobrou selektivitu pro latky z Siroké skaly polarity. Vypracovana metodika
byla aplikovdna pro analyzu obrannych sekreti samic a samct u vybranych druht

plostic.



1 Uvod

Plostice (Hemiptera: Heteroptera) jsou velkou, rozsifenou a kosmopolitni skupinou
savého hmyzu. V soucasné dobé¢ je vice nez 50 000 popsanych druhti, které jsou rozdéleny do
95 rodin [1]. Plostice lze nalézt na celém svét€¢ a na raznorodych stanovistich od
suchozemskych ptes vodni az po druhy vyskytujici se v motich [2]. Spektrum potravy, kterou
se plostice zivi je Siroké napf. vysavanim rostlinnych §tav, ¢lenovci, Sneci atd. Nékteré druhy
se zivi krvi obratlovcli a mohou byt prenaseci lidskych onemocnéni [2]. Z celé hmyzi fiSe se
fadi na ¢tvrté misto nejvice devastujiciho druhu zeméedélské plodiny [3].

Antipredacni strategie zivocicha, kterd pomoci vystraznych signali informuje piipadné
predatory o své nevyhodnosti (nepozivatelnosti) se nazyva aposematismus [4].

Nejnapadnéjsi slozkou aposematického zivocCicha jsou vizudlni signaly. Optické signaly
(barva, vzor, kontrast vic¢i podkladu, symetrie aj.) byvaji ¢asto spojovany s chemickymi
a/nebo akustickymi signaly. Takovy komplexni zpisob vystrazné signalizace se oznacuje jako
multimodalni [5]. Predatofi mohou vnimat tyto vystrazné signdly kofisti riznymi smyslovymi
receptory a spojit si je tak s jeji nepozivatelnosti. Smyslem multimodalni signalizace je, aby
predatofi aposematickou koftist snadnéji rozeznali, dlouhodobéji zapamatovali a vyvarovali se
opakovanému utoku [5-7]. V sou€asné dob¢€ neni znamo, jak pfesné multimodalni signalizace
kotisti funguje, zda (a) urychluje detekci takové koftisti predatorem [8], nebo (b) chemické
a/nebo akustické signaly ptisobi jako zesilovace optickych (vystraznych) signald [8,9].

Pterin a jeho derivaty patii do skupiny heterocyklickych sloucenin. Jejich zakladnim
skeletem je pteridin, ktery se skladd z pyrimidinu a pyrazinu. Pteriny lze rozdé€lit do dvou
skupin podle velikosti postranniho fetézce, a to na nekonjugované, které maji na pteridinovém
cyklu navazany malé substituenty, a konjugované, obsahujici velké substituenty s p-
aminobenzoovou kyselinou, napf. listova kyselina nebo riboflavin. Jednotlivé derivaty se lisi
substituenty v poloze C-6 a/nebo v poloze C-7 [10]. Tyto latky maji dilezité biologické
funkce jako inhibitory [11], senzitizéry [12], enzymy [13], koenzymy [14], senzory [15] nebo
toxiny [16]. Derivaty pterinti se nachazeji ve form¢ pigmentii u hmyzu, plazl, obojzivelnikd,
krabti, motského planktonu nebo v lidskych télnich tekutinach [17].

Pteriny propijcuji hmyzu typické zabarveni jejich kutikul pocinaje od bilé barvy
(leukopterin), ptes Cervenou (erythropterin) a Zlutou (xanthopterin a isoxanthopterin) az po
fluorescencni modrou (biopterin) [18].

Derivaty pterinu se nejcastéji stanovuji v moci, plazmé, séru nebo mozkomisnim moku

[10]. V soucasné dobé se pro stanoveni derivatl pterinu nejvice vyuzivaji chromatografické
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metody, a to papirova chromatografie [19], reverzni [20-22], iontové-parova [23], hydrofilni
interakéni [24], iontoménicova [25] a chiralni [26] vysokoucinnd kapalinova chromatografie.
Pro analyzu derivati pterinu se také vyuzivaji spektrometrické metody, napt. povrchem
zesileny Ramantiv rozptyl — metoda SERS [27] nebo synchronni fluorescencni spektrometrie
[28]. Biopterin a neopterin Ize stanovit radioimunoanalyzou nebo metodou ELISA, v
soucasné dobé jsou jiz dostupné komercni sety [10].

Analyza derivati pterinu jako pigmenti kutikul hmyzu je pomérné slozity problém,
pfedevsim z diivodu jejich Spatné rozpustnosti ve vod¢€ a organickych rozpoustédlech, a také
diky jejich vzdjemné chemické a strukturni podobnosti. VéEtSina autort pouzivala k ziskani
pterini z kutikul hmyzu velmi slozité, nékolikakrokové extrakéni postupy, které se casto
potykaly se Spatnou opakovatelnosti a velkym podilem vyextrahovanych, Casto koelujicich
interferentt [18,29,30].

Chemickd komunikace u hmyzu je evoluéné nejstar$i a nejrozsifenéjsi zplsob
komunikace a je zasadni pro vétSinu Zivoc€ichli. Chemicka signalizace je vyhodna kvuli své
vSestrannosti a velké citlivosti. Signal setrvava del$i dobu v prostiedi a mize beze zmény
pfekonavat prostorové bariéry. Cenou za Casté pouzivani muize byt ,rozSifrovani® signalu
predatorem a jeho vyuziti k nalakéani kofisti.

Chovani zivoc¢icht je do znacné miry ovliviiovdno nebo fizeno stopovym mnozstvim
nizkomolekuldrnich organickych latek. Tyto slouceniny se mohou podilet jak v regulaci
chovani vnitrodruhové, tak i mezidruhové [31].

Latky pouzivané zivocichy k chemickému pfenosu informaci se nazyvaji
semiochemikalie (semion = signal) [31].

Sekrety jsou produkovéany z rozdilnych typt zlaz, které zavisi na vyvojovém stupni
jedince. Tyto latky slouzi k odrazeni suchozemskych obratlovci od utoku a mohou byt
toxické 1 pro samotné plostice. Antipreda¢ni infochemikélie jsou obvykle produkty
sekundarniho metabolismu a u fytofagnich druhti (byloZzravé druhy) mohou byt prevzaty
z hostitelskych rostlin [32-34].

Plostice mohou typicky produkovat Sirokou Skalu latek napt.4-oxo-(E)-2-alkeny, (E)-2-
alkenii (Cs — Ci0), alkoholy a aldehydy (C¢ — Cio), nerozvétvené alkany (zejména tridekan),
ketony, kyseliny (rozvétvené nebo nenasycené a jejich estery). Dal§imi slozkami mohou byt
terpenoidy (a- a B-pinen, limonen nebo linalool atd.), aromatické slouc¢eniny (benzyl alkohol,
benzaldehyd, p-hydroxybenzaldehyd, fenylethanol, guajakol aj). [2,33,35-38]. Slozeni sekretti
muze zaviset na fyzickém stavu jedince, potrave, vyvojovém stadiu, ro¢nim obdobi nebo také

na rostlin€, kterou se zivi v ptipad¢ fytofagnich druhi [39].
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Pro odbér tékavych sekretii bylo navrzeno nékolik postupii, z nichz vétSina je zalozena na
usmrceni jedincli. Jednim znich je jejich oplach dichlormethanem, ktery vede ke smrti
jedince v fadu sekund [40]. Dalsi moznosti je uspani jedince pomoci COz nebo ethylacetatem,
dale pak usmrceni mrazem s naslednym vypreparovanim zldzy extrahované¢ methyl-tert-
butyletherem, hexanem nebo dichlormethanem [32,41-48] nebo propichnutim zlazy
sklenénou kapilarou [49]. Neletalni zplisoby odbéru se provadély foukanim vzduchu pres
nadobu s plosticemi a naslednym zachycenim latek na riznych typech adsorbentti, napf.
Super Q, aktivni uhli nebo Porapaq Q [50-53], sorpci na vlakné (SPME) [54-56] ¢i vlozenim
papirového ubrousku mezi plostice a jeho néslednou extrakci dichlormethanem [57]. Tyto
postupy vSak nezahrnuji prakticky zadné drazdéni, a tedy pouziti obrannych prvki plosticemi.

Pro analyzu obrannych sekretii byla vyuzita plynovd chromatografie ve spojeni
s plamenové ionizaénim, hmotnostné spektrometrickym nebo elektroantenografickym
detektorem [43,45,56,58-65]. Protoze sekrety obsahuji velké mnozstvi latek, mize byt pred
plynovou chromatografii predfazena vysokolU¢inna kapalinovd chromatografie pro
predbéznou separaci [66], ale v posledni dobé se zacind vyuzivat i komprehenzivni
dvoudimenzionalni plynovéa chromatografie (GCxGC) [44,67]. Pro identifikaci latek se kromé
porovnavani s databazi hmotnostnich spekter také vyuziva nukledrni magnetickd rezonance

[52].

2 Cil prace

Tato disertacni prace si klade za cil pfispet k poznani obrannych mechanismt jednoho
z vyznamnych zastupcli hmyzu — plostic (Insecta: Hemiptera: Heteroptera). Pfitomnost ¢i
absence jednotlivych latek, které jsou odpovédné za vystraznou a obrannou signalizaci plostic
mize pomoci pii fylogenetickém hodnoceni jednotlivych druhtli, kterd muize byt v Cisté
biologickém pfistupu znacné obtiznd. Na zaklad¢ dostupné literatury nebyla doposud Zzadna
prace vénovana komplexni analyze vystrazného zabarveni a t€kavych obrannych latek u
stejného druhu. V tomto sméru mize takovyto chemicko-biologicky ptistup pifispét k poznani
evoluce bimodalni obrané plostic. Cilem prvni ¢asti této disertacni prace byl vyvoj,
optimalizace a validace metod kapilarni elektroforézy a vysokoucinné kapalinové
chromatografie pro stanoveni derivatl pterinu v kutikulach vybranych druhti plostic.

Ukolem druhé &asti bylo navrzeni neinvazivnich zptisobt odbéri tékavych slozek

obrannych sekretii plostic, provedeni optimalizatni procedury s vyuzitim statistického



programu minitab 16 a vypracovanou metodiku aplikovat pro analyzu t€kavych sekretli samcit

a samic vybranych druhti plostic plynovou chromatografii spojenou s hmotnostni detekeci.

3 Material a metodika

3.1 Pouzité chemikalie

Acetonitril (gradient grade), amonium acetat (>99 %), octovd kyselina (> 99,8 %),
mravenci kyselina (> 98 %) a dimethylsulfoxid (> 99,9 %) byly dodany Sigmou-Aldrich (St.
Louis, USA). Hydroxid amonny byl ziskan z Lach-Ner (Neratovice, CR). L-Sepiapterin
(Sigma Aldrich, Némecko), 6-biopterin (> 98 %), >, Sigma Aldrich, Némecko), neopterin (>
97,5 %, Sigma Aldrich, Némecko), isoxanthopterin (> 97,5 %, Fluka, gvycarsko), leukopterin
(>95 %, Sigma Aldrich, Némecko), xanthopterin (> 97,5 %, Fluka, Svycarsko), 7,8-
dihydroxanthopterin, pterin a pterin-6-karboxylovd kyselina byly poskytnuty Scottem
Fabricantem a  erythropterin  Ronem  Rutowskim.  Dihydrat  disodné  soli
ethylendiamintetraoctové kyseliny, Na;EDTA (> 99 %, Lachema, CR), boritd kyselina
(>99.5 %, Penta, CR), TRIS — tris(hydroxymethyl)aminomethan (> 98 %, Lach-Ner, CR),
hydroxid sodny (> 98 %, Lach-Ner, CR). Deionizovana voda byla ziskana ze systému Milli
Q, Millipore (Milford, USA).

Smés n-alkani (Cg — Czo) rozpusténych v hexanu pro urceni retencnich indext byla
ziskana z Fluka (Buchs, Switzerland). Referen¢ni slouceniny (+)-p-citronellen (> 98.5 %),
(E)-2-hexen-1-ol (> 96 %), (E)-2-okten-1-ol (> 97 %), 1-decyne (> 98 %), 1-dodeken
(>99 %), Il-tridekan (> 96 %), (E,E)-2,4-dekadienal (>97 %), (E,E)-2,4-dodekadienal
(> 90 %), (E,E)-2,4-hexadienal (=95 %), (E,E)-2,4-nonadienal (> 89 %), (E,E)-2,4-oktadienal
(=95 %), 2-cyclohexan-1-ol (> 95 %), 2-dekanol (> 98 %), (E)-2-dekenal (=92 %), 2-
heptanol (> 97 %), 2-heptanon (> 98 %), (E)-2-hexen-1-ol (> 95 %), (E)-2-hexenal (> 99 %),
2-hexyl-1-dekanol (> 97 %), (E)-2-nonenal (> 95 %), (E)-2-oktenal (=95 %), (E)-2-
undekenal (= 95 %), (£)-3-hexenyl acetat (= 98 %), 4-tert-butylcyklohexyl acetat (smés £ a Z,
> 98 %), acetoin (=96 %), allyl cyklohexanpropionat (>98 %), benzaldehyd (> 99 %),
citronellol (> 95 %), cyklohexyl acetat (> 98 %), cyklopentankarboxylova kyselina (> 99 %),
cyklopentanmethanol (=98 %), cyklopentanol (=99 %), cyklopentanon (=99 %), dekanal
(>98%), 1-dodekanol (> 98 %), dodecyl acetat (> 97%), 1-hexadekanol (>99 %), hexyl
acetat (> 99 %), hexyl salicylat (> 99 %), isoamyl acetat (> 97 %), limonen (> 97%), methyl
dekanoat (=99 %), nonanal (=97 %), oktyl acetat (=99 %), p-cymen (> 99%), fenyl acetat
(=99 %), prenyl acetat (> 98 %), 1-tetradekanol (= 97 %), 1-tridekanol (= 99 %), 1-undekanol
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(=299 %), a o-hexylcinnamaldehyd (=95 %) byly dodany Sigmou Aldrich (Munich,

Germany).

3.2 Vzorky plostic

V ramci prvni Casti disertacni prace analyzovany extrakty z kutikul plostic Scantius
aegyptius, Pyrrhocoris apterus, Corizus hyoscyami, Eurydema ornatum cream color morph a
Tectocoris diopthalmus.

V druhé ¢asti (sekrece plostic) byly studie zaméteny na Pyrrhocoris apterus, Pyrrhocoris

tibialis, Scantius aegyptius a Graphosoma lineatum.

3.3 Pristrojové vybaveni

Elektroforetickd méfeni byla provadéna na PrinCE 250 autosampler (PrinCE
Technologies B.V., Nizozemsko) s UV-VIS spektrometrickym detektorem Spectra 100
(Therma Separation Products, USA). Chromatograficka méfeni byla provedena na LC/MS
series 1200 (Agilent Technologies, Waldbronn, Némecko). Analyzy sekreti plostic probihaly
na plynovém chromatografu GCMS-QP2010 Plus (Shimadzu, Japonsko). Ke sbéru a
vyhodnoceni dat byly pouzity programy Clarity (DataApex, CR), Mass Hunter Workstation
(Agilent Technologies, Némecko), GCMS solutions (Shimadzu, Japonsko), Origin §
(OriginLab Corporation, USA) a Microsoft Excel 2003 (Microsoft Corporation, USA)

4 Vysledky a diskuze

4.2 Kapilarni elektroforéza a vysokoucinna kapalinova chromatografie

Derivaty pterinu se ve vodnych roztocich chovaji jako slabé kyseliny. Kapilarni
elektroforéza je vhodnou alternativou k pomémé komplikovanym a finanéné narocnym
separacnim a detekénim systémim pouzivanych pro analyzu derivati pterinu v HPLC. Na
zéklad¢ dostupné literatury nebyla doposud kapilarni elektroforéza pro analyzu derivata
pterinu v kutikulach hmyzu pouzita.

Pro identifikaci a kvantifikaci deseti derivati pterinu - L-sepiapterinu, 7,8-
dihydroxanthopterinu,  6-biopterinu, = D-neopterinu, isoxanthopterinu, leukopterinu,
xanthopterinu, erythropterinu, pterin-6-karboxylové kyseliny byla vyvinuta nova metoda
kapilarni elektroforézy.

V ramci optimalizacni procedury byl studovan vliv pH pufru, koncentrace jednotlivych

slozek zékladniho elektrolytu, velikosti separacniho napéti a vlnové délky UV detekce na
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elektromigracni chovani a citlivost detekce. Nejvétsi vliv na elektromigraéni chovani
studovanych analytli mé¢la hodnota pH (viz. obr. 4.1).

Z obr. 4.1 je patrné, Ze s rostouci hodnotou pH separacniho elektrolytu dochazi k nartstu
zépornych hodnot efektivnich elektroforetickych pohyblivosti vSech sledovanych derivati,
coz je ve shod¢ s predpokladem jejich vétsi disociovanosti. Z obr. 4.1 je také ziejmé, ze
separace derivati pterinu je velmi citliva na hodnotu pH zakladniho elektrolytu. Odd¢leni
vSech studovanych derivatl pterinu lze ziskat pouze ve velmi uzkém rozmezi pH a zejména
isoxanthopterin, leucopterin a xanthopterin, jez jsou si strukturné velmi podobné latky a jsou
obecné hojn¢ zastoupené v hmyzu, migruji ve velmi podobnych casech.

Zatimco pfi pH < 8,8 komigruje isoxanthopterin s leukopterinem pii pH > 9,6
komigruje leukopterin s xanthopterinem a pii pH > 10,0 dochéazi k zdmén¢ migracniho poradi
leukopterinu a xanthopterinu. Celkového oddéleni téchto tii derivati 1ze dosdhnout pouze pfi

pH 9,0 a10,2.

-10 -



T 0 T T T T T T
‘o
I,
§:-- —
< . .
5] *® n
o e R
- Al J
= = | |
£y -
. “m.
.
A o
. i -m-
2 - M e 2N A - nl 2
< A A - .
e V- A . a i R *2
L GRRR TR e Wi Ao A
L EI: o < “y-- . -3
s-llT-ell < L
Tkl > SR - b Y va
31 L4 B Ry - <5
.
# e . ) 3
s .
4L @- . * it » 4
. S
L 5
® - ---@. ¥ p6
e s %7
- - s -e b
--------- PR
--910
-5 L L | L L L 1 L 1 L | L I L | i 1 L |
8,6 8.8 9,0 9.2 9.4 9,6 9,8 10,0 10,2 10,4
pH

Obr. 4.1: Zavislosti efektivnich elektroforetickych pohyblivosti uefri jednotlivych
derivatl pterinu na pH v separaénim elektrolytu skladajiciho se ze 100 mmol-L™! kyseliny
borité, 2 mmol-L™' Na;EDTA a 100 mmol-L™" TRIS, (1) L-sepiapterin, (2) 7,8-
dihydroxanthopterin, (3) 6-biopterin, (4) D-neopterin, (5) pterin, (6) isoxanthopterin, (7)
xanthopterin, (8) leukopterin, (9) erythropterin a (10) pterin-6-karboxylova kyselina.

Optimalizované podminky separace byly: zakladni elektrolyt o slozeni 2 mmol-L™!
Na;EDTA, 100 mmol-L™' TRIS a 100 mmol-L™! kyseliny borité, pH 9,0; vlozené napéti
20 kV a UV detekce pti 250 nm.

Za téchto podminek dosSlo k separaci vSech 10 studovanych derivatii pterinu az na

zékladni linii do 22 min (obr. 4.2).
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Obr. 4.2 Elektroferogram separace 10 derivati pterinu v zdkladnim elektrolytu
sklddajictho se z 2 mmol-L"' Na;EDTA, 100 mmol-L' TRIS a 100 mmol-L! kyseliny

borité, pH 9,0. Elektrokinetické davkovani 10 s pti 20 kV, separace pti 20 kV, teplota 30 °C,

prochazejici proud 19.4 pA a UV detekce pii 250 nm. Koncentrace derivati pterinu ve smési
2,5 ng'mL!. Pik (1) dimethylsulfoxid (2) L-sepiapterin, (3) 7,8-dihydroxanthopterin, (4) 6-
biopterin, (5) D-neopterin, (6) pterin, (7) isoxanthopterin, (8) leukopterin, (9) xanthopterin,
(10) erythropterin a (11) pterin-6-karboxylové kyselina.

Vysokouc¢innd kapalinovd chromatografie je zalozena na jiném separacnim
mechanismu nez kapilarni elektroforéza a je proto vhodnou srovnavaci metodou pro potvrzeni
identifikace derivati pterinu pfitomnych v kutikulach plostic.

Vzhledem k vysoké polarit¢ derivati pterinu byla zvolena HPLC v hydrofilnim
interakénim moddu s tandemovou hmotnostni spektrometrii. Pro analyzu byly vybrany dvé
kolony: Atlantis HILIC Silica (150 x 4,6 mm, 3 um, Waters, Milford, USA) a ZIC-HILIC
(150 x 4,6 mm, 3,5 um, Merck, Darmstadt, Némecko).

V ramci optimaliza¢ni procedury byl studovan vliv obsahu organického modifikatoru,
typu pufru, jeho koncentrace a hodnota pH v mobilni fazi na retencni a separacni chovani.
Nejvyssi vliv na retencni chovani derivati pterinu mél pomér organické a vodné slozky
v mobilni fazi.

Na zaklad¢ vysledkli byla zvolena kolona ZIC-HILIC s nasledujicimi separa¢nimi
podminkami: mobilni faze 85/15 (v/v) ACN/5mM octan amonny, pH = 6,80, pratokova
rychlost 0,5 ml-min~', 30 °C.
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Nové byly navrzeny metoda kapilarni zonové elektroforézy a metoda vysokoucinné
kapalinové chromatografie s tandemovou hmotnostni detekci pro analyzu derivati pterinu
v kutikulach plostic. Ob& metody byly validovany z hlediska linearity (CZE: R*> > 0,9980,
HPLC: R* > 0,9975), spravnosti (CZE: relativni chyba = 7,90%, HPLC: relativni chyba +
9,63%), presnosti (CZE: pro opakovatelnost RSD < 6,65%, HPLC: pro opakovatelnost RSD
< 8,09%), limitu detekce (CZE: LOD v rozsahu 0,04 — 0,99 pg-mL~!, HPLC: LOD v rozsahu
0,40 — 6,20 ng'mL™") a limitu kvantifikace (CZE: LOQ v rozmezi 0,13 — 3,30 pg-mL’,
HPLC: LOQ v rozmezi 0,3 — 19,3 ng-mL"). Doba analyzy je u obou metod piiblizné stejna —
22 minut u CZE a 30 minut u HPLC. Kapilarni elektroforéza je v ptipadé uc¢innosti separace
vhodnéjsi volbou, protoze dochazi k oddéleni vSech 10 studovanych derivati pterinu.

Z vyse uvedeného lze konstatovat, ze metoda CE-UV miize krom¢ limiti detekce a
kvantifikace poskytovat obdobné charakteristiky jako mnohem komplikovanéjsi systém
HPLC-MS/MS. Obé metody se vSak vzdjemné dopliuji, protoze jsou zalozené na rlizném
separacnim mechanismu, a to je v pfipad¢ identifikaci vyhodné.

Ob¢ metody byly pouzity pro identifikaci a stanoveni obsahu derivath pterinu ve
ctyfech druzich plostic - Eurydema Oleracea, Scantius Aegyptius, Pyrrhocoris Apterus a
Corizus Hyoscyami. Vysledky jsou uvedeny na obrazcich 4.3 a 4.4. V tabulce 2 jsou uvedeny
reten¢ni ¢asy a SRM podminky pro stanoveni jednotlivych derivati pterinu. Tato tabulka
dopliiuje publikaci III, protoze HPLC-MS/MS byla nasledné rozsifena o separaci a
kvantifikaci dalSich 3 derivatt - L-sepiapterinu, pterinu a pterin-6-karboxylové kyseliny, které

nebyly v uvedené publikaci sledovany.
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Tabulka 2 Retencni ¢asy a SRM podminky pouzité pro analyzu derivatl pterinu metodou

LC-MS/MS (ESI, pozitivni mdd). Prvni pfechod byl pouzit pro kvantifikaci a druhy pro

identifikaci. Ostatni podminky viz. publikace III.

Reten¢ni  Prekurzorovy  Produktovy  Fragmentor Kolizni
Derivat Cas iont iont energie
(min) M) M)
L-sepiapterin 7,14 238,1 220,1 120 15
Pterin 9,61 164,0 143,1 120 35
Isoxanthopterin 12,25 180,1 135,1 125 20
6-biopterin 12,44 238,1 178,1 115 17
Xanthopterin 14,45 180,1 135,1 125 20
Leukopterin 18,27 196,1 140,1 120 16
Erythropterin 23,60 266,1 220,1 110 8
D-neopterin 29,78 2542 206,2 115 14
Pterin-6- 29,81 208,0 190,0 120 15
karboxylové Kys.
4 Scantius aegyplius 4 Pyrrhocoris aplerus
\ \ \\ \ ‘ <LOQ ) \\ N ’ =LOQ /‘l o <LoQ |
L-Sepiapterin Isoxanthopterin Leucaptenin Xanthopterin Erythropterin L-Sepiapterin Isoxanthopterin Leucopterin Xanthopterin Erythropterin
. Corizus hyoscyami 4 Eurydema ornata cream color morph
L-Sepiapterin Isoxanthopterin Leucopterin Xanthopterin Erythropterin Leucopterin Xanthopterin Erythropterin

Fig. 8

Obr. 4.3 Porovnani mnoZstvi derivati pterini nalezenych ve Stitcich jednotlivych plostic

metodou CZE za optimalizovanych podminek. Oznadeni < LOQ znamena pouze piitomnost

daného derivatu, jehoz koncentrace je pod LOQ. Méfeno za optimalizovanych podminek,

uvedenych v publikaci L.
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Z obrazku 4.3 je patrné, Ze ve Stitcich vSech plostic byl identifikovan/stanoven zluty
L-sepiapterin, isoxanthopterin a bily leukopterin, avSak v riznych vzdjemnych pomérech.
Dalsi dva barevné derivaty - xanthopterin a erythropterin - byly bud’ stanoveny, nebo pouze
identifikovany v Scantius aegyptius a v Pyrrhocoris apterus. Stejné vysledky byly ziskany
metodou vysokoucinné kapalinové chromatografie s tandemovou hmotnostni detekci (obr.

4.4).

Scantius aegyptivs Pyrrhocoris apterus

Amount of pterin derivatives,ug per 1 mg integument of bug
N

Amount of pterin derivatives ug per 1 mg integument af bug
n
T
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Z

Ni777728 77

L-sepiapterin Isoxanthopterin Leucopterin Xanthopterin Erythropterin L-sepiapterin Isoxanthopterin

Leucopterin Xanthapterin Eryihruplarin
Corizus hyoscyami Eurydema ornata cream color morph
5
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Obr. 4.4 Porovnani mnozstvi derivatl pterind nalezenych ve S§titcich jednotlivych plostic
metodou HPLC za optimalizovanych podminek. Méfeno za optimalizovanych podminek,

uvedenych v publikaci III

Obéma metodami se podafilo identifikovat v danych druzich stejné analyty. Z obou
obrazkil jsou patrné pouze kvantifikacni rozdily, které jsou vSak na frovni jednotek pg
daného pterinu, vztazeného na 1 mg kutikuly. Vyjimku tvoii pouze leukopterin, ktery byl
nalezen v cerno-krémové kutikule plostice Eurydema ornata cream color morph v fadech

desitek pg pterinu, vztazeného na 1 mg kutikuly.
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Za barevnou rozdilnost kutikul jednotlivych druht pravdépodobné muze rozdilny
pomér derivati pterinu. V soucasnosti se vSak ukazuje, Ze také antrachinony a karotenoidy
mohou pfispivat k zabarveni kutikul. Tyto latky a jejich potencionalni pfitomnost v kutikulach
budou ptfedmétem dal§iho studia v navazujicim grantovém projektu GA UK ¢&. 760216.
Vyuziti multidimenzionalnich separacnich technik pro studium obranného mechanismu

plostic.

4.2 Analyza tékavych obrannych sekretu

Pro analyzu tékavych obrannych sekretii plostic byla vyuzita plynovd chromatografie
spojena s hmotnostné spektrometrickym detektorem. Pro odbér t€kavych obrannych sekreti
byly navrzeny a optimalizovany tii zpisoby mechanického drazdéni ploStic — pomoci
ultrazvuku, tfepacky a stlacovani ploStic pistem injekéni stiikacky. Nakoncentrovani sekreti
bylo provadéno pomoci sorpce na vlakné SPME a v rdmci optimalizacni procedury byla
studovéna tfi vldkna s rtiznou polaritou — polyakrylat (PA), polydimethylsiloxan (PDMS) a
kompozitni vldkno skladajici se zcarboxenu (CAR), polydimethylsiloxanu (PDMS) a
divinylbenzenu (DVB); (CAR/PDMS/DVB). Vyhodou posledniho vldkna je, ze dovoluje
sorbovat latky z Sirokého rozmezi polarity. Vldkno obsahuje tfi faze: CAR pro adsorpci
polarnich latek a velmi tékavych latek, PDMS pro adsorpci nepolarnich latek a DVB pro
sorpci stfedné polarnich a aromatickych sloucenin. Pro analyzy byla vyuzita moderni
kapilarni GC kolona obsahujici trifluoropropylmethyl polysiloxanovou stacionarni fazi, ktera
taktéz dovoluje separovat latky z velmi Sirokého rozmezi polarity.

Pro jednotlivé zplisoby odbérti tékavych sekret plostic byl studovan vliv riiznych
parametrQ (napf. typ vlakna, teplota drazdéni, teplota pii sorpci na vlakné SPME, Cas sorpce
na vlakno SPME aj.) na plochu a pocet ziskanych chromatografickych pikt. Z divodu vétsiho
mnozstvi zkoumanych parametra byla provedena multiparametricka optimalizace s vyuZzitim
programu Minitab 16.

Klasické pojeti optimalizace (one factor at a time, OFAT nebo one variable at a time,
OVAT) vyuziva jen jednu veli¢inu jako proménny parametr a ostatni parametry se pii méteni
neméni. V pfipadé, kdy je potieba prozkoumat nékolik optimalizovanych parametrli se stava
tento pristup velice zdlouhavym a nakladnym procesem.

Proto se zaCaly pouzivat nové pfistupy oznacované jako RSM (response surface
methodology), které jsou zalozeny na faktorovych planech. Ty minimalizuji tyto néklady

snizenim mnozstvi pokusti na takovou miru, aby bylo mozné dosédhnout nebo se alespon
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pfibliZit optimalnimu bodu (nastaveni) bez nutnosti hledani a proméfovani vSech variant
zkoumanych parametru.

Pro optimalizaci navrZzenych metod byla vybrana ploStice Pyrrrhocoris apterus
(Hemiptera: Heteroptera: Pyrrhocoridae). Tato plosStice je béznym euroasijskym druhem,
jednoduse dostupna ve velkém mnozstvi a jeji sekrece je velmi dobie prostudovana. Tento
druh je také charakteristicky nizkym poctem obrannych latek s jejich nizkou koncentraci a
obtiznym uvolnénim. Z tohoto diivodu se tato ploStice povazuje za relativné ndro¢nou
k analyzam jeji obranné sekrece.

V ramci optimalizace byly sledovany dva parametry, celkovy pocet piki a jejich celkova
suma ploch. Pozadavkem na navrzenou metodu bylo, aby generovala co nejvetsi mnozstvi
pikt a sumu jejich ploch. Na zakladé této podminky byla pro dalsi studium vybréana metoda
zalozena na stlacovani plostic pistem injekéni stiikacky.

Optimalizované podminky odbéri sekretii byly: kompozitni vldkno CAR/PDMS/DVB,
temperace tii plostic v injekcni stfikacce pii 40 °C po dobu 1 minuty, teplota pii sorpci na
vldkné¢ SPME 40 °C, doba sorpce na vlakné¢ SPME 90 minut.

Nové€ navrzend metoda SPME-GC-MS byla vyuzita pro analyzu sekretli samcii a samic
dvou evropskych druhl — Pyrrhocoris apterus a Scantius aegyptius a jednoho ¢inského druhu
— Pyrrhocoris tibialis. Ptiklady chromatogramii ziskanych analyzou sekrece samct a samic
produkovanych plostici Pyrrhocoris tibialis jsou uvedeny v obr. 4.5. Obr. 4.6 dokumentuje

velmi dobrou opakovatelnost analyz ziskanych nové vyvinutou metodou SPME-GC-MS.
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Obr. 4.5 SPME-GC-MS analyza Pyrrhocoris tibialis. Sekrece (a) samct a (b) samic plostice
Pyrrhocoris tibialis. Odbér vzorku sekreti metodou zaloZenou na stlaCovani plostic pistem
injekéni stiikacky; SPME sorpce na vlakné CAR/PDMS/DVB. Pik [1] oktan-1,3-dien; [2]
hexenal; [3] (E)-2-hexen-1-ol; [4] 3-methylbutanova kyselina; [5] limonen; [6] 1-decyn; [7]
(E)-2-hexenal; [8] p-cymene; [9] undekan; [10] (E,E)-2,4-hexadienal; [11] (£)-2-hexen-1-ol
acetat; [12] (£)-2-okten-1-ol; [13] 2,6-dimethyl-7-okten-2-0l; [14] 6-dodeken; [15] dodekan;
[16] 1-dodeken; [17] nonanal; [18] (E)-2-oktenal; [19] tridekan; [20] 2-isopropyl-5-methyl-1-
heptanol; [21] dekanal; [22] tetradekan; [23] 2-ethylcyclohexanon; [24] 4-tert-
butylcyclohexyl acetat; [25] pentadekan; [26] 4-tert-butylcyclohexyl acetat; [27] 2-methyl-1-
undekanol; [28] allyl cyclohexanepropionat; [29] 1-dodekanol; [30] 3,5-Bis(1,1-
dimethylethyl)fenol; [31] tetradekanal; [32] hexadekan; [33] indan-1,3-diol monoacetat; [34]
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verdyl acetat; [35] 2-ethyl-1-dodekanol; [36] 1-tridekanol; [37] 1-(4-fert-butylfenyl)propan-2-
on; [38] Il-ethoxynaftalen; [39] dodecyl acetat; [40] hexyl salicylat a [41] o-

hexylcinnamaldehyde.
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Obr. 4.6 Opakovatelnost analyzy sekrece samct Scantius aegyptius. Kazda analyza byla

provedena s tfemi novymi jedinci za optimalizovanych podminek popsanych v sekci 4.2.

Identifikace byla provedena na zékladé porovnani ziskanych hmotnostnich spekter
s knihovnou hmotnostnich spekter NIST 2008 a na zadkladé¢ porovnani retencnich casii
pfislusnych standardi uvedenych v oddile 3.1.

V sekreci Pyrrhocoris apterus bylo identifikovano 25 sloucenin: 6 uhlovodikl (hlavné
dodekan a tridekan), 3 alkoholy, 7 aldehydl (zvlasté (E)-2-hexenal, (£,E)-2,4-hexadienal,
nonanal a (E)-2-oktenal), 5 esteri (hlavné methyl 2-hydroxy-3-methyl pentanoat) a
3 organické kyseliny.

Sekrece Pyrrhocoris tibialis obsahovala 11 uhlovodiki, 9 alkoholti (hlavné 1-
dodekanol, (E)-2-hexen-1-ol a (E)-2-okten-1-ol), 8 aldehydu (zvlasté (E)-2-oktenal a (E)-2-
hexenal), 2 ketony a 8 esterti karboxylovych kyselin. Sekrece také obsahovala limonen a malé

mnozstvi 1-ethoxynaftalenu.
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Slozeni sekrece Scantius aegyptius bylo podobné: 10 uhlovodikti, 10 alkoholid
(zejména2-cyklohexen-1-ol, cyklopentanemethanol a 1-dodekanol), 3 aldehydy, 2 ketony a 11
esterti karboxylovych kyselin. Sekrece také obsahovala limonen a 1-ethoxynaftalen. Sekrece
S. aegyptius a P. tibialis je stejna ve 24 slouceninach, zatimco sekrece P. apterus a S.
aegyptius v 9 slouceninach a P. tibialis a P. apterus ve 14 slouCeninach.

Vyhodou navrZzené metody je, Ze se jednd o neinvazivni postup, pro jednu analyzu
sta¢i pouze 3 jedinci -Farin a kol. pouzivali az 2000 jedincii, ktefi byli pro ziskani sekreta
usmrceni [40]. Lze analyzovat i vzacné druhy napt. Pyrrhocoris tibialis, které nejsou bézné
dostupné a je nutné pro dalsi vyzkum udrzovat jejich chovy.

Nové vypracovana metoda SPME-GC-MS byla pouzita pro analyzu sekreti u dvou
evropskych druhti — Pyrrhocoris apterus a Scantius aegyptius a jednoho ¢inského druhu —
Pyrrhocoris  tibialis. Navrzend metoda byla optimalizovdna pro ploStice z rodiny
Pyrrhocoridae. Tyto druhy se vyznacuji niz8i koncentraci latek pfitomnych v sekretech.

V pilotnich studiich bylo zjiSténo, Ze nékteré dalsi druhy napiiklad ploStice
Graphosoma lineatum zrodiny Pentatomidae, uvoliuji velké mnozstvi latek o vysokych
koncentracich. Z vySe uvedeného diivodu neni néaslednd analyza pomoci 1D-GC dostate¢né
ucinna, protoze dochazi ke koelucim.

Pro rozsiteni aplikovatelnosti navrzené metody odbéru tékavych sekretd i na druhy
s vy$§imi koncentracemi latek pfitomnych v sekretech budou podminky odbérti nésledné
upraveny s ohledem k vySe uvedenym skutecnostem, naptiklad snizenim doby sorpce na
SPME vlakné nebo snizenim poctu jedinct pii odbéru jejich tékavych sekreti. V nésledujicim
studiu bude také vyuzita metoda komprehenzivni dvoudimenzionalni plynové chromatografie
(GCxGC). Problematice se bude vénovat navazujici projekt grantové agentury GA UK
€. 760216: Vyuziti multidimenzionalnich separa¢nich technik pro studium obranného

mechanismu plostic.
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S Zaveér

Dizerta¢ni prace se zabyva komplexni analyzou obrannych latek jednoho z dulezitych
zéastupcli hmyzu — plostic. Prvni ¢ast dizertacni prace popisuje analyzu derivatl pterinu, které
jsou obsazeny v kutikulach plostic, propljcujici jim jejich charakteristické vystrazné
zabarveni. Druhd ¢éast se vénuje novym zplsoblim odbéru tékavych obrannych sekreti a

naslednym analyzam plynovou chromatografii. Vysledky dizerta¢ni prace jsou:

1) Byla vyvinuta, optimalizovana a validovana metoda kapilarni elektroforézy a
vysokouc¢inné kapalinové chromatografie s tandemovou hmotnostni detekci pro

stanoveni derivatl pterinu v kutikuldch vybranych druhii plostic.

2) Ve vybranych druzich plostic byly identifikovany a stanoveny obsahy derivat

pterinu zodpovédnych za charakteristické zabarveni kutikul plostic.

3) Byly navrzeny nové neinvazivni zpusoby odbérii t€kavych slozek obrannych
sekretl ploStic — ultrazvuk, tfepacka, pist injekeni stiikacky. Byly otestovany tii
typy SPME vldken,nepolarni polydimethylsiloxan (PDMS), polarni polyakrylat
(PA) a bipolarni divinylbenzen/carboxen/polydimethylsiloxan
(DVB/CAR/PDMS). Celd optimalizace odbéru tékavych sekretd plostic byla
provedena pomoci faktorového planu RSM. Vypracovand metodika byla
aplikovana pro analyzu tékavych sekretii samcl a samic ploStic Pyrrhocoris
tibialis, Pyrrhocoris apterus a Scantius aegyptius nové vyvinutou metodou

SPME-GC-MS.
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Abstrakt

Insects have developed many strategies of defence against predators in the
course of evolution. The evolutionarily oldest and most widely used type of defence is
chemical defence, followed by acoustic or optical defence. However, many species of
insects use simultaneously multiple types of warning signals, which affect different
sensory receptors of the given predator. Such a complex method of warning signals is
called multimodal method. It may consist of a combination of simultaneous chemical
and optical signals, or a combination of acoustic and optical signalling. The
combination of chemical and optical signalling used against a predator is probably the
most common form of multimodal signalling. The presented work deals with the
analysis of biologically active substances, which participate in the defence mechanisms
of a widespread species of insects — true bugs (Heteroptera).

Pterin derivatives represent a large group of natural compounds derived from
pteridin, bicyclic heterocycle, and they are found in virtually all living organisms from
bacteria to vertebrates. In insects, they primarily serve as pigments, resulting for
example in striking coloration of cuticles of Heteroptera. The first part of the
dissertation was focused on identification and quantification of pterin derivatives in
cuticles of selected species of true bugs. The method of capillary zone electrophoresis
with UV detection and hydrophilic interaction chromatography in combination with
tandem mass spectrometry was developed for the purpose of separation and
quantification of ten pterin derivatives (L-sepiapterin, 7,8-dihydroxanthopterin, 6-
biopterin, pterin, D-neopterin, isoxanthopterin, leukopterin, xanthopterine,
erythropterin, pterin-6-carboxylic acid). Both methods were validated in terms of
conventional validation parameters - linearity, accuracy, precision, limit of detection
and quantification etc. The methods were used to identify and detect distribution of
pterin derivatives in selected species of true bugs.

True bugs have very well developed scent glands, which —when irritated -
produce large amounts of highly odorous substances functioning as chemical protection
against predators. The second part of this work dealt with appropriate strategies of
collection of volatile secretions of true bugs. New, non-invasive methods of collection

of volatile secretions of true bugs have been designed, with their subsequent separation



by means of gas chromatography with mass spectrometry. Pre-concentration of
secretion samples was performed by adsorption on SPME fibre. Three types of SPME
fibre were tested for the reason of high complexity of the secretion samples: non-polar
polydimethylsiloxane =~ (PDMS), polar  polyacrylate (PA) and  bipolar
divinylbenzene/carboxen/polydimethylsiloxane (DVB/ CAR / PDMS). The entire
optimization procedure was performed using a factorial design - RSM (response surface
methodology).

Modern capillary fluorinated phase Rtx-200 was used for GC separation
providing good selectivity for substances from a wide range of polarities. The
elaborated methodology was applied to analyse defensive secretions of males and

females in selected species of true bugs.



1 Introduction

True bugs (Hemiptera: Heteroptera) are a large, widespread and cosmopolitan group of
sucking insects. Currently, there are more than 50,000 described species, which are divided
into 95 families [1]. True bugs can be found around the globe and at various different sites,
from water to land sites, or even species living in the seas [2]. The spectrum of the food,
which true bugs eat, is wide e.g. sucking vegetable juices, arthropods, snails etc. Some species
feed on the blood of vertebrates and they can be carriers of human diseases [2]. They rank the
fourth most devastating insect species affecting agricultural crops [3].

The antipredatory strategy of an animal, which uses warning signals to inform potential
predators about disadvantageousness (unpalatability) of the given animal, is called
aposematism [4].

Visual signals are the most striking components of an aposematic animal. Optical signals
(colour, pattern, contrast against the background, symmetry, etc.) are often associated with
chemical and/or acoustic signals. Such a comprehensive way of warning signalling is called
multimodal signalling [5]. Predators may perceive these warning signals of the prey by
different sensory receptors and associate them with unpalatability of the prey. The purpose of
multimodal signalling is to achieve that predators recognize the aposematic prey more easily,
that they remember it for a longer period and that they avoid repeating of their attack [5-7]. At
present, we do not know exactly how multimodal signalling of the prey works, whether (a) it
accelerates detection of such prey by the predator [8] or (b) whether chemical and/or acoustic
signals work as amplifiers of optical (warning) signals [8,9].

Pterin and its derivatives fall under the group of heterocyclic compounds. Their backbone
is pteridine, which consists of pyrimidine and pyrazine. Pterins can be divided into two
groups according to the size of the side chain, i.e. the unconjugated, which have small
substituents bound on the pteridine cycle, and the conjugated containing large substituents
with p-aminobenzoic acid, for example folic acid or riboflavin. Individual derivatives are
different based on their substituents in the position C-6 and/or in the position C-7 [10]. These
substances have important biological functions as inhibitors [11], sensitizers [12], enzymes
[13], coenzymes [14], sensors [15] or toxins [16]. Derivatives of pterins exist in the form of
pigments in insects, reptiles, amphibians, crabs, marine plankton or in human body fluids

[17].



Pterins result in typical coloration of insect cuticles starting from white (leukopterin)
through red (erythropterin) and yellow (xanthopterine and isoxanthopterin) to blue
fluorescence (biopterin) [18].

Pterin derivatives are most often detected in urine, plasma, serum or cerebrospinal fluid
[10]. Currently, chromatographic methods, namely paper chromatography [19], reverse [20-
22], ion-pair [23], hydrophilic interaction [24], ion exchange [25] and chiral [26] high-
performance liquid chromatography are used to determine pterin derivatives. Spectrometric
methods, e.g. surface-enhanced Raman scattering - SERS method [27] or synchronous
fluorescence spectrometry [28] are used to analyse pterin derivatives as well. Biopterin and
neopterin can be determined by radioimmunoassay or ELISA and currently, commercial sets
are already available [10].

Analysis of pterin derivatives as pigments of insect cuticles is a complex problem,
primarily due to their poor solubility in water and organic solvents, and also because of their
mutual chemical and structural similarities. Most authors used very complex, multi-step
extraction procedures to obtain pterins of insect cuticles, which often result in poor
repeatability and a large proportion of extracted, often coeluting interferents [18,29,30].

Chemical communication among insects is evolutionarily the oldest and most widely
used method of communication and is essential for most animals. Chemical signalling is
advantageous because of its versatility and great sensitivity. The signal stays longer in the
environment and can overcome spatial barriers remaining unchanged. A disadvantage of
frequent use may be "decoding" of the signal by a predator, who can then use it to attract the
prey.

Animal behaviour is largely influenced or controlled by the trace amount of low-
molecular organic compounds, and these compounds may be involved in the regulation of
both intraspecific and interspecific behaviour [31].

Substances used by animals for chemical transmission of information are called
semiochemicals (semion = signal) [31].

Secretions are produced from different types of glands depending on the stage of
development of the individual. These substances are used to deter terrestrial vertebrates from
attacking and they can be toxic for the true bugs themselves. Antipredatory infochemicals are
usually products of secondary metabolism, and in phytophagous species (herbivorous
species), they may be taken from the host plant [32-34].

True bugs can typically produce a wide range of substances, for example 4-oxo-(E)-2-

alkenes, (E)-2-alkenes (Cs— Cio), alcohols and aldehydes (Cs — Cio), straight chain alkanes (in
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particular tridecane), ketones, acids (branched or unsaturated and esters thereof). Further
components may include terpenoids such as a- and B-pinene, limonene or linalool, aromatic
compounds such as benzyl alcohol, benzaldehyde, p-hydroxybenzaldehyde, phenylethanol
and guaiacol [2,33,35-38]. The composition of secretions may depend on the physical
condition of the individual, its diet, stage of development, season of the year or also on the
plant, which the individual feeds on in the case of phytophagous species [39].

Several processes have been proposed for the collection of volatile secretions, most of
which are based on killing of the individual bugs. One process is rinsing them with
dichloromethane, which leads to the death of the individual in seconds [40]. Another
possibility is to put the individual to sleep with CO» or ethyl acetate or killing it by frost
followed by extraction of the gland with methyl tert-butyl ether, hexane or dichloromethane
[32,41-48] or piercing the gland with a glass capillary [49]. Non-lethal sampling methods
were carried out by blowing air through the vessel with the bugs and subsequent capturing of
the substances on various types of adsorbents, e.g. Super Q, activated carbon or Porapaq Q
[50-53], by adsorption on fiber (SPME) [54-56] or by inserting a paper towel between the bug
and its subsequent extraction with dichloromethane [57]. These procedures, however, involve
virtually no irritation or defensive element.

Gas chromatography coupled with flame ionization, mass spectrometry or
electroantennographic detector were used for the analysis of defensive secretions
[43,45,56,58-65]. As secretions contain large amounts of substances, high-performance liquid
chromatography may precede gas chromatography for the purpose of preliminary separation
[66], but there has also been an increase in the use of comprehensive two-dimensional gas
chromatography (GCxGC) [44,67]. Nuclear magnetic resonance is also used for identification

of substances, in addition to comparison with the database of mass spectra [52].

2 Goal of the Dissertation

This dissertation aims to contribute to the knowledge of defence mechanisms of one of
the major representatives of insects — true bugs (Insecta: Hemiptera: Heteroptera). The
presence or absence of individual substances, which are responsible for warning and defence
signals of true bugs, may assist in evaluation of the phylogenetic species, which may be very
difficult with purely biological approach. Based on the available literature, no work has yet
focused on a comprehensive analysis of warning coloration and defensive volatile substances

in the given species. In this respect such a chemical-biological approach may contribute to
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understanding the evolution of bimodal defence of true bugs. The first part of this dissertation
dissertation includes development, optimization and validation of methods of capillary
electrophoresis and high-performance liquid chromatography for determination of pterin
derivatives in cuticles of selected species of true bugs.

The purpose of the second part of the work was to design non-invasive methods of
sampling of volatile components of defensive secretions of true bugs. Implementation of the
optimization procedure using the statistical program Minitab 16 and the elaborated
methodology shall be applied on the analysis of volatile secretions of males and females of
selected species of true bugs by means of gas chromatography coupled with mass

spectrometry.

3 Materials and methods

3.1 Chemicals

Acetonitrile (gradient grade), amonium acetate (> 99 %), acetic acid (= 99,8 %), formic
acid (> 98 %) was purchased from Sigma-Aldrich (St. Louis, USA). Amonium hydroxide was
obtained from Lach-Ner (Neratovice, Czech Republic). L-Sepiapterin (Sigma Aldrich,
Germany), 6-biopterin (> 98 %), Sigma Aldrich, Germany), neopterin (> 97,5 %, Sigma
Aldrich, Germany), isoxanthopterin (> 97,5 %, Fluka, Switzerland), leukopterin (=95 %,
Sigma Aldrich, Germany), xanthopterin (> 97,5 %, Fluka, Switzerland), 7,8-
dihydroxanthopterin, pterine and pterin-6-carboxylic acid were provided by Scott Fabricant
and erythropterine by Ron Rutowski. Dihydrate disodium salt of ethylenediaminetetraacetic
acid, Na2EDTA (= 99 %, Lachema, Czech Republic), boric acid (= 99,5 %, Penta, Czech
Republic), TRIS — tris(hydroxymethyl)aminomethane (> 98 %, Lach-Ner, Czech Republic),
dimethyl sulfoxide (> 99 %, Lachema, Czech Republic), sodium hydroxide (> 98 %,
Lach-Ner, Czech Republic). Deionized water was obtained from systém of Milli Q, Millipore
(Milford, USA).

A mixture of n-alkanes (Cg — Czo) dissolved in hexane for the determination of the
retention indices were obtained from Fluka (Buchs, Switzerland). Reference compounds (+)-
B-citronellene (>98.5 %), (E)-2-hexen-1-o0l (> 96 %), (E)-2-octen-1-o0l (> 97 %), 1-decyne
(> 98 %), 1-dodecene (> 99 %), 1-tridecene (> 96 %), (E,E)-2,4-decadienal (> 97 %), (E,E)-
2,4-dodecadienal (> 90 %), (E,E)-2,4-hexadienal (> 95 %), (E,E)-2,4-nonadienal (> 89 %),
(E,E)-2,4-octadienal (> 95 %), 2-cyclohexen-1-ol (> 95 %), 2-decanol (> 98 %), (E)-2-
decenal (>92 %), 2-heptanol (>97 %), 2-heptanone (> 98 %), (E)-2-hexen-1-ol (>95 %),
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(E)-2-hexenal (= 99 %), 2-hexyl-1-decanol (> 97 %), (E)-2-nonenal (= 95 %), (E)-2-octenal
(> 95 %), (E)-2-undecenal (=95 %), (£)-3-hexenyl acetate (> 98 %), 4-tert-butylcyclohexyl
acetate (mixture of £ and Z, > 98 %), acetoin (> 96 %), allyl cyclohexanpropionate (> 98 %),
benzaldehyde (=99 %), citronellol (=95 %), cyclohexyl acetate (=98 %),
cyclopentanecarboxylic acid (=99 %), cyclopentanemethanol (=98 %), cyclopentanol
(=99 %), cyclopentanone (=99 %), decanal (= 98%), 1-dodecanol (> 98 %), dodecyl acetate
(> 97%), 1-hexadecanol (> 99 %), hexyl acetate (> 99 %), hexyl salicylate (> 99 %), isoamyl
acetate (=97 %), limonene (> 97%), methyl decanoate (=99 %), nonanal (=97 %), octyl
acetate (=99 %), p-cymene (> 99%), phenyl acetate (=99 %), prenyl acetate (=98 %), 1-
tetradecanol (=97 %), 1-tridecanol (= 99 %), 1-undecanol (=99 %), and o-

hexylcinnamaldehyde (> 95 %) were supplied by Sigma Aldrich (Munich, Germany).

3.2 Samples of true bugs

Extracts from cuticles of true bugs Scantius aegyptius, Pyrrhocoris apterus, Corizus
hyoscyami, Eurydema ornatum cream color morph and Tectocoris diopthalmus were analysed
in the first part of the work.

The studies were focused on Pyrrhocoris apterus, Pyrrhocoris tibialis, Scantius

aegyptius a Graphosoma lineatum in the second part of the work (secretion of true bugs).

3.3 Instrumentation

Electrophoretic measurements were performed on PrinCE 250 autosampler (PrinCE
Technologies B.V., Netherlands) with UV-VIS spectrometric detector Spectra 100 (Therma
Separation Products, USA). Chromatography was carried out on LC/MS series 1200 (Agilent
Technologies, Waldbronn, Germany). Analyses of secretions of true bugs were carried out on
the gas chromatograph GCMS-QP2010 Plus (Shimadzu, Japan). The programs Clarity
(DataApex, CR), Mass Hunter Workstation (Agilent Technologies, Germany), GCMS
solutions (Shimadzu, Japan), Origin 8 (OriginLab Corporation, USA) and Microsoft Excel

2003 (Microsoft Corporation, USA) were used for data collection and evaluation.

4 Results and discussion

4.1 Capillary electrophoresis and high-performance liquid chromatography

Pterin derivatives in aqueous solutions behave as weak acids. Capillary electrophoresis is

a suitable alternative of relatively complicated and costly separation and detection systems
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used for analysis of pterin derivatives in HPLC. Based on the available literature, capillary
electrophoresis has not yet been used for an analysis of pterin derivatives in insect cuticles.

A new method of capillary electrophoresis has been developed for identification and
quantification of ten pterin derivatives - L-Sepiapterin, 7.8-dihydroxanthopterin, 6-biopterin,
D-neopterin, isoxanthopterin, leukopterin, xanthopterin, erythropterin, pterin-6-carboxylic
acid.

The effect of pH buffer, concentration of individual constituents of the electrolyte,
separation voltage and wavelengths of UV detection on electromigration behaviour and
sensitivity of detection were explored within the optimization procedure. The pH value had
the biggest effect on electromigration behaviour of the studied analytes (see. Fig. 4.1).

The Fig. 4.1 shows that an increasing value of pH of the separation electrolyte leads to an
increase in negative values of effective electrophoretic mobilities of all monitored derivatives,
which is in agreement with the assumption of their greater dissociation. It is also clear from
the Fig. 4.1 that the separation of pterin derivatives is very sensitive to pH of the basic
electrolyte. Separation of all studied pterin derivatives can be achieved only in a very narrow
pH range, and particularly isoxanthopterin, leucopterin and xanthopterine, which are
structurally very similar substances and are generally widespread in insects, migrate at very
similar times.

Whereas isoxanthopterin comigrates with leukopterin at pH < 8.8, leukopterin
comigrates with xanthopterine at pH > 9.6 and the migration order of leukopterin and
xanthopterin is exchanged at pH > 10.0. The total separation of these three derivatives can be

achieved only at pH 9.0 and 10.2.

-10 -



T 0 T T T T T T
o
! L
N> L= e Ly
£ - n
o * -n.
k=) e ..
1k B
5 Te "
o N
. ..
.
A ",z
v A . -m-
2 L e A ~-A._ a1 4
A A
< ) W= A .
- _ v A = T -2
»- - T W T o S o
e :j:: o < v i A -k 3
- Te- e oo
TR > > [, - ¥ W e v4
53 * b S HEE i B <5 7
:::*:: >
* - - L ] >
.- R
o
4 - - .- L 2 N > -
R
L =
° »-- - e * i )
- - - ~37
B e 8
$ooes et b 49
--¢10
5 I , | ; 1 3 ! : 1 : | . ! p | y | 3 I
8,6 8,8 9,0 9,2 9.4 9,6 9.8 10,0 10,2 10,4

pH
Fig. 4.1: Dependencies of efficient electrophoretic mobilities uefr; of individual pterin

derivatives on pH in the separation electrolyte consisting of 100 mmol-L™! of boric acid, 2
mmol- L'  NaEDTA and 100 mmol-L! TRIS, (1) L-Sepiapterin, (2) 7,8-
dihydroxanthopterin, (3) 6-biopterin, (4) D-neopterin, (5) pterin, (6) isoxanthopterin, (7)
xanthopterin, (8) leukopterin, (9) erythropterin and (10) pterin-6-carboxylic acid.

Optimized separation conditions included: basic electrolyte with the composition of
2 mmol-L™! Na;EDTA, 100 mmol-L™! TRIS and 100 mmol-L™! of boric acid, pH 9.0; applied
voltage 20 kV and UV detection at 250 nm.

Under these conditions there was a separation of all 10 studied pterin derivatives up to the

baseline within 22 min (fig. 4.2).
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Fig. 4.2 Electropherogram of separation of 10 pterin derivatives in basic electrolyte consisting

of 2 mmol-L™! Na;EDTA, 100 mmol-L™! TRIS and 100 mmol-L™! of boric acid, pH 9.0.

Electrokinetic dosage 10 s at 20 kV, separation at 20 kV, temperature 30°C, passing current
19.4 pA and UV detection at 250 nm. Concentration of pterin derivatives in the mixture
2.5 ug'mL!. Peak (1) dimethyl sulfoxide (2) L-Sepiapterin, (3) 7,8-dihydroxanthopterin, (4)
6-biopterin, (5) D-neopterin, (6) pterin, (7) isoxanthopterin, (8) leukopterin, (9) xanthopterin,
(10) erythropterin and (11) pterin-6-carboxylic acid.

High-performance liquid chromatography is based on a different separation
mechanism than capillary electrophoresis and it is therefore a comparative method suitable to
confirm identification of pterin derivatives present in cuticles of true bugs.

HPLC in the hydrophilic interaction mode in combination with tandem mass
spectrometry was chosen because of the high polarity of pterin derivatives. Two columns
were selected for the analysis: Atlantis HILIC Silica (150 % 4,6 mm, 3 um, Waters, Milford,
USA) a ZIC-HILIC (150 x 4,6 mm, 3,5 pm, Merck, Darmstadt, Germany).

The effect of the content of the organic modifier, buffer type, its concentration and pH
value in the mobile phase on the retention and separation behaviour were studied within the
optimization procedure. The ratio of the organic and aqueous component in the mobile phase

had the highest effect on the retention behaviour of pterin derivatives.
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Based on the results, ZIC-HILIC column was selected with the following separation
conditions: mobile phase 85/15 (v/v) ACN/5 mM ammonium acetate, pH = 6,80, flow rate 0.5
ml-min~!, 30 °C.

The method of capillary zone electrophoresis and the method of high-performance liquid
chromatography were newly designed with tandem mass spectrometry for the analysis of
pterin derivatives in cuticles of true bugs. Both methods were validated in term of linearity
(CZE: R* > 0.9980, HPLC: R? > 0.9975), accuracy (CZE: relative error + 7.90%, HPLC:
relative error + 9.63%), precision (CZE: for repeatability RSD < 6.65%, HPLC: for
repeatability RSD < 8.09%), detection limit (CZE: LOD in the range of 0.04 — 0.99 pg-mL™",
HPLC: LOD in the range of 0.40 — 6.20 ng-mL ") and quantification limit (CZE: LOQ in the
range of 0.13 — 3.30 ug'mL"!, HPLC: LOQ in the range of 0.3 — 19.3 ng'mL™"). The time of
analysis is roughly the same in both methods — 22 minutes for CZE and 30 minutes for HPLC.
Capillary electrophoresis is a preferable option in case of separation efficiency, because there
is a separation of all 10 studied pterin derivatives.

It is obvious from the above-mentioned facts that the method CE-UV can, except for
limits of detection and quantification, provide similar characteristics as the much more
complicated system of HPLC-MS/MS. Both methods, however, are complementary, since
they are based on a different separation mechanism and this is advantageous in case of
identifications.

Both methods were used for identification and determination of the content of pterin
derivatives in four species of Heteroptera - Eurydema Oleracea, Scantius Aegyptius,
Pyrrhocoris Apterus and Corizus Hyoscyami. The results are indicated on the pictures 4.3 and
4.4. The Table 2 lists the retention times and SRM conditions for determination of individual
pterin derivatives. This table complements the publication III, because HPLC-MS/MS was
subsequently extended to include separation and quantification of other 3 derivatives - L-
Sepiapterin, pterin and pterin-6-carboxylic acid, which were not studied in the given

publication.

- 13-



Table 2 Retention times and SRM conditions used for the analysis of pterin derivatives by
means of the method LC-MS/MS (ESI, positive mode). The first transition was used for
quantification and the second one for identification. For other conditions see the Publication

I11.

Retention Precursor Product Fragmentor Collision
Derivative time ion ion energy
(min) V) V)
L-Sepiapterin 7.14 238.1 220.1 120 15
Pterin 9.61 164.0 143.1 120 35
Isoxanthopterin 12.25 180.1 135.1 125 20
6-biopterin 12.44 238.1 178.1 115 17
Xanthopterin 14.45 180.1 135.1 125 20
Leukopterin 18.27 196.1 140.1 120 16
Erythropterin 23.60 266.1 220.1 110 8
D-neopterin 29.78 254.2 206.2 115 14
Pterin-6-carboxylic 29.81 208.0 190.0 120 15
acid
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Fig. 6

Fig. 4.3 Comparing the amount of pterin derivatives found in the plates of individual true
bugs by means of the method CZE under optimized conditions. Designation <LOQ means
only the presence of the given derivative, the concentration of which is below LOQ. This was

measured under optimized conditions described in the Publication I.
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The Figure 4.3 shows that yellow L-sepiapterin, isoxanthopterin and white leukopterin,
even if in different proportions, were identified/determined in the plates of all the bugs.
Another two color derivatives - xanthopterin and erythropterin — were either determined, or
just identified in Scantius aegyptius and in Pyrrhocoris apterus. The same results were
obtained by high-performance liquid chromatography with tandem mass spectrometry (Fig.

4.4).

Scantius aegyptius Pyrrhocoris apterus

L-sepiapterin Isoxanthopterin Leucopterin Xanthapterin Erythropterin L-sepiapterin .Isu:tanthoplsr.iﬂ Kér\th‘uptenn El‘ythrapleriﬂ

Amount of pterin derivatives.ug per 1 mg integument of bug
Amount of pterin derivatives ug per 1 mg integument of bug
nN

o LESSSRNEN

=]

Corizus Ayoscyami Eurydema ornata cream color morph

35
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Fig. 4.4 Comparing the amount of pterin derivatives found in the plates of individual
Heteroptera by means of the method HPLC under optimized conditions. This was measured

under optimized conditions described in the publication III.

Both methods were used to identify the same kinds of analytes in the given types. Both
figures show noticeable differences in quantification, which, however, exists only at the level
of units of micrograms of the given pterin, relative to 1 mg of the cuticle. The only exception
is leukopterin, which was found in black-and-cream cuticle of the true bugs Eurydema ornata
cream color morph in tens of micrograms of pterin, relative to 1 mg cuticles.

The colour difference of the cuticles of each species is probably caused by a different

ratio of pterin derivatives. At present, however, it shows that even anthraquinones and
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carotenoids may contribute to coloration of cuticles. These substances and their potential
presence in cuticles will be the subject of further study in the subsequent grant project GA UK
no. 760216 Use of multidimensional separation techniques for the study of defence

mechanism of true bugs.

4.2 Analysis of volatile defensive secretions

Gas chromatography combined with mass spectrometric detector was used for the
analysis of volatile defensive secretions of true bugs. Three methods of mechanical irritation
of true bugs were designed and optimized for the collection of volatile defensive secretions -
ultrasound, shaker and compression of true bugs by the plunger of a syringe. Concentrating of
secretions was carried out using adsorption on SPME fibre and three fibres with a different
polarity were studied within the optimization procedure - polyacrylate (PA),
polydimethylsiloxane (PDMS) and a composite fibre consisting of carboxen (CAR),
polydimethylsiloxane (PDMS) and divinylbenzene (DVB); (CAR/PDMS/DVB). An
advantage of the last fibre is that it allows to adsorb substances from a wide range of
polarities. The fibre consists of three phases: CAR for adsorbing polar substances and very
volatile substances, PDMS for adsorption of non-polar substances, DVB for adsorption of
medium polar and aromatic compounds. A modern capillary GC column was used for the
analysis, comprising trifluoropropylmethyl polysiloxane stationary phase, which also allows
the separation of substances from a wide range of polarities.

The influence of various parameters (e.g. fibre type, temperature of irritation, temperature
during the adsorption on SPME fibre, adsorption time on the SPME fibre etc.) on the surface
area and the number of obtained chromatographic peaks was explored for all individual
methods of collection of volatile secretions of true bugs. Due to the large number of
investigated parameters, a multi-parameter optimization was conducted using the program
Minitab 16.

The traditional approach to optimization (one factor at a time — OFAT, or one variable
at a time - OVAT) uses only one value as a variable parameter and other parameters are not
changed during the measurement. When it is necessary to explore several optimized
parameters, this approach becomes a very lengthy and expensive process.

Therefore, new approaches have been used increasingly more often, known as RSM
(response surface methodology), which are based on factorial designs. They minimize these

costs by reducing the number of attempts to such a degree, so as to achieve or at least
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approach the optimum point (setting) without having to search for and measure all variants of
the studied parameters.

The true bug Pyrrrhocoris apterus (Hemiptera: Heteroptera: Pyrrhocoridae) was selected
for optimization of the proposed methods. This bug is a common Eurasian species, easily
available in large quantities, and its secretion is very well studied. This species is also
characterized by a low number of defence substances with a low concentration and difficult
secretion. For this reason, it is believed that it is relatively challenging to analyse defensive
secretions of this particular bug.

Two parameters were monitored within the optimization, namely the total number of
peaks and the total sum of their areas. A requirement for the proposed method was that it
should generate the greatest number of peaks and the sum of their areas. Based on this
requirement, a method based on compressing of true bugs by a syringe plunger was chosen
for further study.

Optimized conditions for collecting secretions included: composite fiber
CAR/PDMS/DVB, tempering of three bugs in a syringe at 40°C during | minutes,
temperature during adsorption on the fibre SPME 40°C, time of adsorption on SPME fibre is
90 minutes.

Newly designed method SPME-GC-MS was used for the analysis of secretions of males
and females of two European species — Pyrrhocoris apterus and Scantius aegyptius and one
Chinese species — Pyrrhocoris tibialis. Examples of chromatograms obtained by the analysis
of male and female secretions produced by the bugs Pyrrhocoris tibialis are indicated on the
Fig. 4.5. The Fig. 4.6 demonstrates very good repeatability of the analyses obtained by means
of the newly developed method SPME-GC-MS.
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Fig. 4.5 SPME-GC-MS analysis of Pyrrhocoris tibialis. Secretion of (a) male and (b) female
Pyrrhocoris tibialis. Sampling secretions method based on compression bugs with plunger of
the syringe; SPME sorption on fiber CAR/PDMS/DVB. Peak [1] octan-1,3-diene; [2]
hexenal; [3] (E)-2-hexen-1-ol; [4] 3-methylbutanoic acid; [5] limonene; [6] 1-decyne; [7] (E)-
2-hexenal; [8] p-cymene; [9] undecane; [10] (E,E)-2,4-hexadienal; [11] (E)-2-hexen-1-ol
acetate; [12] (£)-2-octen-1-ol; [13] 2,6-dimethyl-7-octen-2-ol; [14] 6-dodecene; [15]
dodecane; [16] 1-dodecene; [17] nonanal; [18] (£)-2-octenal; [19] tridecane; [20] 2-isopropyl-
5-methyl-1-heptanol; [21] decanal; [22] tetradecane; [23] 2-ethylcyclohexanone; [24] 4-fert-
butylcyclohexyl acetate; [25] pentadecane; [26] 4-tert-butylcyclohexyl acetate; [27] 2-methyl-
I-undecanol; [28] allyl cyclohexanepropionate; [29] 1-dodecanol; [30] 3,5-Bis(1,1-
dimethylethyl)phenol; [31] tetradecanal; [32] hexadecane; [33] indan-1,3-diol monoacetate;

- 18 -



[34] wverdyl acetate; [35] 2-ethyl-1-dodecanol; [36] I-tridecanol; [37] 1-(4-tert-
butylphenyl)propan-2-one; [38] 1-ethoxynaphtalene; [39] dodecyl acetate; [40] hexyl
salicylate and [41] a-hexylcinnamaldehyde.
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Fig. 4.6 Repeatability of the analysis of secretions of male Scantius aegyptius. Each analysis
was performed with three new individuals under optimized conditions described in the section
4.2.

Identification was performed by comparing the obtained mass spectra with the mass
spectra library NIST 2008, and by comparing the respective retention times of the
corresponding standards specified in the Section 3.1.

25 compounds were identified in the secretion of Pyrrhocoris apterus: 6 hydrocarbons
(mainly dodecane and tridecane), 3 alcohols, aldehydes 7 (particularly the (E)-2-hexenal,
(E,E)-2,4-hexadienal, nonanal and (E)-2-octenal), 5 esters (especially methyl 2-hydroxy-3-
methyl pentanoate) and three organic acids.

Secretion of Pyrrhocoris tibialis contained 11 carbons, 9 alcohols (mainly 1-

dodekanol, (E)-2-hexen-1-ol and (E)-2-octen-1-ol), 8 aldehydes (especially (E£)-2-octenal and
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(E)-2-hexenal), 2 ketones and 8 esters carboxylic acids. Secretion also included limonene and
a small amount of 1-ethoxynaphthalen.

The composition of secretions of Scantius aegyptius was similar: 10 carbons, 10
alcohols (mainly 2-cyclohexen-1-ol, cyklopentanemethanol and 1-dodecanol), 3 aldehydes, 2
ketones and 11 esters of carboxylic acids. Secretion also included limonene and 1-
ethoxynaphthalen. Secretion of S. aegyptius and P. tibialis is the same in 24 compounds,
while secretion of P. apterus and S. aegyptius in 9 compounds and P. tibialis and P. apterus
in 14 compounds.

The advantage of the proposed method is that it is a non-invasive procedure, only 3
individuals are needed for an analysis - Farin et al. used up to 2,000 individuals, which were
killed to obtain secretions [40]. This means that rare species such as Pyrrhocoris tibialis,
which are not readily available and it is necessary to maintain their breeding for further
research, can also be analysed.

The newly developed method SPME-GC-MS was used to analyse secretions of two
European species— Pyrrhocoris apterus and Scantius aegyptius and one Chinese species—
Pyrrhocoris tibialis. The proposed method was optimized for true bugs from the family of
Pyrrhocoridae. These species are characterized by a lower concentration of substances present
in their secretions.

It was found out in the pilot studies that some other species, for example Graphosoma
lineatum from the family Pentatomidae, releases large amounts of substances with high
concentrations. For the above-mentioned reason, the subsequent analysis using 1D-GC is not
efficient enough, as coelutions occur.

In order to extend the applicability of the proposed method of collection of volatile
secretions to species with higher concentrations of substances present in their secretions, the
sampling conditions will be subsequently adjusted in view of the foregoing, for example by
reducing the time of adsorption on SPME fibre or by reducing the number of individuals
during collection of their volatile secretions. The method of comprehensive two-dimensional
gas chromatography (GCxGC) will also be used in the subsequent study. The issue will also
be addressed in the follow-up project of the grant agencies GA UK no. 760216 Use of

multidimensional separation techniques for the study of defence mechanisms of true bugs.
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5 Conclusions

The dissertation deals with the analysis of complex defence compounds one of the most

important representatives of insects — true bugs. The first part of the dissertation describes the

analysis of pterin derivatives, which are included in cuticles of true bugs and which result in

their characteristic warning coloration. The second part is focused on new ways of sampling

of volatile defensive secretions and their subsequent analyses by means of gas

chromatography. The results of this dissertation are:

1)

2)

3)

A method of capillary -electrophoresis and high-performance liquid
chromatography with tandem mass spectrometry to determine pterin derivatives
in cuticles of selected species of true bugs was developed, optimized and

validated.

The content of pterin derivatives responsible for the characteristic colouring of
cuticles of true bugs was identified and determined in selected species of true

bugs.

New non-invasive methods of sampling of volatile components of defensive
secretions of true bugs were designed - ultrasound, shaker, syringe plunger.
Three types of SPME fibre were tested, namely non-polar polydimethylsiloxane
(PDMS), polar polyacrylate (PA) and bipolar
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS). The entire
optimization of collection of volatile secretions of true bugs was performed using
factorial design RSM. The developed methodology was applied on the analysis
of volatile secretions of males and females of Pyrrhocoris tibialis, Pyrrhocoris
apterus a Scantius aegyptius by means of the newly developed method SPME-
GC-MS.
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