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Anotace

Low temperatures limit the viability of cells, tissues and whole organisms. Temperate and
polar insects overwinter with body temperatures below 0°C, sometimes with ice crystals in
their hemolymph. Extracelular freezing is linked with cell osmotic dehydration. Thus, the
freeze-tolerant insects had to evolve complex adaptation, including seasonal accumulation of
low- and high-molecular substances, to protect their tissues against deleterious effects of cell
freeze-dehydration. The mechanisms by which different substances exert their cryoprotective
roles are theoretically diverse but practically poorly studied. In this thesis, | present results of
metabolomic and transcriptomic analyses of putative cryoprotectants in the freeze-tolerant
larvae of drosophilid fly, Chymomyza costata that accumulate in their hemolymph and tissues
in response to cooling and drying. The functional aspects of low- (mainly proline and
trehalose) and high- molecular substances (mainly LEA-like proteins) are considered.
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1. Uvod

Zastupci tfidy Hmyz patfi mezi ektotermni organismy. To znamend, Ze jsou schopni jen
omezené regulovat svoji télesnou teplotu, a proto fitness a pieziti hmyzich populaci jsou
piimo ovlivnény zménami teploty v prostiedi. Teplota prostfedi ovliviiuje vSechny aspekty
zivota hmyzu: od vyvoje, rastu a chovani, az po kinetiku biochemickych procesti a
molekularnich interakci. Kromé¢ ndhodnych fluktuaci se teplota prostfedi méni cyklicky, a to
na bazi dennich a sezénnich cykli. VSeobecné jsou sezénni vykyvy teplot pomérné malé
Vv oblastech rovniku a s pfibyvajici zemépisnou §itkou se zvétSuji. Druhy hmyzu, zijici ve
vyssich zemépisnych Sitkach jsou tak vystavené citelné vyraznéj$im sezénnim zméndm
teploty a také dokazou lépe odolavat teplotnim extrémim (Sunday a kol., 2011). Termalni
limity pro pieziti a fitness a jejich sezonni plasticita jsou vSeobecné povazovany za faktory,
které determinuji geografické rozsifeni druhit hmyzu ve sméru od rovniku k péliim a rovnéz
urCuji zmény jeho druhovych areali v reakci na globalni zmény klimatu (Sunday a kol.,
2012). V temperatnich a polarnich oblastech je sezonni nizka teplota jednou z hlavnich
prekazek, kterym hmyz musi Celit. Nizka teplota limituje Zivotaschopnost buné¢k, tkani a
celych organismi. To je trividlni fakt, pro ktery véda piekvapivé dosud nema plné
mechanistické vysvétleni. Pfi¢inou je komplexita ptisobeni nizké teploty na zivy objekt. Nizka
teplota totiz plsobi na vSechny jeho molekuly, struktury, procesy a aktivity zaroveii. VSechny
je urcitym zplsobem ovliviiuyje, a proto je t€zké rozhodnout o hierarchii, vyznamu a pficinné
souvislosti jednotlivych zmén. Véda si pokladd otazky ,.co“ a ,jak* definuje preziti
jednotlivych druhtt hmyzu za nizkych teplot, Casto teplot hluboko pod bodem mrazu.
K zodpovézeni takovych otazek je nejprve teba si termin ,,pfeziti za nizké teploty* pfesnéji
vymezit (Obr. 1).
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Obr. 1. Vymezeni termalnich limith pro hmyz (ektotermni organismus). Diagram ukazuje rychlost vybraného
Zivotniho procesu (ptiklady: vyvoj, pohybova aktivita) v zavislosti na télni teploté. Prava strana obrazku ukazuje
termalni kfivky (TPC, thermal performance curves, Sinclair, 2016) a na nich hlavni termalni limity pouzivané pro
aktivni fenotypy. U jednoho druhu mohou mit rlzné procesy rizna teplotni optima (obvykle kolem 25 °C).
Mimo optimum rychlost proces( klesa, az dosahne nulové hodnoty (na teplotnim minimu nebo maximu, které
je vétsinou prakticky neméfitelné, odvoditelné pouze extrapolaci). Jako pfiklad jsou uvedeny: LDT/UDT
(lower/upper developmental threshold, vyvojovy prah; LDT lezi obvykle kolem 10 °C) a CTminy CTmax
(nizkoteplotni/vysokoteplotni prah pro pohybovou aktivitu neboli prah pro vstup do teplotniho kématu; CTmin
se pohybuje obvykle okolo 5 °C). Celkovy rozsah teplot mezi CTmin @ CTmax S€ povaZuje za rozmezi teplotni
tolerance druhu, ovsem platné POUZE pro aktivni fenotyp daného druhu. Leva strana obrazku ukazuje hlavni
termalni limity platné pro tentyz druh, ale po sezénni zméné fenotypu a vstupu do dormance. Zivotni procesy
jsou extrémné zpomaleny Ci zcela zastaveny a limity pro preziti u poloviny populacniho vzorku (LTso) mohou
klesat velmi hluboko pod nulu. Tato teplota se mliZze nachazet kdekoli pod hodnotou CTmin v zavislosti na druhu,
aklimacénim stavu a také na skupenstvi télni vody. Dalsi vysvétlivky v textu. Naprosto Cista voda taje pri teploté
pravé 0 °C a pfi téZe teploté teoreticky také mrzne. Prakticky ovSsem Cista voda v malych objemech mrzne az po
poklesu teploty na -39 °C a do té doby zUstava v tzv. podchlazeném (termodynamicky metastabilnim) stavu.
Biologické roztoky maiji teplotu tani (m.p., melting point) posunutou do mirné podnulovych hodnot v zavislosti
na osmolarité (typicky na -0,56 °C pfi osmolarité 300 mOsm) a spontanné mrznou aZz po dosazeni teploty
podchlazeni (SCP, supercooling point, obvykle kolem -20 °C). Fadzova zména kapalné vody na led mliZze ovsem
byt urychlena inokulaci télnich tekutin vnéjSim ledem (snéhem, ndmrazou). Krystalky ledu z okoli snadno

teploty (Tino, teplota inokulace).



Ve své disertaci se budu zabyvat pouze teplotami pod bodem tani télnich tekutin (m.p.), tedy
kryotermii dormantnich fenotypu (viz Obr. 1, kryotermie). Ty druhy hmyzu, které obyvaji
temperatni a polarni oblasti, samozifejm¢ musi byt evolucné adaptovany k preziti zimniho
studen¢ho obdobi v kryotermii. Tato evolu¢ni adaptace obvykle zahrnuje komplexni
fyziologickou (fenotypickou) sezonni zménu, vstup do dormantniho stavu a chladovou
aklimaci, a teprve po této zméné je aklimovany jedinec schopen piekonat vSechny nastrahy
zimniho obdobi. Po vstupu do dormantniho stavu jiz neni cilem organismu aktivné zit, tedy
udrzet a kompenzovat zivotni funkce za nizkych teplot, nybrz pouze prezit, tedy udrzet v

zivotaschopném stavu vSechny molekularni, bunééné a tkanové struktury.

Preziti hmyzu v kryotermii je zajisténo adaptivnim komplexem chladové odolnosti (ten bude
podrobnéji ptfedstaven v kapitole 2.1.). Ve své disertaci se soustfeduji pouze na dva
komponenty adaptivniho komplexu: na nizkomolekuldrni metabolity a specifické proteiny s
kryoprotektivnimi funkcemi (zkracené: kryoprotektanty a LEA-like proteiny). Obé skupiny
latek podrobnéji pfedstavim v kapitoldch 2.1.5. a 2.1.6. O vyznamu a funkcich
kryoprotektantii v chladové odolnosti hmyzu (a také mnoha jinych organismi vcetné rostlin a
obratlovct), existuje velmi rozsahla védecka literatura. Naproti tomu LEA-like proteiny byly
dosud tradi¢né spojovany s odolnosti vii¢i vysychani, a to hlavné u rostlin a riznych mikro-
arthropodt. Ptipadnd role LEA-like proteinii v chladové odolnosti byla dosud uvazovana
prevazné hypoteticky.

Klicovym aspektem moji disertatni prace je pravé propojeni adaptivniho komplexu
biochemickych zmén v odpovedi na nizké teploty a na vysychani. Dostatek vody v kapalném
stavu je totiz dal$i nutnou podminkou pro aktivni Zivot jakéhokoli organismu. Neadaptovani
zivocichové nepieziji vysychani prostiedi a nadkritickou ztratu kapalné vody z téla.
Adaptovani Zivo¢ichové za stejnych podminek ptezivaji, Casto opét po vstupu do dormantniho
také riziko vysychani a ztraty kapalné vody z t€la. V prubéhu dlouhého zimniho obdobi mtize
dochazet k vysychani mikrohabitatu, ve kterém hmyz pifezimuje. Pohybova aktivita
pfezimujiciho hmyzu je obvykle nizka (nebo Z4dnd), coZ omezuje jeho schopnost vyhledavat
zdroje kapalné vody. Pfitomnost ledu (sn¢hu, ndmrazy) v tésném okoli prezimujiciho hmyzu
mize ,,odsévat“ vodu z jeho téla na fyzikalnim principu evaporace a nésledném pfipojeni
vodni pary piimo ke krystalkim ledu, zptsobené rozdilem parcidlnich tlakd vodni pary nad
ledem v okoli a nad kapalnou vodou v téle. Ale predevsim, okolni led mtze proniknout do
téla hmyzu, inokulovat jeho télni tekutiny a zpusobit jejich promrznuti — tedy ztratu kapalné
vody jeji fazovou pfeménou na pevny led (tento jev bude podrobnéji popséan v kapitole 2.2).

Ve své disertacni praci hleddm odpovéd’ na otazku: Do jaké miry jsou sezonni akumulace
kryoprotektant a exprese LEA-like proteinti propojeny v teoretickém adaptivnim komplexu
(cross-tolerance, kapitola 2.2.), ktery by mohl zajist'ovat jak toleranci evapora¢ni dehydratace,
tak také toleranci ztrat kapalné vody po promrznuti. Tuto otazku feSim na modelovém druhu
octomilky s holarktickym rozsifenim ve studeném temperatnim a Sub-polarnim pasmu,



Chymomyza costata, kterou podrobnéji piedstavim v kapitole 2.3. Pifezimujici larvy C. costata
jsou jednim z nejlépe prostudovanych modeltt hmyzi chladové odolnosti a naopak, o jejich

piipadné schopnosti pfezivat vysychani dosud nebyly prakticky zadné znalosti.



2. Literarni prehled

2.1. Adaptivni komplex chladové odolnosti hmyzu

2.1.1. Vstup do dormantniho stavu

Zivotni cykly temperatnich a polarnich druhd hmyzu jsou komplexné piizptisobeny
cyklickym sezénnim zménam. Aktivni (letni) fenotypy se pravidelné stfidaji s dormantnimi
(zimnimi) fenotypy (Obr. 1). Zimni dormance hmyzu mize mit formu bud relativné
jednoduché kviescence nebo, casteji, formu komplexni a centrdln¢ regulované diapauzy
(Lees, 1955; Danks, 1987; Kostal, 2006). Kviescence je okamzita a pfima reakce organismu,
v jakékoli fazi jeho ontogeneze, na pokles néjakého environmentalniho faktoru do
podlimitnich hodnot (napt. pokles teploty, nedostatek vody, absence potravy). Po névratu
faktoru do normdlu se organismus ihned vraci k aktivnimu zivotu. Kviescence tedy
nevyzaduje zaddnou percepci signalil z prostiedi, jejich neurondlni zpracovani ani centralni
regulaci.

Diapauza je naproti tomu stav centralné regulovany, ktery mize nastat jen v urcité, druhové
specifické fazi ontogeneze. Hmyz se cilené pfipravuje na neptiznivou sezonu jiz v dobé, kdy
jsou podminky pro jeho vyvoj a aktivitu stale pfiznivé (teploty jsou v rozmezi optima, je
dostatek potravy). Nicmén¢ s ptichdzejicimi signaly z okoli (pfedev§im zkracovani délky dne
koncem léta a na podzim) je schopen nepiiznivou zimni sezénu piedvidat. Déje se tak
prostfednictvim fotoperiodickych receptori ulozenych v mozku a/nebo ve sloZzenych ocich
vyvojovych hmyzich hormonti — juvenilniho hormonu (JH) a ekdysonu (Walker a Denlinger,
1980; Denlinger, 2002). Razné druhy hmyzu podstupuji diapauzu v riznych fazich
ontogeneze a podle toho se piisluSné snizuje bud’ koncentrace JH (u dospélcii) nebo ekdysonu
(u larev ¢i kukel) a zastavuje se vyvoj (reprodukce u dospélcti nebo vyvoj primordialnich
imaginalnich struktur nedospélych larev ¢i kukel). Centralni zména v hormonalnim prostiedi
zpusobi hluboké zmény v transkriptomu jednotlivych perifernich organd, nasledované
zménami v protedmu i metabolomu (Emerson a kol., 2010; Kankare a kol., 2010; MacRae,
2010; Ragland a kol., 2010; Poelchau a kol., 2013; Poupardin a kol., 2015; Yocum a kol.,
2015; Kostal a kol., 2017).

Hmyz je vranych fazich diapauzy casto stale jesté pohybove aktivni, s pomémé vysokou
intenzitou metabolismu. Tato aktivita slouzi pro intenzivni pfijem potravy a naslednou
akumulaci energetickych rezerv (Hahn a Denlinger 2007), dale pro nalezeni vhodného
mikrohabitatu Kk pifezimovani (véetné dalkovych migraci), nebo pro vytvafeni ochrannych
struktur, at’ uz jde napt. o tvorbu kokonu (Danks, 1987), ¢i o zpevnéni kutikuly (Benoit,



2010), a dale k aktivizaci ochrannych mechanismii jako je tvorba Sokovych proteint (Rinehart
a kol., 2001) ¢i stimulace antioxidativniho systému (Jovanovié-Galovi¢ a kol., 2007). V
pozd¢jsi fazi diapauzy pohybova aktivita ustava, vyrazné se snizuje rychlost metabolismu (a
to 1 za relativné vysokych teplot) a nastdva vlastni dormantni faze, ve které¢ hmyz setrva az do
ptichodu jara.

Z hlediska mé disertace je dulezity ten fakt, Ze vstup do diapauzy je pro hmyz podstatnou
podminkou pro to, aby byl schopen uspésné projit dalsi fazi sezonni fenotypické promény —
chladovou aklimaci, kterd je uz spojena s vlastnim podzimnim a zimnim poklesem teplot v
prostfedi (Denlinger, 1991). V pribéhu chladové aklimace se dale zvySuje chladova odolnost
jedince, az dosahuje svého maxima — limitt LTso (viz. Obr. 1). ZvySeni chladové odolnosti na
sezébnni maximum je podminéno adaptivnim komplexem zmén, z nichZ ty nejvyznamnéjsi
nebo nejCastéji pozorované rozeberu v ndsledujicim textu. Soustfedim se zejména na
akumulaci nizkomolekuldrnich a vysokomolekuldrnich latek s kryo-protektivnimi, nebo
obecné cyto-protektivnimi, G€inky. Mechanismy plisobeni jednotlivych typta latek v hmyzim
organismu jsou teoreticky velmi rozmanité: silné zavislé na typu latky, na jeji koncentraci, na
stavu (skupenstvi, fazi) télnich tekutin (podchlazeni nebo prechod do krystalické faze nebo
prechod do amorfni pevné faze), a zejména na teploté. Experimentalni funkéni analyzy
kryoprotektivnich mechanismi jsou v literatufe pomémé vzacné. VétSina dosud
publikovanych praci spoléha na korelativni analyzu (vyssi koncentrace urcité latky koreluje s
vy$§im prezitim za nizkych teplot) a vysvétluje plisobeni latek na hmyzi organismus pouze
hypoteticky nebo spekulativné.

2.1.2. Fazové stavy vody

Fyzikalni vlastnosti télni vody maji zasadni vliv na vSechny Zivotni procesy hmyzu. Pfi
poklesu teploty télni vody pod bod tani (m.p., viz Obr. 1) vyuzZiva hmyz nésledujicich
strategii: (1) snazi se udrzet t€lni vodu v tekutém, podchlazeném stavu (supercooling), tzn.
snazi se vyhnout promrznuti télni vody (freeze-avoidance); (2) snazi se fizen¢ promrznout a
poté tolerovat piitomnost ledu ve svém téle (freeze-tolerance); (3) prochazi tzv.
kryoprotektivni dehydrataci, pii které voda sublimuje mimo télo, kde se pfipoji k okolnim
krystalkiim ledu (cryoprotective dehydration) (Zachariassen, 1985; Holmstrup a Westh, 1994;
Holmstrup a kol., 2002; Renault a kol., 2002; Sinclair a kol., 2003; Sinclair a Renault, 2010).
Navic, velmi malé objemy kapalné, ale ,,vazané* télni vody (bound water) v silné zahusténych
roztocich po ztraté vétsiny ,,volné* vody (bulk water) promrznutim nebo dehydrataci, mohou
prejit do pevné, amorfni faze vody (zaskleni vody, vitrifikace) (Sformo a kol., 2010; Kostal a
kol., 2011b). Podrobnéji piedstavim pouze fazové stavy podchlazeni a promrznuti.
Podchlazeni: Ty druhy hmyzu, pro které by promrznuti télni vody bylo letédlni,
spoléhaji na ptirozenou fyzikélni schopnost podchlazovéani vody. To znamend, zZe musi z téla
odstranit tzv. nukleatory ledu (IN — ice nucleators). Jejich pritomnost by vedla ke vzniku
zarode¢ného krystalu ledu, nasledné k jeho rychlému rastu, promrznuti volné télni vody a
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smrti. Povaha IN neni dobie znama. Jedna se pravdépodobné o zbytky potravy ve stieve,
zejména bakterialniho pavodu (Rozsypal, 2015). V hemolymfé hmyzu jsou rozpustény latky
(ionty, metabolity, makromolekuly), které snizuji teplotu bodu tani, a rovnéz teplotu
podchlazeni, na tzv. koligativnim principu [zvySeni osmolarity vodného roztoku o 1 Osm
vede k poklesu bodu tani o kryoskopickou konstantu vody —1,86 °C a k poklesu bodu
podchlazeni o piiblizné 2 az 4 °C (Zachariassen, 1985)]. Sezoénni akumulace
kryoprotektivnich latek (né€kdy spojena s ¢aste¢nou ztratou télni vody) tak muize vést k velmi
silnému poklesu bodu podchlazeni az k teoretickému limitu pro ¢istou vodu (-39 °C) nebo
dokonce i nize (Angell, 1982). Strategii podchlazovani pravdépodobn¢ vyuziva vétsina druhi
hmyzu mirného podnebného pasma, zejména na severni polokouli (Salt, 1961; Sinclair a kol.,
2003).

Promrznuti: Vydame-li se dale smérem k polim, zacne relativné ptibyvat druhd, které
toleruji promrznuti télni vody. Jejich strategie je zcela opac¢na nez u druhti podchlazujicich.
Snazi se o promrznuti télni vody v extracelularnich prostorech (v hemolymf€) jiz za relativné
vysoké teploty (tedy mirné pod bodem mrazu; tedy proti pfirozené tendenci vody k
podchlazovani). Toho je dosazeno bud’ inokulaci hemolymfy okolnim ledem (Tino Na Obr. 1)
(Rozsypal a Kostal, 2018) nebo sezonni syntézou specifickych nuklea¢nich proteinti (PIN,
Protein Ice Nucleators) (Lundheim, 2002). Cim vyse je totiz poloZzeny realny bod mrznuti
(napt. Tino na Obr. 1 pii nukleaci okolnim ledem), tim je mrznuti pomalejsi, tvofi se mensi
mnozstvi malych krystalkli ledu, a dochazi tak k postupnému vyrovnavani osmotického tlaku
mezi promrzajicim extracelularnim prostorem (hemolymfou) a kapalnym intraceluldrnim
prostorem (Block W., 1991) (viz také Obr. 5). Jak postupné pfibyva ledu v hemolymfg€, ubyva
v ni kapalné vody, a hemolymfa se zahust'uje. To ma za nasledek osmotické odsavani vody z
cytosolu bunék — pravé tato mrazova dehydratace bunck je vyznamnym aspektem moji
disertacni prace (podrobné&ji viz kapitola 2.2.).

2.1.3. Restrukturalizace biologickych membran

Biologické membrany hraji zasadni roli ve fyziologii buniky. Zprostfedkovavaji regulovany
transport rozpusténych latek, podileji se na udrZeni elektrochemického potencialu, ucastni se
energetického metabolismu a poskytuji organizovanou matrici pro membranové proteiny.
Funk¢nost biologickych membran je tedy naprosto nezbytna pro pieziti organismu. Fyzikalng-
chemické vlastnosti biologickych membran, zejména jejich fazovy stav a fluidita
(uspotadanost lipidické dvojvrstvy), jsou pfimo ovlivnény teplotou a hydrataci. Podle toho se
mohou membranové lipidy nachdzet ve tfech riiznych fazovych stavech: tekuté-krystalinni
faze (La), funkeni fluidni dvojvrstva za optimalni teploty a hydratace; gelova faze (Ls),
vysoce uspofadana lipidova dvojvrstva za nizké teploty; obracena hexagonalni faze (Hu),
neslucitelnd se Zivotaschopnosti buiniky za vysoké teploty nebo nizké hydratace (Chapman,
1975). Diky riiznorodosti lipidi obsazenych v membranach ma fazovy piechod Siroké teplotni
rozmezi. Proto mohou za uréitych nizkych teplot koexistovat napiiklad gelova a tekuté-



krystalinni faze zaroven. Takové misto se nazyva jako oblast fazové separace a dochazi zde
k vyraznému snizeni bariérové funkce membrany. Neregulovany vznik gelové ¢i hexagonalni
faze tedy pfimo ohrozuje zivotaschopnost buiiky. Obecné plati, ze se sniZzenou teplotou
postupné klesa fluidita membrany (zvySuje se jeji usporadanost) atim postupné klesa i
funk¢énost membrany (propustnost, aktivita membranové vazanych enzymd, receptord, kanala
a iontovych pump apod.) (Cossins a Macdonald, 1989; Hazel, 1989) az po dosazeni urcité
prahové teploty (dané pravé slozenim membrany) dojde k pfechodu do gelové faze.
Pravdépodobnost piechodu do hexagonalni faze naopak stoupa s rostouci teplotou a rovnéz s
klesajici hydrataci.

Vstup do diapauzy a chladova aklimace jsou spojeny s restrukturalizaci lipidického slozeni
biologickych membran u riznych poikilotermnich organismli od bakterii (Sinenski, 1974;
Tasaka a kol., 1996; Allakhverdiev a kol., 1999), protozoi (Nozawa a kol., 1974) a kvasinek
(Suutari a kol., 1997), pies rostliny (Murata a Yamaya, 1984; Miquel a kol., 1994), az po
rizné zivodichy jako jsou hlistice (Murray a kol., 2007), ektotermni obratlovci (Hazel, 1989;
Cossins, 1994; Cossins, 1998) a hmyz (Hodkova a kol., 2002; Tomcala a kol., 2006;
Overgaard a kol., 2008 Pruitt a Lu, 2008; Kostal, 2010;).

U vsech organismu se daji pozorovat ve slozeni bunéénych membran nasledujici zmény: (i)
desaturace fetézct mastnych kyselin (MK); (ii) zkracovani pramérné délky fetézca MK; a (iii)
zvySeni relativniho podilu fosfoetanolaminii na ukor fosfocholint. Tyto strukturni zmény ve
slozeni membran méni jejich fyzikalné-chemické vlastnosti a pfispivaji tak k udrZeni
funkc¢nosti za nizkych teplot a strukturni integrity v silné¢ podchlazeném nebo zmrzlém stavu
(McElhaney, 1984; Hazel, 1995). Nejcastéji pozorovanym jevem pii restrukturalizaci
membran je desaturace fetézcli MK. Ptidanim cis-dvojné vazby vznikne ,,zalomeni* fetézce
MK, jez udéli molekule fosfolipidu kénicky tvar, ktery snizuje uspofadanost (zvySuje fluiditu)
fosfolipidové dvojvrstvy. Tim se rovnéz snizi teplotni prah pro piechod do gelové faze (Li a
kol., 1998; Wang a kol., 1999). Zkraceni primémé délky fetézci MK zmenSuje oblast
hydrofobnich interakci mezi fetézci MK, coz ma podobné disledky na fluiditu a teplotu
piechodu do gelové faze jako desaturace MK. (Hazel, 1997). Fosfoetanolaminova skupina je
mensi a méné hydratovana nez skupina fosfocholinova. Proto maji opét molekuly fosfolipidii
obsahujici etanolamin vice konicky tvar, ktery se hlife uspotadava do struktury membrany, a
tim podporuje jeji fluiditu a snizuje teplotu prechodu do gelové faze (Hazel, 1989).

2.1.4. Oxidativni stres

Oxidativni stres je patrné jednou z dulezitych forem poskozeni u hmyzu v souvislosti s
chladovym nebo mrazovym stresem. OvSem detailni funkéni analyzy nejsou dosud k
dispozici. V pribéhu poklesu teploty se méni fyzikalné-chemické vlastnosti vnitini
mitochondridlni membrany (viz kapitola 2.1.3.), kde probihd oxidativni fosforylace. V
disledku toho mize dochazet ke zvysSené produkci kyslikovych radikali a oxidativnimu



stresu. Naopak, po zvySeni teploty, jeZz nasleduje po chladné periodé, dochazi k prudkému
nartstu rychlosti metabolismu, zrychleni oxidativni fosforylace, a tedy opét k wvyssi
pravdépodobnosti tvorby volnych kyslikovych radikali. U nékolika druhti hmyzu bylo
pozorovano, ze jsou adaptivné regulovany rizné enzymatické i ne-enzymatické systémy pro
ochranu pfed kyslikovymi radikaly v piipravé na potencialni chladovy stres (bud’” b&hem
vstupu do diapauzy, nebo béhem chladové aklimatizace) (Rojas a Leopold, 1996; Lalouette a
kol., 2011; Torson a kol., 2015).

2.1.5. Nizkomolekularni kryoprotektivni latky

Rizné organismy mohou v reakci na environmentdlni stres akumulovat malé ochranné
molekuly (Yancey, 2005). Tyto molekuly se obvykle nazyvaji kompatibilni osmolyty, protoze
byly poprvé popsany u organismi, které se musi vyrovnavat s osmotickym stresem. Pozdé&ji
vSak byly podobné latky pozorovany u vétSiny forem Zivota a bylo zjiSténo, Ze maji celou
fadu ochrannych funkci (Yancey a Siebenaller, 2015). Akumulace malych molekul je také
jednim z charakteristickych znakii adaptace hmyzu na chlad, potom tyto molekuly mtizeme
souhrnné oznacit jako nizkomolekularni kryoprotektanty (Salt, 1961; Semme, 1982;
Zachariassen, 1985; Lee, 2010a). Hmyzi kryoprotektanty maji nejcastéji povahu cukru,
polyolt (Storey a Storey, 1988; Storey a Storey, 1991) a volnych aminokyselin (Kostal a kol.,
2011b). Obecné mohou kryoprotektanty pusobit jednim ze tfi zakladnich mechanismu: (i)
prostiednictvim ovlivnéni fazového chovani vody (stabilizace podchlazeni, oddaleni mrznuti,
stimulace skelného pfechodu, apod.); (ii) prostfednictvim ochrany pied toxickymi zplodinami
metabolismu (antioxidace, udrZzovani redoxni rovnovahy, detoxifikace); a (ii1) prostfednictvim
stabilizace funkéni struktury makromolekul, ktera je zaloZzena na specifickych
termodynamickych interakcich mezi rozpoustédlem (vodou), kryoprotektanty rozpusténymi v
biologickém roztoku a vlastni chranénou strukturou makromolekuly (protein, nukleova
kyselina, lipidova dvojvrstva).

Ad (i): Relativné vysoké koncentrace nahromadénych kryoprotektantt vyznamné snizuji bod
tani biologickych roztokli na koligativnim principu, tedy v piimé zavislosti na osmolarité
roztoku (kryoskopicka konstanta vody je -1,86°C). Zaroven se snizuje i bod podchlazeni o
pfiblizné 2-4 °C na kazdy Osm zvySené koncentrace roztoku (Zachariassen, 1985). Se
zvySovanim koncentrace roztoku zaroven roste jeho hustota, snizuje se mobilita molekul vody
a tim 1 jejich schopnost pfipojovat se k rostoucimu zarodecnému krystalku ledu. Timto
zpusobem se stabilizuje metastabilni podchlazend faze vody a podchlazeny hmyz se tak mize
vyhnout letalnimu promrznuti. Koncentrace nahromadénych kryoprotektanti mtze dosahnout
az neuvétitelnych hodnot: 3M etylenglykolu u Iykozrouta Ips acuminatus, (Gehrken, 1984)
nebo 5M glycerolu u vosi¢ky Bracon cephii (Salt, 1961). Takto vysoké koncentrace cini
biologicky roztok prakticky nemrznoucim.



U promrzajicich druhit hmyzu by akumulace pfili§ vysokych koncentraci kryoprotektant
byla kontraproduktivni, protoze tento hmyz preferuje zmrznuti pii relativné vysokych
teplotach. Nicméng, bylo zjisténo, ze 1 promrzajici hmyz akumuluje relativné nizké az sttedni
koncentrace riznych kryoprotektantli (Storey a Storey, 1988). V tomto piipad¢ je obecnou
funkci nahromadénych kryoprotektantl snizit mnozstvi ledu vznikajiciho pii dané teploté pod
bodem mrazu a tim snizit osmotické odsédvani vody z bunck, tj. omezit dehydrataci a
smr$tovani bunék (Meryman, 1971; Storey a Storey, 1988; Rozsypal a Kostal, 2018;
Rozsypal a kol., 2018). U hmyzu, ktery prosel mrazovou dehydrataci, mize navic zbyvajici
voda s rozpusténymi kryoprotektanty pifechazet do amorfni skelné faze (Rudolph a Crowe,
1986). Nejméné u dvou druhtit hmyzu bylo prokazano, ze k tomu skute¢né piirozené dochazi,
a navic, ze ptfechod do skelné¢ faze mize byt adaptivni a napomahd k pfeziti za extrémné
nizkych teplot (Sformo a kol., 2010; Kostal a kol., 2011b; Rozsypal a kol., 2018).

Ad (ii): Mnoho kryoprotektanti ma antioxida¢ni potencial, napiiklad trehaléza (Reyes-
DelaTorre a kol., 2012), prolin (Kaul a kol., 2008) nebo glutamin (Arakawa a Timasheff,
1985). Tyto latky tedy mohou, alespon teoreticky, chranit pfezimujici hmyz pied oxidativnim
poskozenim. Biosyntéza polyoli z cukernych prekurzort spotiebovava redukeni silu ve formeé
NADPH. Vzhledem k tomu, Ze NADPH je také potfebny pro zpétnou redukci oxidovaného
glutathionu, mize mit navic metabolismus polyoli vliv na celkovou redoxni rovnovéhu v
biologickych roztocich. Mrazova dehydratace bunécnych roztokli u promrzajicich druht
hmyzu vede ke zvySeni koncentraci potencidlné toxickych latek v cytosolu, jako jsou
anorganické kationty (K*, Na*, Ca?"), protony (H*), nebo dusikaté latky jako mocovina,
arginin a lysin. VSechny tyto latky, pokud se vyskytuji ve vysokych koncentracich, maji
nepfiznivy vliv na funkéni strukturu proteini a pusobi jako denaturanty jejich nativni
konformace (Timasheff, 1993). Nahromadéné kryoprotektanty mohou patrné tento neptiznivy
vliv kompenzovat (Somero, 1986; Yancey, 2005).

Ad (iii): Stabilitu makromolekul a integritu makromolekularnich komplexti pfimo ohrozuje
jak nizka teplota, tak nizka aktivita vody. U podchlazujicich druhti hmyzu dominuje vliv
nizkych teplot, zatimco v ptipadé¢ promrzajicich druhii hmyzu oba neptiznivé faktory
spoluptisobi. Prvnim krokem k denaturaci proteinii je obvykle rozpad jejich polymerni
struktury. Rada polymernich proteinii ve vodném roztoku depolymerizuje jiz pii teplotach
tésn¢ nad bodem mrazu, nebo nad bodem tani roztoku (Privalov, 1990). Depolymerizované
proteiny ztraceji svou aktivitu (enzymatickd aktivita, signalizace) nebo strukturni funkci
(cytoskelet, myofibrily). Avsak depolymerizace je po navratu do optimalni teploty obvykle
reverzibilni, a proto nemusi negativné ovlivnit zivotaschopnost hmyzu stresovaného pouze
mirnym chladem a po kratkou dobu. Otazkou zlistava, nakolik je re-polymerizace mozna po
dlouhodobém vystaveni hlubSimu chladovému stresu, jako je podchlazeni nebo dokonce
mrazova dehydratace bunek u piezimujiciho hmyzu (Des Marteaux a kol., 2018b).
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V podchlazeném roztoku muze dojit, alespoii v teoretické rovin€, ke skutecné denaturaci
proteint (tj. Kk linearizaci fetézcti a obnaZeni jejich vnitinich hydrofobnich domén) pfimym
pusobenim velmi nizkych teplot. Uvazuje se, ze tzv. chladova denaturace proteint za teplot
pod -15 °C je principialné¢ podobna a stejn¢ pravdépodobna jako typicka denaturace teplem,
obvykle za teplot nad 40-50 °C (Dias a kol., 2010; Sanfelice a Temussi, 2016). Denaturované
proteiny mohou snadno agregovat (tj. tésné interagovat prostfednictvim obnazenych
hydrofobnich oblasti). Agregace je obtizn¢ reverzibilni, a proto mize negativné ovlivnit
zivotaschopnost hmyzu po silném chladovém stresu. Fosfolipidové dvojvrstvy mohou za
nizkych teplot podléhat fazovému pifechodu do nefunkéni gelové faze. Témér vsechny typy
akumulovanych kryoprotektantti (cukry, polyoly, aminokyseliny) mohou u podchlazeného
hmyzu chranit nativni proteinové struktury, a také funkéni fazi tekuté-krystalinni dvojvrstvy,
mechanismem znamym jako preferenéni exkluze (Arakawa a Timasheff, 1985; Timasheff,
1992a). Témét vSechny kryoprotektanty se ve vodnych roztocich chovaji jako kosmotropy, tj.
latky snadno rozpustné ve vod¢, preferujici interakce s molekulami vody pied interakcemi s
proteiny nebo fosfolipidovymi skupinami. V dasledku toho jsou kosmotropni kryoprotektanty
prednostné vytlacovany (preferential exclusion) z okoli makromolekul, ¢imz jsou naopak
makromolekuly pfednostné hydratované, a tak termodynamicky stabilngjsi (Xie a Timasheff,
1997; Timasheff, 1998; Jensen a kol., 2004; Ball, 2008).

Bunky promrzajictho hmyzu jsou vystaveny nizkym teplotdm v kombinaci se dvéma dalSimi
silnymi stresory: nedostatek kapalné vody (mrazova dehydratace) a pfitomnost ledovych
krystalkli (mechanicky stress). K dalSim negativnim projeviim dehydratace bunék mrazem
patii rostouci koncentrace toxickych latek (viz. vySe) a piehusténi cytoplazmatickych organel,
jejich tésny kontakt az ptipadné fuze jejich membran (Uemura a kol., 1996). Proto je stres
zpusobeny mrazem ve srovnani s pouhym podchlazenim na stejnou teplotu mnohem
rizikovéjsi (Carpenter a Crowe, 1988; Franks a Hatley, 1991; Muldrew a kol., 2004).
Stresujici faktory spojené s mrazovou dehydrataci bunék ovliviiuji soucasné Ctyfi urovné
biologické organizace.

(1): Na molekularni tirovni zptisobuji snizeni kinetické energie a reaktivity vSech molekul, ale
zejména zavazné ohrozuji funkcéni konformace makromolekul, stabilitu a integritu jejich
komplexti. Proteiny denaturuji a mohou nésledné vytvaret nerozpustné agregaty. Membrany
mohou piechazet lokaln¢ jak do gelové faze (kvili nizkym teplotdm) tak i do hexagonalni
faze (kvili nizké aktivité¢ vody). Pfi nizké aktivité vody mohou nukleové kyseliny ménit
konformaci z biologicky relevantni formy B na nefunkéni formu A (Brovchenko a
Oleinikova, 2008) a exponované smycky euchromatinové DNA se mohou pii mechanickém
namahani fyzicky zlomit (Lubawy a kol., 2019).

(if): NaruSeni molekularni aktivity pfimo ovliviiuje Groven metabolismu. Biochemické a
bunécné procesy jsou siln¢ inhibovany. Navic, led je G€innou bariérou pro pronikani kysliku
do tkani a bunky jsou tak vystaveny anaerobnim podminkam. Neuspotadané metabolické
pfemény mohou zpUsobit postupné vycerpani energie a/nebo nahromadéni toxickych
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meziprodukta (Storey a Storey, 1985; Joanisse a Storey, 1996). (iii): Osmotické fluktuace
(voda z buiiky ven pii extracelularnim mrznuti /zpét do bunky dovnité pii tani) a rostouci
ledové krystaly plisobi na jemnou organizaci cytoplazmy, na struktury bunécnych organel i na
uspofadanou extracelularni matrix. Dochazi k delokalizacim organel a pfipadné i k jejich
mechanické destrukci — bunky a tkané tak mohou ztratit svou fyzickou integritu (Lovelock,
1954; Mazur, 1984).

(iv): Na urovni systému mohou poskozené molekuly, organely a buiiky selhavat pti obnoveni
organovych Zzivotnich funkci po mrazovém stresu, coz muze zpusobit kolaps celého
organismu nebo piinejmensim ztratu jeho fitness (Portner, 2002; MacMillan, 2019).

Predpoklada se, ze wvysoké koncentrace specifickych kryoprotektant chrani nativni
proteinové struktury pfed denaturaci a agregaci vyvolanou mrazovou dehydrataci (Inoue a
Timasheff, 1972; Tamiya a kol., 1985; Franks a Hatley, 1991; Wang, 1999; Bolen a
Baskakov, 2001; Kaushik a Bhat, 2003; Toxopeus a Sinclair, 2018). Protoze béhem mrazové
dehydratace bun¢k dochazi ke ztraté kapalné vody, mechanismus preferenéni exkluze (viz.
vyse) nefunguje. VétSina kosmotropnich kryoprotektantii, které dobie chrani proteiny ve
vodném roztoku, neni schopna ochrénit proteiny nebo fosfolipidové dvojvrstvy pti poklesu
hydratace pod 0,3 g vody na gram suché hmoty (Hoekstra a kol., 2001a) (obvykla hydratace
hmyziho organismu se pohybuje mezi 2 az 4 g vody na gram suché hmoty). Nékteré
kryoprotektanty vsak vykazuji specifické vlastnosti, které mohou vysvétlovat jejich empiricky
pozorované kryoprotektivni schopnosti za nizké aktivity vody. Naptiklad prolin a arginin jsou
mezi v§emi aminokyselinami velmi specifické svou schopnosti pfimo interagovat s ¢aste¢né
denaturovanymi proteiny (napt. v disledku mrazového stresu) a stabilizovat je v prechodné
fazi tzv. molten globule, pficemz zabranuji jejich dalsi denaturaci a agregaci (Samuel a kol.,
1997; Das a kol., 2007; Lange a Rudolph, 2009; Schneider a kol., 2011). Prolin a arginin pfi
vysokych koncentracich a nizké aktivité¢ vody vykazuji vysokou tendenci k samo-uspofadani a
tvorbé supramolekularnich klastrt (stacked columns) kdy jejich hydrofobni domény navzajem
interaguji (pyrolidinové kruhy prolinu, metylové skupiny argininu) a vytvaii tak hydrofobni
povrch, ktery mulZe interagovat s obnaZenymi hydrofobnimi doménami ¢astené
denaturovanych proteinii (Rudolph a Crowe, 1986; Das a kol., 2007). Dale, trehaloza a
nékteré dalsi di — a tri-sacharidy maji pozoruhodnou schopnost stabilizovat membrany pti
vysychani (Crowe a kol., 1984; Thompson, 2003). Mohou vytvaret vodikové mustky s
polarnimi fosfatovymi zbytky na fosfolipidovych skupindch, a tim nahrazovat chybéjici
molekuly vody a stabilizovat membranu pii nedostatku vody. Proto je tento mechanismus
znam jako substituce vody (water replacement) (Crowe a kol., 2001; Crowe, 2007).

Trehaloza ma navic silnou schopnost stimulovat pfechod vysoce koncentrovanych télnich
roztokt do amorfni faze ,,skla*“ (Chen a kol., 2000; Cesaro a kol., 2008). V pribéhu skelného
pfechodu se viskozita podchlazené kapaliny rychle zvySuje s tim, jak se zvySuje Cetnost a sila
vodikovych vazeb. Ve zfedéném roztoku se vétSina vodikovych vazeb vytvaii mezi

molekulami vody, ale s rostouci koncentraci solutu dochazi k castéj$§im interakcim mezi
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vodou-trehal6zou a trehaldzou-trehal6zou, az do bodu, kdy molekuly trehaldézy vytvoii velké
klastry, které vylucuji vazbu s vodou (Olgenblum a kol., 2020). ZvySenim viskozity se
zpomali molekularni dynamika a makromolekuly jsou ,,uvéznény* v amorfni matrici, coz
pravdépodobné brani nezadoucim ptfechodim, jako je napiiklad rozvolnéni a denaturace
struktury proteinli. Trehal6za navic mize ptimo vytvaret vodikové vazby s makromolekulami,
coz pravdépodobné dale zvysuje jejich stabilitu v amorfnim stavu (Crowe a kol., 1998;
Olgenblum a kol., 2020).

Schopnost stimulovat piechod do skelné faze byla diive nékterymi autory pfipisovana také
prolinu (Rudolph a Crowe, 1986). Pozdé&jsi méfeni vSak ukazala, Ze prolin tuto schopnost
nema, a to ani v koncentracich kolem 1M (Rasmussen a kol., 1997; Liu a kol., 2020; Moos a
kol., 2022). Fyzikalni chemie vSak odhalila jinou specifickou vlastnost prolinu — jeho
mimofadné vysokou rozputnost ve vod¢, kterd dosahuje hodnot az 15 moli prolinu na
kilogram vody — tedy 1 725 g prolinu na kg vody (Qiu a kol., 2019). Ve vysokych
koncentracich tvofi prolin ¢etné hydrofilni interakce (vodikové mustky) s molekulami vody a
vytvafi tak hustou, tzv. viskoelastickou kapalinu (de Molina a kol., 2017). Tato kapalina
zustava v kapalné fazi i za teplot velmi hluboko pod nulou a vykazuje termické chovani, které
je typické pro tzv. NADES systémy (Natural Deep Eutectic Systems; Choi a kol., 2011) —
silné suprese m.p. a prakticky absolutni eliminace krystalizace ledu. V soucasnosti jsou praveé
NADES systémy uvazovany jako novy nadéjny smér vyvoje kryoprotektivnich smési pro
kryoprezervaci sav¢ich bun¢k nebo tkani (Hornberger a kol., 2021).

Vysoké koncentrace trehaldzy, prolinu a snad 1 nékterych proteind, véetné LEA-like proteint
(viz. kapitola 2.1.6.), mohou slouzit jako jakysi molekularni §tit, ktery zabrafiuje nezadoucim
interakcim mezi té€sné piiléhajicimi fosfolipidovymi dvojvrstvami (zabranuji jejich fizi) nebo
mezi proteiny (zabranuji jejich agregaci) (Anchordoguy a kol., 1987; Bryant a kol., 2001,
Hoekstra a kol., 2001a; Ball, 2008).

2.1.6. Exprese specifickych proteinu

V ramci ptipravy na zimni obdobi se v téle nekterych druhit hmyzu specificky hromadi dvé
tiidy proteind spojenych s regulaci tvorby ledovych krystalki: anti-freeze proteiny (AFP) a
proteinové nukleatory ledu (PIN, Protein Ice Nucleators) (Zachariassen a Kristiansen, 2000;
Duman, 2001; Duman a kol., 2010; Duman, 2015). V piipadé¢ podchlazeného hmyzu se
setkdvame s AFP, které se vazou na povrch zarodecného ledového krystalu, brani molekulam
vody V navazani se do krystalické miizky ledu a potlacuji (inhibuji) tak dalsi rast krystalu.
Rovnovazny bod mrznuti se takto miize snizit oproti rovnovaznému bodu tani o -2 °C az -8
°C (vznika tzv. teplotni hystereze, jejiz velikost zdvisi na typu a konkrétnim druhu AFP).
Termodynamicky nestabilni podchlazena faze vody se tak dale stabilizuje (viz také kapitola
2.1.5., stabilizace pomoci kryoprotektantii). Paradoxné jsou AFP aktivni i u nékterych druhi
promrzajictho hmyzu, které preferuji zacit promrzat jiz pii relativné vysokych teplotach. U
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tohoto hmyzu AFP obvykle vykazuji pouze slabou hysterezi (snizuji rovnovazny bod mrznuti
pouze o zlomek °C) a plni spiSe jinou funkci: zabranuji rekrystalizaci ledu (Capicciotti a kol.,
2013). Rekrystalizace je jev, kdy pfi jemném kolisani podnulové teploty pii dlouhodobém
zmrznuti dochazi k opakovanému tani a opét mrznuti malé Casti roztoku, a pfitom se tvofi
stale ve&tsi a vetsi krystaly ledu na tkor mensich. Tento jev ma negativni disledky, jelikoz
velké krystaly ledu vice narusuji delikétni struktury jemnych tkéni a extracelularni matrix.

Na rozdil od AFP, nukleatory PIN stimuluji krystalizaci ledu pii relativné vysokych teplotach,
blizko bodu mrazu. PIN jsou vybaveny povrchovymi doménami, které katalyzuji integraci
molekul vody do krystalické miizky ledu. U promrzajiciho hmyzu tak PIN zabranuji
nezadoucimu podchlazovani vody, a naopak urychluji tvorbu ledu za teplot nehluboko pod
bodem tani. Velmi podstatné je to, Ze PIN se nachazeji v hemolymf€ a to znamenad, Ze iniciuji
tvorbu ledu v extracelularnim prostoru. Tim také piedchdzi eventudlnimu mrznuti uvnitf
bunék, které by bylo letalni (Zachariassen a Kristiansen, 2000).

Sokové proteiny (HSP, Heat Shock Proteins) jsou evoluéné silné konzervované a jsou si tedy
strukturné velmi podobné u riiznych organismu (Plesofsky-Vig, 1996; Kiang a Tsokos, 1998).
Prvné bylo pozorovano vyrazné zvySeni exprese genl kodujicich HSP v reakci na tepelny
stres u octomilky Drosophila melanogaster (Burdon, 1986). Podobna reakce byla pozdé&ji
pozorovana po vystaveni rtiznych organismi chladu a tfad¢ dalSich stresord fyzikalni,
chemické i biologické povahy. U D. melanogaster a dals§iho hmyzu existuji dvé hlavni tfidy
stresem-indukovanych HSP: (i) Sokové proteiny o pfiblizné velikosti 70 kDa; a (ii) tzv. malé
Sokové proteiny o velikosti tésn€ nad 20 kDa (napt. Hsp22, Hsp23, Hsp26, Hsp27) (Lindquist
a Craig, 1988; Korsloot a kol., 2004). Stresem-indukované HSP mohou stabilizovat velké
proteinové komplexy, jako je napi. cytoskelet (Russotti a kol., 1997; Des Marteaux a kol.,
2018a), dale mohou interagovat s hydrofobnimi doménami castecné¢ denaturovanych nebo
chybné slozenych proteind, které se mohou vyskytovat ve vétsim mnozstvi pravé po silném
chladovém stresu nebo po mrazové dehydrataci. Po vazbé na HSP jsou poSkozené proteiny
bud’ aktivné poskladany do funkéni formy, nebo jsou nasmérovany k degradaci v
proteazomech (Parcellier a kol., 2003; Strudwick a Schroder, 2007).

Béhem casnych fazi diapauzy, a/nebo béhem postupné chladové aklimatizace, dochazi u
podchlazujicich i promrzajicich druht hmyzu k regulaci genové exprese inducibilnich HSP,
vétSinou ke zvySeni relativni Cetnosti jejich transkripti. Ma se za to, Ze tato zména je
adaptivni a pfipravuje organismus na teplotni stres, jehoz pravdépodobnost se s nadchazejici
zimni sezonou zvySuje (Rinehart a kol.,, 2006; King a MacRae, 2015; Toxopeus a kol.,
2019a). Silné zvySeni genové exprese HSP je vSak téméi vSudypiitomné pozorovano az
nasledné po chladovém ¢i mrazovém Soku, tedy po ndvratu do vyssi nebo optimalni teploty.
Opét je tato reakce témet automaticky spojovéna s adaptivnim vyznamem, tedy s reparaci
chladového ¢i mrazového poskozeni proteinti (Goto a Kimura, 1998; Sinclair a kol., 2007,
Colinet a kol., 2010a). Pozorovany prudky nartst hladiny mRNA hsp70 po Soku vedl cetné
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autory k adaptivnim interpretacim. Pifimé funkéni analyzy u octomilky D. melanogaster a
dalsiho hmyzu vsak ukazaly, ze vysledky genové expresni analyzy (typicky: analyza relativni
cetnosti transkripthi mRNA pomoci RT-qPCR) je tieba interpretovat opatrné, nebot’” nemusi
vzdy korelovat s mnozstvim finalniho genového produktu (tj. proteinu) a zejména s jeho
aktivitou (Feder a Walser, 2005; Nielsen a kol., 2005; Tollarova a kol., 2005). Nicméng,
literatura obsahuje také pitimé dikazy svédcici pro alespon ¢aste¢nou pozitivni roli HSP pfi
reparaci chladového a mrazového poskozeni hmyziho organismu. Naptiklad Colinet a kol.
(2010b) popsali, ze vytazeni exprese genl pro malé HSP (hsp22 a hsp23) pomoci RNAi u
octomilky, prodluzuje dobu jejiho zotaveni z chladového kématu. Dale, Rinehart a kol. (2007)
pouzili RNAI pro sniZeni exprese genu hsp70 u masarky Sarcophaga crassipalpis a zjistili, ze
toto vede k castecné ztrat¢ jeji chladové odolnosti. K velmi podobnym zavérim dospéli
rovnéz autofi z na$i vyzkumné skupiny, ktefi prokazali, ze RNAi proti hsp70 snizuje
ptezivani po chladovém stresu (podchlazeni) u plostice Pyrrhocoris apterus (Kostal a
Tollarova-Borovanska, 2009); a tUplna absence genu hsp70 v genomu octomilky D.
melanogaster negativné ovliviuje jeji pieziti po extrémnim podchlazeni (nikoli vSak po pouze
mirném podchlazeni — které ovSem rovnéz vyvolava silnou upregulaci exprese genu hsp70 u
kontrolnich octomilek) (Stétina a kol., 2015).

2.1.7. LEA proteiny

Dalsi rodinou proteint s potencialné kryoprotektivnimi vlastnostmi jsou LEA proteiny. LEA
(Late Embryogenesis Abundant) proteiny byly poprvé identifikovany zhruba pied 40 lety u
bavlniku a pSenice (Dure a kol., 1981; Galau a kol., 1986). Jak jejich nazev napovida, LEA
proteiny byly pivodné nalezeny v semenech rostlin, v pozdnich fazich jejich embryogeneze,
kdy dochazi ke ztraté¢ vody a vysychani semene — tehdy mohou LEA proteiny tvofit az 4 %
vSech proteini semene (Roberts a kol., 1993). Pozdéji byly dalsi LEA proteiny popisovany ze
semen, pylu i vegetativnich ¢asti dalSich druht rostlin (Shih a kol., 2005) a zacalo byt zfejmé,
ze jejich vyskyt v rostlinach je spojen s toleranci k vysychani (Welin, a kol., 1994; Hoekstra a
kol., 2001b). Tolerance k vysychani je sice velmi typicka pravé pro rostlinna semena, ale
nachazime ji také u mnoha jinych organismu, coz podnitilo patrani po pifitomnosti LEA-like
proteind v jejich genomech (Hand, 2011). Dnes zname LEA-like proteiny u bakterii (Stacy a
Aalen, 1998; Dure, 2001; Battista a kol., 2001), sinic (Close a Lammers,1993), plisni a hub
(Sales a kol., 2000; Abba a kol., 2006), a také u nékolika skupin Zivoéichd, kteti maji
spole¢nou schopnost piekondvat neptiznivd obdobi v anhydrobidze, tedy ve stavu témer
uplného vyschnuti: hlistice (Solomon a kol., 2000; Browne a kol., 2004), vitnici (Tunnacliffe
a kol., 2005; Denekamp, 2010), zelvusky (Forster, 2009), embrya Zabronozky slanistni
(Sharon a kol., 2009; Menze a kol., 2009) a dokonce zastupci hmyzu, chvostoskoci (Clark a
kol., 2007; Bahrndorff a kol., 2009) a larvy pakomaru (Kikawada a kol., 2006). Seznam
zivo¢iSnych LEA-like proteini v soucasnosti zahrnuje nejméné 101 struktur u 18 rtiznych
zivocichu (Janis a kol., 2018).
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2.1.7.1. Tridéni a struktura

U rostlin rozeznavame nejméné 6 riznych skupin LEA proteind v zavislosti na strukturnich
podobnostech a expresnich profilech (Wise and Tunnacliffe, 2004; Tunnacliffe and Wise,
2007). U zivo¢ichli nachazime ptevazné proteiny ze skupiny LEA3, patrné s jedinou
vyjimkou, coz je zabronozka slanistni (Artemia salina), ktera ma i proteiny ze skupin LEAI a
LEA2 (Janis a kol., 2022). Charakteristickym strukturnim znakem naprosté vétSiny dosud
znamych LEA-like proteini je paradoxné absence uspoiadanych sekundarnich a vysSich
struktur v hydratovaném stavu. LEA proteiny se fadi mezi tzv. IDP proteiny (Inrinsically
Disordered Proteins) (Uversky and Dunker, 2010). LEA proteiny jsou siln¢ hydrofilni a ve
vodném roztoku maji tendenci tvofit neuspofadanou strukturu tzv. statistického klubka
(ndhodné stocené stuhy, random coil). Vzajemna podobnost primarnich struktur riznych LEA
neni pfili§ vysoka (viz nize) coz €ini potiZe pii vyhledavani a porovnavani struktur moznych
LEA-like proteini v genomech a proteomech riznych organismi pomoci klasickych nastroju
jako je BLAST (Altschul, 1990). Proto byla vyvinuta specifickd vypocetni metoda, tzv. POPP
(Protein or Oligopeptide Probability Profile), kterd porovnava proteiny na zakladé pomérného
aminokyselinového sloZeni fetézci, spiSe nez na zdklad€ poradi aminokyselin (Wise, 2002).
Tato metoda tedy hleda specifické aminokyseliny nebo jejich velmi kratké motivy, které se v
fetézci vyskytuji s vyrazné vyssi (nebo naopak nizsi) pravdépodobnosti nez u jinych proteind.

Naptiklad, proteiny skupiny LEA3 jsou charakteristické repeticemi kratké 11-merni sekvence
TAQAAKEKAXE. K dal§im charakteristickym znakim LEA3 sekvence patii napiiklad
pravidelné vyskyty lysinu (K), alaninu (A), aspartatu (D) nebo glutaméatu (E) s periodou 11 a
také ptitomnost nasledujicich aminokyselinovych motivii (Tabulka 1; podle Tunnacliffe and
Wise, 2007).

Tabulka 1: Aminokyselinové motivy (POPP) charakteristické pro LEA3 proteiny.

LEA skupina motiv Proteinovy profil dle POPP
3a TAQAAKEKAGE +A, -C, +E, -F, -, +K, -L, -P, +AE, +AK, +EK, +ET,
+GE, +GK, +KE, +AAE, +AKD, +EKA

3b TAQAAKEKAGE +A, -, +K, -L, -P, +Q, +T, -V, +AA, +AQ, +EK, +KE,
+KT, +QA, +QQ, +QS, +QT, +TQ, +AAK, +AQA,
+EKT, +QAA, +TQQ

+ (respektive -) znaci motiv, ktery je vyznamné castéji (nebo méné casto) pritomen v LEA3 sekvenci.

PtestoZze tedy LEA proteiny maji ve vodném roztoku pfevazné neuspotfadanou strukturu, tak
piekvapivé mnohé z nich ziskédvaji strukturu a-Sroubovice béhem postupné dehydratace. Tato
vlastnost byla piivodn¢ pozorovana u rostlinnych LEA proteini (Wolkers a kol., 2001).
Pozdg¢ji byla prokazana i u zivocisSnych LEA3 proteint (Goyal a kol., 2003; Li a He, 2009).
Tito autofi pracovali s AavLEA1 proteinem (AAL18843, patti do skupiny LEA3 proteint)
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anhydrobiotické hlistice Aphelenchus avenae. Pomoci FTIR spektroskopie a rovnéz
molekularnim modelovanim zjistili, Ze pii postupné dehydrataci (odebiranim molekul vody z
modelu) se protein AAL18843 postupné ,,strukturuje (Obr. 2).

183,59 L PN e TR Obr. 2: Strukturace LEA proteinu v zévislosti na mnozstvi

3‘4]‘ hydratace ve vodném prostiedi.

Pfi vdhovém podilu vody 83.5 wt % je protein plné hydratovan
a zaujima prevazné neusporadanou strukturu (random coil).

Protein zlistdva plné hydratovany a nestrukturovany az do

poklesu hydratace na ca. 50 wt % (422 molekul vody na jednu
molekulu proteinu), ale pfi dalsim ubytku se nedostava
molekul vody pro interakce s jeho hydrofilnimi
aminokyselinami, zacind pfibyvat vodikovych mustkd mezi
aminokyselinami  navzdjem, a protein se postupné
strukturuje. Pti hydrataci 2,4 wt % (10 molekul vody na jednu
molekulu proteinu) je prevaina ¢ast proteinu ve strukture a-
Sroubovice a nelisi se od struktury za absence vody. Upraveno
podle Li a He (2009).

2.3%

2.1.7.2. Sub-bunécna lokalizace

Seznam zivocisnych LEA-like proteint (Janis a kol., 2018) ukazuje, ze v genomu jednoho
druhu se typicky objevuje vice riznych LEA3 proteind. Tato multiplikace naznacuje, ze razné
varianty mohou mit bud’ riiznou funkci nebo rliznou subbunécnou lokalizaci. Napiiklad u
rostlin se rizné LEA proteiny nachdzeji v cytoplazmé, jadfe, mitochondriich, chloroplastech,
endoplazmatickém retikulu, vakuolach, peroxizomech i plazmatické membrané (Tunnacliffe
and Wise, 2007). Subbunécna lokalizace LEA3 proteinli Zivo¢ichli neni dosud pIné objasnéna.
Vétsina z nich patrné lokalizuje do mitochondrialni matrix (podobné jako rostlinné LEA3),
jelikoz maji mitochondridlni lokalizani sekvenci na svém N-konci. Naptiklad Afr LEA3m
(ACM16586) protein zabronozky slanistni ma signalni peptid o délce 29 aminokyselin, ktery
je relativné hydrofobni oproti zbytu sekvence, ktera je cela vyrazn¢ hydrofilni (Obr. 3).
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Obr. 3: Hydropaticky plot pro protein Afr LEA3m (ACM16586) Zabronozky slanistni. Skére pod hodnotou 0

znadi hydrofilni aminokyseliny v Fetézci proteinu (a naopak). Upraveno podle Menze a kol. (2009).

Po transfekci nukleotidové sekvence pro Afr LEA3m do lidskych jaternich bunék byl
chiméricky protein skute¢né transportovan a lokalizovan do mitochondrii (Menze a kol.,
2009). Naopak proteiny ArLEATA (ABU62809) a ArLEA11B (ABU62810) vifnika Adineta
riciae vykazuji lokaliza¢ni a reten¢ni signaly pro endoplazmatické retikulum (Pouchkina-
Stantcheva a kol., 2007).

2.1.7.3. Fyziologické funkce

Prestoze jsou LEA proteiny znamy uz vice nez 40 let, jejich funkce jsou dosud spise
hypoteticky odvozovany od jejich struktury (pfevazujici hydrofilnost, absence sekundarnich
struktur za hydratace, strukturace béhem desikace) a zejména na zaklad¢ jejich specifického
vyskytu u anhydrobiotickych organismil a zvySené exprese v reakci na ztratu vody, poptipadé
1 na nékteré dalsi environmentalni stresory jako chlad nebo osmoticky Sok (Welin, a kol.,
1994). Uvazuje se o ne¢kolika moznych funkcich (podle Janis a kol., 2018): (i) Molekularni
Stity (molecular shields). Tato hypotéza predpokladd, ze LEA proteiny funguji jako
mechanické (sterické) a elektrostatické bariéry, které brani ostatnim proteinlim, aby se k sobé
po dehydrataci prili§ piiblizily a ptipadné agregovaly. Tato hypotéza ovSem vyzaduje, aby
byly LEA proteiny akumulovany ve vysokych cetnostech (n€kolik molekul LEA by bylo
potieba k uc¢inné izolaci kazdého jiného proteinu). Rovnéz strukturace béhem dehydratace se
zd4d byt v rozporu z funkci molekularniho Stitu. Hydratované LEA proteiny maji totiz
skute¢né¢ neobvykle velky hydrodynamicky polomér (velkou aktivni plochu, kterda miize
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fungovat jako stericky a elektrostaticky stit). S postupnou dehydrataci a strukturaci se ovsem
hydrodynamicky polomér LEA proteinli znacné¢ zmenSuje, coZz ma za nasledek sniZeni
funk¢nosti ve smyslu molekularniho Stitu. (ii) Hydrata¢ni pufry (hydration buffers). LEA
proteiny, diky své ptfevazujici hydrofilnosti, maji relativné velké hydratacni obaly a diky
svym Cetnym interakcim s molekulami vody mohou ménit vlastnosti vodnych roztokd.
Zejména se uvazuje, ze molekuly vody vazané v hydratacnim obalu LEA proteinti mohou byt
uvolnény ve prospéch jinych proteint pii postupuji dehydrataci bunééného prostredi (tak, jak
se postupné LEA proteiny strukturuji a ,,vzdavaji se” vody). Ani tato hypotéza patrné
nepostihuje hlavni funkci LEA proteinti, opét vzhledem k relativné malému mnozstvi
uvolnéné vody i pii relativné vysoké expresi LEA protein. (iii) Sekvestrace iontd (ion
sequestration). Vzrlstajici koncentrace anorganickych ionti pti dehydrataci mohou mit
neblahé denaturacni G€inky na proteiny. Tato hypotéza predpoklada, Ze piebytecné ionty jsou
pufrovany iontovou vazbou na LEA proteiny (respektive na jejich nabité funkéni skupiny).
Nabité funkéni skupiny LEA proteini mohou navic slouzit jako nukleacni jadra pro
regulované srazeni piebytecnych iont do krystalické struktury. Opét neni ziejmé, jak ucinna
tato funkce mulze byt vzhledem k velmi vysokym koncentracim kovovych iontl (zejména
[K']) v bun&nych roztocich. (iv) Stabilizace amorfni skelné faze (reinforcing amorphous
glasses). Nekteré LEA proteiny zvySuji teplotu fazového piechodu (Tg) do skelné faze u
roztokti s vysokym obsahem trehal6zy nebo jinych cukri (Wolkers a kol., 2001; Shimizu a
kol., 2010). Nékteré LEA proteiny dokonce stimuluji pfechod do skelné faze samy o sobé
(tedy bez ptitomnosti cukril v roztoku) (Shimizu a kol., 2010). Cim vyssi je teplota skelného
prechodu, tim diive (za vyssi relativni hydratace) mize roztok piejit do amorfni pevné faze
skla, kterd je povaZzovéna za siln¢ ochranou jak pro proteiny, tak pro biologické membrany
(viz kapitola 2.1.5.). (V) Stabilizace biologickych membran (membrane stabilization). U
nékterych rostlinnych LEA proteinli bylo prokdzano, ze pii desikaci prochéazeji konformacni
zménou, pokud jsou v blizkosti umélych fosfocholinovych lipozomu (Tolleter a kol., 2010;
Bremer a kol.,, 2017). Tato pozorovani naznalila, ze LEA proteiny by mohly piimo
interagovat také s biologickymi membranami a tim je stabilizovat pfi dehydrataci. U
zivociSnych LEA proteinti neni prozatim dostatek informaci o jejich moznych interakcich s
fosfolipidovymi membranami. Ale napt. Pouchkina-Stantcheva (2007) uvadi, ze jiz vySe
zminény ArLEA11B (ABU62810) viinika A. riciae je atypicky tim, Zze ma strukturu a-
Sroubovice v hydratovaném stavu, nechrani proteiny (citrat syntdza) pii dehydrataci, a
naopak, interaguje s fosfolipidovymi membranami a snizuje teplotu jejich fazového prechodu
do gelové faze. (vi) Fazova separace (phase separation). Podobné jako dochazi ke zvySovani
Cetnosti intra-molekularnich interakci (vodikovych mustkll) pti postupné dehydrataci LEA
proteinu (viz vySe), mohlo by dochazet také ke zvySovani Cetnosti inter-molekularnich
interakci a tvorbé vyssich oligomerickych struktur mezi molekulami LEA (Nakayama a kol.,
2007; Rivera-Najera a kol., 2014). Takto by se mohly LEA proteiny vyc¢lenovat z okolniho
roztoku (liquid — liquid phase separation, LLPS) do odd¢lenych kapének (membraneless
organeless, MLO) se specialnimi vlastnostmi roztoku silné odlisnymi od vlastnosti okoli.
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Diky interakcim LEA proteinii s dalSimi proteiny, popf. molekulami RNA, by také tyto
molekuly mohly byt ,vtahovany*“ do vnittku kapének a vnitiek kapének by poté mohl
fungovat jako jejich ochranné prostfedi, které muze dale expandovat po vtazeni dalSich a
dalsich makromolekul (Janis a kol., 2022). Vyzkum jevi LLPS a MLO se v soucasnosti
rychle rozviji a zda se, Ze formovani jakychsi makromolekularnich ochrannych kondenzatt
(stress granules) by mohlo byt dal§im mechanistickym vysvétlenim ochranné funkce LEA
proteinti béhem dehydratace (Janis a kol., 2018; 2022; Yagi-Utsumi a kol., 2021).

2.1.7.4. Interakce mezi LEA a kryoprotektanty

LEA proteiny a trehal6za mohou mit synergické ucinky. JiZ vySe byla zminéna stabilizace
cukernych skel pomoci LEA proteinti. Kromé toho bylo pozorovédno, ze napt. AavLEAI
(AAL18843) protein hlistice A. avenae dokaze stabilizovat citrat syntadzu pii dehydrataci 1épe
(synergicky) pokud je v roztoku spole¢né s trehaldzou, nez pokud je v roztoku pfitomen sdm
(Pouchkina-Stantcheva, 2007; Goyal a kol., 2005). Boswell a kol. (2014) studovali synergii
trehalézy a dvou proteinti ze skupiny LEA3 u Zabronozky A. franciscana (AfrLEAZ2,
ABQ23232; a AfrLEA3m, ACM16586), které porovnavali s kontrolnim proteinem (BSA).
Tito autofi zjistili, ze: (i) LEA3 proteiny maji shodny stabilizaéni vliv na laktat
dehydrogenazu jako BSA, a to v pfitomnosti i nepfitomnosti trehaldzy; (ii) LEA3 proteiny
stabilizuji fosfofruktokindzu v pfitomnosti trehal6zy mnohem lépe nez BSA v ptitomnosti
trehal6zy. Data jsou prozatim pftili§ predbézna a nedovoluji generalizaci. Ale existuji paralelni
informace o tom, ze trehaldza synergicky spoluplisobi s malymi Sokovymi proteiny pfii re-
naturaci (skladani, folding) proteinii poSkozenych tepelnym stresem (Singer a Lindquist,
1998; Viner a Clegg, 2001; Ma a kol., 2005).

2.1.7.5. Pravdépodobné funkce LEA pri chladovéem a mrazovém stresu

Dosud byly funkce LEA proteind spojovany piedev§im s ochranou proti ztraté kapalné vody
pii evaporacni dehydrataci organismu (viz reference uvedené vyse). Jak uvadim v kapitole
2.1.2. (a podrobngji rozvadim v kapitole 2.2.) ztrita kapalné vody hrozi také vSem
organismum, které toleruji extracelularni promrznuti — tehdy kapalna voda nepfechazi do
plynné faze vodni pary (jako u evaporacni dehydratace), ale do pevné faze ledu. Nabizi se
tedy hypotéza, Ze LEA proteiny se mohou uplatnit rovnéZ pii ochrané fizen¢ promrzajicich
organismil. Hypotéza byla pfedbézné testovana jak u rostlin, tak u Zivo€ichd.

JiZ koncem piedchoziho milénia byly publikovany prace, které ptinesly geneticky diikaz o
pozitivnim vlivu proteinu COR15a na mrazuvzdornost u rostlin. Podstatné je dodat, Ze protein
CORI15a byl pozdégji klasifikovan jako pfislusnik skupiny LEA3 proteinti (Wise, 2003). Artus
a kol. (1996) piipravili transgenni linie husenicku Arabidopsis thaliana, které konstitutivné
nad-produkovaly protein COR15a a zjistili, Ze transgenoze ma pozitivni vliv na stabilizaci

20



chloroplastti husenicku vystaveného promrznuti. Mechanismus této stabilizace patrné spociva
ve schopnosti COR15a proteinu interagovat specificky s vnitini membrénou chloroplastt a
chranit ji pfed fazovym ptfechodem do hexagonalni faze pti postupujici mrazové dehydrataci
(Steponkus a kol., 1998). Mnohem pozdéji byl podobny mechanismus testovan také u
zivociSnych LEA proteini. Moore a Hand (2016) pfipravili dva rekombinantni proteiny
zabronozky A. franciscana ze skupiny LEA3. Zaroven pfipravili umélé lipozomy, jejichz
fosfolipidové slozeni odpovidalo vnéjsi (outer mitochondrial membrane — OMM) nebo vnitini
(inner mitochondrial membrane — IMM) mitochondrialni membrané embryi zabronozky. V
testech oba rekombinantni proteiny prokazaly jistou schopnost omezit poskozeni
(prosakovani, leakage) fosfolipidové dvojvrstvy lipozémi po zmraZzeni na -80°C. Ochranné
vlastnosti se ovSem tykaly pouze OMM a nikoli IMM membrany. Dale bylo zjisténo, Ze
rekombinantni rostlinné i Zivoc¢isné LEA proteiny maji jistou schopnost chrénit strukturu
proteint pied denaturaci zpisobenou mrazovym stresem (Goyal a kol., 2005; Reyes a kol.,
2008; Nakayama a kol., 2008). Vétsina pokusii byla provedena s laktat dehydrogenazou
(LDH), ktera je vSeobecn¢ povazovana za mrazové-labilni enzym, a kterd byla vystavena
mrznuti in Vvitro v roztoku s rekombinantnim proteinem, nebo s kontrolnim proteinem (BSA,
bovine serum albumine). Ochranny vliv rekombinantnich LEA proteinii byl sice zfejmy, ale
vétSinou podobny ochrannému vlivu BSA. Tyto vysledky naznacuji, Ze pfitomnost jakéhokoli
proteinu v roztoku muze mit ochranny vliv na stabilizaci jiného proteinu. Pokud tedy LEA
proteiny maji né¢jaky specificky stabilizacni vliv na proteiny vystavené mrazovému stresu,
bude problematické tento vliv experimentalné prokazat in vivo, tzn. odd¢lit jej od nespecifické
stabilizace poskytované jinymi proteiny v piirozenych biologickych roztocich, které typicky
vykazuji velmi vysoké suméarni koncentrace proteini (50-400 mg. mL™t, Chebotareva a kol.,
2004). Existuje rovnéz alespon jeden pfimy geneticky priikkaz pro vyznam zivociSnych LEA
proteinll pii ochrané organismu pfed mrazovym stresem. Toxopeus a kol. (2016) potlacili
(pomoci metody RNAI) transkripci genu kodujiciho LEA protein (ze skupiny LEAL) u
zabronozky A. franciscana. Embrya Zabronozek s potlacenou transkripci vykazovala nizsi
pieZiti po mrazovém stresu nez kontrolni skupiny.

Literatura tedy prozatim neobsahuje dostatek dikazii pro funk¢ni vyznam LEA proteint pfi
chladovém a mrazovém stresu. Funkéni mechanismus plsobeni LEA proteini v mrazu
zustava nejasny, resp. podobné jako v ptipad¢ funkéniho mechanismu LEA proteinli pii
dehydrata¢nim stresu (viz vys$e), zlstava spiSe na trovni hypotéz. Piesto byly jiz provedeny
experimenty oveéfujici moznost vyuzit LEA proteiny pro kryoprezervaci sav¢ich bunék. Bylo
napfiiklad zjisténo, Ze rekombinantni LEA protein AVLEA1 hlistice A. avenae mirné zlepSuje
post-kryoprezervacni zivotaschopnost u lidskych mezenchymalnich kmenovych bunék (Wang
a kol., 2020).
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2.2. Mrazova vs. evaporacni dehydratace, cross tolerance

Pfi postupném promrzani extracelularniho roztoku dochazi k tzv. mrazové dehydrataci bunék,

resp. jejich cytosolickych roztokt. Situace je ndzorné uvedena na Obrazku 4.

A) B)
Hemolymfa

* < Burika /

Pohyb vody z buriky

Osmolyty Krystalky ledu

Obr.4: Model extracelularniho mrznuti. Led vznikd v extracelularnim prostoru (A), ten se postupné zahustuje a
osmoticky odsava vodu zevnitt bunky (B), az dojde k silné dehydrataci bunécnych roztokd a ke smrsténi burky

(C). Vice informaci v textu kap. 2.2. Upraveno podle Toxopeus a Sinclair (2018).

Pted zacatkem mrznuti (Obr. 4A) jsou extracelularni a cytosolické roztoky zivocisnych bunck
v osmotické rovnovaze. Obvykla osmotickd koncentrace u aktivnich fenotypi hmyzu se
pohybuje okolo hodnoty 300 mOsm (Zachariassen, 1985). Osmoticka koncentrace u
dormantnich, chladové aklimovanych fenotypti hmyzu mize ovSem vyrazné stoupat, a to diky
akumulaci nizkomolekularnich kryoprotektantti, ktera je nékdy doprovazena mirnou desikaci.
Velmi obvykly je nardst osmotické koncentrace o nckolik desitek az stovek mOsm. V
extrémnich pfipadech mize osmoticka koncentrace dosdhnout az n¢kolika tisic mOsm diky
akumulaci molarnich koncentraci glycerolu (Salt, 1961) nebo etylenglykolu (Gehrken, 1984)
(viz kap. 2.1.5.). Mrznuti musi zacit v extraceluldrnim prostoru, za relativn€ mirnych
podnulovych teplot, coZ je zajisténo bud” inokulaci vnéjSimi ledovymi krystalky (Rozsypal a
Kostal, 2018) nebo sezéonni expresi INA (Zachariassen, 1985; Duman, 2001, Duman a kol.,
2010). Jak voda postupné piechazi do pevné faze ledu, extracelularni roztok se zahustluje,
roste jeho osmoticka koncentrace, a dochazi k osmotickému piesunu vody z cytosolu do
extracelularniho roztoku (Obr. 4B). Na Obrazku 4C je pak znazornéna situace, kdy je mira
mrazové dehydratace buiiky jiz vysokd, buiika se deformuje a dochazi k silnému zahusténi
cytosolického roztoku — a tim se tato situace velmi podoba situaci, ktera nastane po
evaporacni dehydrataci. Zatimco evaporacni dehydratace dokaze odstranit téméf veSkerou
télni nebo bunécnou vodu (anhydrobidza), tak mrazova dehydratace ma jisty limit dany
velikosti frakce ,,volné* vody.
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Ledové krystalky v extracelularnim roztoku rostou az do momentu, kdy je za dané teploty
dosazeno maximalni mozné frakce ledu, ktera je dana osmolaritou roztoku, podle jednoduché
rovnice (Wang a Weller, 2011):

IF = OAW x [1- (m.p./ T)]

OAW (osmotically active water) je osmoticky aktivni frakce vody (neboli ,,volné*, mrznouci
vody) a pohybuje se v rozmezi 0 az 1; m.p. je rovnovazny bod mrznuti a tani vodnych
roztokil dany osmolaritou roztoku podle kryoskopické konstanty vody: 1 Osm =—1,86°C;a T
je teplota ve stupnich °C.

Frakce osmoticky aktivni (volné) vody se zjiStuje experimentdlné (nejcastéji pomoci
diferencialni mikro-kalorimetrie). Cast molekul vody v biologickych roztocich je totiz za
fyziologickych situaci nemrznouci (osmoticky neaktivni, OIW), protoZze je nekovalentné
,»vazana“ v hydratacnich obalech makromolekul, metabolitl a iontli. U rGznych druhi hmyzu,
a v riznych aklimacnich stavech, se podil OAW frakce pohybuje v rozmezi 60 az 80 % (0,6
az 0,8) (Block, 2013). RovnéZ osmolarita roztoku musi byt zjisténa experimentalné (nejcastéji
pomoci osmometru) a od ni je poté odvozena hodnota m.p. Ptiklady vysledkd rovnice jsou
uvedeny na obrazku 5.

Osmolarita: 300 mOsm

m.p. = 0.56°C m.p. =-1.86°C Obr. 5: Porovnani prabéhu
1.00+ 1.00—-mnmnmnmnmana- QAWET10 mrznuti  dvou  télnich
roztoka s rozdilnou
—_ osmolaritou (300 a 1000
éogg_; 0.759 mOsm). V obou pfipadech
3 ' frakce ledu rychle stoupa s
L 0.50- 0.504 klesajici teplotou a
§ dosahuje hodnot blizkych
E 0.25- 0.25- svému maximu iz za
relativné nizkych
podnulovych teplot. Cim
0.00 é i . T 1 0.00-— i T T 1 nizéi je teplota, tim vice
-5 -10 -15 -20 0™ -5 -10 15 -20 ledu se miZe vytvofit a tim

Teplota [°C] Teplota [°C]

je také mira dehydratace
cytosolického roztoku vyssi.
Na kazdém obrazku miZeme pozorovat dvé situace: (i) ¢erna kfivka, OAW = 1, teoreticka situace, kdy veskera
télni voda je ,volna“, dostupna pro fazovy prechod na led (mrznouci); (ii) ¢ervena krivka, OAW = 0,75,
realisticka situace, kdy 75% télni vody je volnych a 25% je ,vazanych” (nemrznoucich). Nardst osmotické
koncentrace ze 300 na 1 000 mOsm (typicky po sezénni akumulaci kryoprotektant(l) zplsobi, Ze za dané teploty
(-5°C) se vytvofri v koncentrovanéjsim roztoku podstatné mensi podil ledu (0,47 v roztoku 1 000 mOsm vs. 0,67

v roztoku 300 mOsm).
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Podobnost evaporatni a mrazové dehydratace na bunécné urovni vedla k opakovanym
formulacim hypotézy, ze biochemické adaptace na evapora¢ni a mrazovou dehydrataci (tedy
obecné na sucho a mraz) mohou byt navzajem velmi podobné nebo dokonce shodné (Block,
1996; Danks, 2000). Napiiklad Ring a Danks (1994) piimo explicitné hypotetizuji, ze:
,Desikace a kryoprotekce jsou adaptace, které se vzajemné prolinaji“ a podporuji svou
hypotézu né€kolika ptiklady, kdy tropické druhy hmyzu (diapauzni kukly mar Operopthtera
brumata a O. bruceata, dormantni dospélci brouka Stenotarsus rotundatus) akumuluji typické
kryoprotektanty (glycerol a glukéza), ackoli nejsou vystaveni nizkym teplotam. Dale si tito
autofi v§imaji, ze dormantni temperatni druhy Casto vykazuji alesponl mirnou dehydrataci
behem své chladové aklimace (ztrata té€lni vody v fadu 5 az 40%). Ve své dalsi studii (Ring a
Danks, 1998), ptipisuji disacharidu trehaldze hlavni roli spoleéného biochemického markeru
obou stresort (sucho a mraz). Zhruba v téze dob¢ hypotetizuje Pullin (1996), Ze akumulace
kryoprotektanti mize mit evolu¢ni ptivod provazany se vznikem dormance v tropech, ktera
mohla byt spojena s mirnou metabolickou akumulaci vybranych (netoxickych, dobie
rozpustnych) latek jako jsou jednoduché cukry. Tato reakce mohla byt zpocatku selektivné
neutrdlni nebo mohla mit specificky adaptivni vyznam (energetické zasoby, ochrana proti
suchu a proti u¢inklim evaporativni dehydratace). Po kolonizaci temperatnich zon mohla tato
reakce nabyt staro-nového adaptivniho vyznamu pii ochrané proti G€inkiim chladu a zejména

mrazové dehydratace.

Akumulace trehalozy je velmi Casto pozorovana u riznych organismi vystavenych suchu,
zejména u anhydrobionti (Crowe a kol., 1992; Tapia a Koshland, 2014), ale také u
podchlazujich 1 promrzajicich druhi hmyzu (Storey a Storey, 2013; Toxopeus a Sinclair,
2018). Trehaléza je hlavni formou ,krevniho* cukru u hmyzu (Reyes-DelaTorre a kol.,
2012). Diky své nereaktivni povaze (neredukujici cukr) a celkem dobré rozpustnosti ve vodé
muze byt skladovana coby energeticka rezerva, nebo akumulovéna coby inertni osmolyt
dehydratujicich bunék (Crowe, 2007). Zaroven ma trehaléza vyjimecnou schopnost
stabilizovat dehydratované biologické membrany a proteiny (Crowe a kol., 1984; Kaushik a
Bhat, 2003). A ma také silnou schopnost stimulovat pfechod vodnych roztokli do amorfni faze
skla (Clegg a kol., 1982). Trehal6za je tak casto zminovanym svornikem v tvahach o
jednotném biochemickém systému ochrany pied suchem a chladem/mrazem (Ring, 1998,
Benoit a kol., 2007). Ziejmé& nejpiiméjsi prikaz pro roli trehalézy pfi ochrané hmyziho
organismu pied suchem, chladem a mrazem byl ziskan pro larvy antarktickych musek Belgica
antarctica. Benoit a kol. (2007) pomalu desikovali larvy pii 98% vlhkosti a teploté 4°C, az
tyto ztratily 50% télni vody. Autofi pozorovali, Ze béhem postupné desikace larvy trojnadsobné
zvySuji koncentraci trehalozy a zaroven se zvySuje jejich schopnost pfezit po zmraZeni na -
15°C. Dilezité je to, ze injikace trehal6zy do kontrolnich larev méla podobny kladny ucinek
na jejich mrazovou odolnost jako pfirozena akumulace trehal6zy béhem desikace.

Vysledky vsech predchozich pozorovani, experimenti a uvah muzeme shrnout pod
ekofyziologicky koncept cross-tolerance, ktery je prezentovan na Obrazku 6.
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A) Cross-tolerance

Cold ===y Signalling A ===y Response A === Protection against cold

><

Drought mes==sp  Signalling B === Response B =mmmmp  Protectionddgainst drought

B) Cross-talk

Response A ===  Protection against cold
Cold /’
or Common
signalling \
Drought Response B ==mmmp  Protectionydgainst drought

Obr. 6: Koncept cross-tolerance. Upraveno podle Sinclair a kol. (2013). Existuji dvé teoretické moZnosti
zékladniho usporadani. Cross-tolerance (A) znamend, Ze dva rdzné stresory vyvolavaji samostatné signalizacni
kaskady, které produkuji odpovédi (molekuly) s ochrannymi ucinky proti obéma stresoriim zaroven. Cross-talk
(B) znamena, Ze dva rlzné stresory vyvolavaji shodnou signaliza¢ni kaskadu, kterd produkuje rGizné odpovédi

(molekuly), jez chrani pred ucinky jednoho ¢i druhého stresoru.

Koncept cross-tolerance vychazi z faktu, Ze jedinci hmyzu (nebo jakéhokoli jiného
organismu) jsou ve svém pfirozeném prostiedi obvykle vystavovani riznym kombinacim
stresujicich faktorti pisobicim zéaroven, coz favorizuje evoluci ochrannych mechanismii, které
jsou rovnéz ucinné proti vice stresorim zaroven. Hypotetické mechanismy cross-tolerance se
prakticky prekryvaji s mechanismy adaptivniho komplexu chladové odolnosti tak, jak jsou
pfedstaveny v pfedchozim textu: membrany (2.1.3.), antioxidanty (2.1.4.), nizkomolekularni
cytoprotektanty (2.1.5.), HSP a LEA proteiny (2.1.6. a 2.1.7.).

Ackoli se koncept cross-tolerance zdad byt pomérné robustni z ekologicko-evoluéniho
hlediska, empiricka analyza jeho fyziologicko-biochemické podstaty je velmi obtizna praveé
kvili vysoké komplexité a provazanosti vSech potencidlné zucastnénych mechanismu. Plati
totéZ, co jiz bylo vySe feCeno pro mechanismy chladové a mrazové odolnosti: tyto
mechanismy pusobi zdsadné kooperativné nebo synergicky jako cely komplex najednou.
Experimenty a funk¢ni analyzy, které se zamétuji na jednotlivé prvky komplexu v izolaci (coz
je nutny, nebo alesponi pochopitelny redukcionisticky ptistup), mohou proto poskytovat pouze
casteCné nebo i1 zkreslené informace. V tomto ohledu ptedstavuje moje disertacni prace
ojedinély pokus o empirickou analyzu biochemickych mechanismi cross-tolerance k suchu a
mrazu.
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2.3. Modelovy druh

Modelovym druhem mé disertacni prace je muska z celedi
octomilkovitych, Chymomyza costata (Zetterstedt 1838) (Diptera, Drosophilidae), anglicky
n¢kdy malt fly. Rod Chymomyza cita ca. 60 popsanych druht, jejichz bionomie je vSak
nedostatecné¢ znama. Pouze C. costata se stala jednim z modelovych druhti pro studium
fotoperiodické regulace diapauzy, prezimovani v chladnych temperatnich a subpolarnich
habitatech a fyziologie chladové odolnosti.

Taxonomické zarazeni druhu je upiesnéno na strankéch:

NCBI Taxonomy browser, ID 76946
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=76946

NCBI Life map

https://lifemap-nchi.univ-lyonl.fr/?tid=7271

C. costata se vyskytuje v celé chladné holarktické oblasti, a to i za polarnim kruhem, kde je
jednim z viibec nejsevernéji rozsitenych druhi celedi Drosophilidae (Hackman a kol., 1970;
Toda, 1985). Naprosta vétSina druhi z Celedi octomilkovitych (nejméné 1 500 druht) se
vyskytuje v tropickych oblastech (evolu¢ni centrum je ve stfedni Africe) a ma relativné slabé
vyjadieni diapauzy a nizkou chladovou odolnost. Jen relativné malo druhii se rozsifilo do
temperatnich nebo polarnich pasti (Throckmorton, 1975; Strachan a kol., 2011). Temperatni
druhy octomilkovitych pfeckavaji obdobi zimy vétSinou jako dospélci, ve stavu reprodukéni
dormance, at’ uz typu hluboké diapauzy nebo mélké kviescence. U jediného druhu z celé
velké ¢eledi byla popsana kukelni diapauza (Drosophila alpina, Lumme a kol., 1978) a pouze
u tii druhtt Chymomyzy (mezi nimi pravé C. costata) a také u Scaptodrosophila deflexa je
znama larvalni diapauza (Basden, 1954). Ve své disertacni praci pracuji s larvalnim stadiem
C. costata.

2.3.1. Larvalni diapauza Chymomyza costata

Pfezimovani larev C. costata v diapauznim stavu bylo popsano jak u finskych, tak u
japonskych populaci (Lakoovara a kol., 1972; Enomoto, 1981). Podrobnéji se diapauzou
zacala v 80-tych létech minulého stoleti zabyvat spole¢na finsko-japonska skupina. VétSina
jejich vyzkumu byla provedena na linii musek, ktera pochazi z nékolika jedincti odchycenych
v roce 1983 pobliz mésta Sapporo, ostrov Hokkaido, Japonsko (43.06°N, 141.35°E). Vyzkum
byl stimulovan izolaci nediapauzni linie musek, kterd se spontanné objevila v laboratornim
chovu jiz v prvnich letech po odchytu v ptirod€. Tato linie nereagovala na kratkodenni signal,
ktery jinak velmi spolehlivé vyvolava diapauzu u prakticky vSech larev divokého typu
(Rihiimaa a Kimura, 1988). Dalsi genetickd analyza naznalila, ze ztrata fotoperiodické
citlivosti larev byla patrné zptisobena mutaci jediné recesivni alely nezndmého genu (lokusu),

ktery je uloZzen na autozomech. Genovy lokus dostal nazev NPD, Non Photoperiodic
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=76946
https://lifemap-ncbi.univ-lyon1.fr/?tid=7271

Diapause, coz reflektuje skuteCnost, Ze larvy mohou sice vstoupit do dormantniho
(kviescentniho) stavu jsou-li vystaveny nizkym teplotam (<LDT, <11°C), ale samotny
fotoperiodicky signal aplikovany za relativné vysoké teploty (18°C) diapauzu neindukuje
(Rihiimaa a Kimura, 1989). Linie NPD se tak stala vhodnym modelem pro studium genové a
molekularni podstaty fotoperiodismu u hmyzu.

Debaty o podstaté tzv. fotoperiodického kalendaie se vedou jiz dlouha desetileti (Bunning,
1958; Pittendrigh, 1960) a v posledni dobé pfevazuje néazor, ze fotoperiodicky kalendar
(schopnost rozpoznavat délku dne a reagovat na ni komplexni zménou fenotypu, tedy
napiiklad vstupem do diapauzy) je zalozen na specifickych interakcich v neurondlni siti tzv.
hodinovych neuronit v mozku hmyzu (Saunders, 2002; Kostal, 2011). K podpote tohoto
nazoru piispél pravé také vyzkum provedeny na modelu linie NPD C. costata. Nejprve bylo
pomoci formdalnich experimentl (sledovani odpovédi na fotoperiody s celkovou délkou >24 h;
experimenty s dlouhou noci pferusovanou kratkym zdbleskem svétla apod.) zjiSténo, ze
méfeni délky dne (resp. noci) se u larev C. costata ucastni blize nespecifikovany faktor s
cirkadianni rytmi¢nosti (Yoshida a Kimura, 1995; Lankinen a Riithimaa, 1997; Kostal a kol.,
2000). Analyzou hodinového genu period, bylo zjisténo, Ze tento vykazuje denni a cirkadianni
rytmy v expresi u divoké linie larev, kdezto exprese je nizka a nerytmicka u NPD linie larev
(Kostal a Shimada, 2001). Transkripty dal$iho hodinového genu timeless nebyly u NPD linie
ani detekovatelné, zatimco u divoké linie opét vykazovaly typicky denni rytmus exprese.
Zaroven, naruSeni exprese genu timeless pomoci RNAi vedlo ke ztrat¢ fotoperiodické
citlivosti larev (Pavelka a kol., 2003). Protein TIM byl lokalizovan do dvou neuront
larvalniho mozku v kazdé hemisféfe a tam vykazoval denni rytmic¢nost u divoké linie. U linie
NPD nebyl protein TIM detekovan viibec (Stehlik a kol., 2008). Tyto vysledky naznacily, Ze
porucha funkce cirkadiannich hodin v mozku NPD larev miize souviset se ztratou funkce
fotoperiodického kalendare. Sekvenovanim genového lokusu tim bylo zjisténo, Ze recesivni
alela tohoto genu nese u NPD linie dlouhou deleci (1 855 part bazi) v 5'-UTR regionu. Tato
delece odstranila start transkripce a také regulacni elementy tzv. E-boxti a TER-box1 (Stehlik
a kol., 2008). Postupnym umélym zkracovanim sekvence bylo zjiSténo, Ze zkracenymi-
konstrukty-transfekované hmyzi S2 bunky potiebuji k expresi genu tim pravé ty promotorové
useky, které jsou u NDP linie odstranény mutaci (Kobelkova a kol., 2010). Je tedy mozné, ze
lokus NDP je obsazen genem tim a tento hodinovy gen muze piedstavovat molekularni
spojnici mezi funkcemi hodin a kalendafte.

Larvy C. costata byly rovnéz vyuzity jako model pro detailni charakterizaci faktort
indukujicich diapauzu u hmyzu (Kostal a kol., 2016). Casto se v literatuie nespravné uvadi, ze
diapauza hmyzu je indukovéana nizkou teplotou (nebo primarné nizkou teplotou). Hlavnim
indukénim faktorem jsou vSak ty signaly z prostfedi, které maji rytmicky charakter a koduji
tak kalendaini cas — fotoperioda a také termoperioda. Tyto rytmické signaly mohou bezpecné
indukovat diapauzu larev C. costata i kdyz jsou aplikovany jednotlive, nezavisle. Jestlize jsou
oba aplikovany soub&zné, larvy se fidi pouze fotoperiodickou informaci. Dalsi faktory
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(teplota, hustota populace, ptfistup k potraveé) hraji druhotnou roli a modifikuji odpovéd’ na
primarni rytmické faktory. Dale byla diapauza larvy C. costata pouzita jako model pro
charakterizaci jednotlivych ekofyziologickych fazi diapauzniho vyvoje hmyzu (Poupardin a
kol., 2015; Kostal a kol., 2017). ZjednoduSena ptedstava o diapauze jako o statickém stavu
byla nahrazena modelem dynamickych zmén v genové expresi a fyziologii, které bézi
spontanné¢ (endogenné, beze zmény vnéjsich podminek), zaroven reaguji na (exogenni) zmény
vn¢jSich podminek, a tim vedou k postupné terminaci diapauzy (ukonceni diapauzy) béhem
zimniho obdobi.

2.3.2. Chladova odolnost C. costata

Prvni studie chladové odolnosti larev oznacila podchlazovani (freeze-avoidance) za hlavni
strategii larev C. costata pro pieziti podnulovych teplot (Enomoto, 1982). Tato klasifikace
byla zaloZzena na méfeni bodu podchlazeni (SCP) ktery byl sice polozen relativné nizko
(okolo -20°C), ale dnes vime, Ze toto je hodnota typicka pro vétSinu larev octomilkovitych,
véetné D. melanogaster, které maji velmi slabou odolnost viuc¢i chladu a hynou béhem
n¢kolika minut vystaveni teploté¢ 0°C (Kostal a kol., 2011a). Nizkd hodnota SCP sama o sob¢
tedy nemusi automaticky znamenat silnou chladovou odolnost (pfipomenime, ze
podchlazovani je prirozenou vlastnosti vodnych roztokt). Nedlouho na to byla klasifikace
strategie opravena na promrzani (freeze-tolerance) (Shimada a Riithimaa, 1988). Ukazalo se
totiz, ze larvy C. costata jsou silné citlivé k inokulaci okolnim ledem (ktery se bé&zné
vyskytuje v jejich zimovisti pod kirou padlych stromil), zacinaji promrzat jiz pti mirnych
podnulovych teplotach, a pokud je tempo jejich mrznuti pomalé, dokazi ptezit zmrazeni i na
teploty -100°C (Shimada a Riihimaa, 1990). Stejni autofi prokazali, ze dal§i podstatnou
podminkou pro pfeziti larev za extrémné nizkych teplot je ptredchozi vstup do diapauzy a
chladova aklimace (4°C, 1 mésic, konstantni tma). Larvy, které vstoupily do fotoperiodické
diapauzy vyvinuly o néco silngjsi toleranci k promrzéani nez larvy, které byly ,,pfinuceny* k
dormanci pouhym sniZenim teploty (kviescentni). Chladova aklimace larev byla doprovéazena
akumulaci dvou latek s potencialné kryoprotektivnimi u¢inky, prolinu (az 175 nmol.mg™* FM)
a trehalézy (az 37 nmol.mg™ FM). V roce 1996 bylo potom publikovéno pozorovani, ze larvy
dokazi ptezit i po zchlazeni na teplotu kapalného dusiku (-196°C) (Moon a kol., 1996). Tim
se larvy C. costata staly velmi atraktivnim modelem pro studium moznosti Kryoprezervace
celého komplexniho ZzivociSného organismu. SoucCasnd kryobiologie dokdze v kapalném
dusiku dobfe skladovat buniky nebo relativné jednoduchd embrya, ale velké problémy
organti nebo dokonce celého organismu byla donedavna povazovédna za témét vyloucenou
(Fahy a Wowk, 2015). Je tieba doplnit, Ze se jedna o organismy v plné hydrataci (jako je larva
C. costata), nikoli o anhydrobiotické organismy, které¢ byly ptfed zamrazenim zbaveny vody
(semena rostlin, embrya riiznych bezobratlych, zelvusky apod.).
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Kostal a kol. (2011b) overili schopnost larev prezivat expozici v kapalném dusiku a
metabolomickym profilovanim potvrdili také akumulaci prolinu a trehal6zy béhem chladové
aklimace diapauznich larev. Navic zjistili, Zze vstup do diapauzy a chladova aklimace jsou
spojeny s celkovym zvy$enim osmotické koncentrace hemolymfy az na 700 mOsmol.kg™; s
relativnim ubytkem osmoticky aktivni (promrazitelné) vody; a se zvySenou nachylnosti
prochazet pii mrazeni skelnym pfechodem. Podobné zmény vsSech vySe uvedenych parametri
byly pozorovany také u nediapauznich larev, které byly krmeny na diet€¢ obohacené o prolin.
Nediapauzni, v teple aklimované larvy neptezivaji promrznuti a kryoprezervaci. Po krmeni na
prolinové dieté se vSak tato schopnost u nich ,,objevila®. V nésledné praci (Kostal a kol.,
2012) se podafrilo pomoci relativné jednoduchych manipulaci ,,pfeménit™ larvu tropické, a k
chladu velmi citlivé, octomilky D. melanogaster na organismus, ktery toleruje zmrznuti pfi -
5°C. Podminkami pro pfeziti po zmrznuti byly opét: ptredbézné chladova aklimace a zastaveni
vyvoje chladovou kviescenci; krmeni na diet¢ obohacené prolinem; v€asna inokulace larev

ledem z okoli; a pomalé tempo mrazeni.

Dalsi intenzivni kolo vyzkumu chladové odolnosti C. costata (od roku 2017 dodnes) jiz
probihalo paraleln¢ s mymi vlastnimi experimenty, které uvadim jako vysledky své diserta¢ni
prace v samostatné kapitole ¢. 4. V roce 2018 publikovali Rozsypal a kol. (2018) srovnavaci
analyzu teplotnich dynamik fazovych piechodi t€lni vody na led, poptipadé na skelnou fazi, u
larev C. costata i D. melanogaster. Riizn¢ aklimované a riizné krmené larvy byly inokulovany
ledem a pomalu mrazeny v diferencialnim skenovacim mikro-kalorimetru (DSC). Technika
DSC umoziuje zachytit a fyzikalné proméfit fazové ptechody télni vody. Oba druhy
vykazovaly relativné malé vzdjemné rozdily v teplotnich dynamikéach fazovych piremén.
Shrnuji hlavni vysledky pouze pro larvy C. costata odolného fenotypu (freeze-tolerant,
diapauzni a chladové aklimované): bod tani (m.p, -1,0°C) zhruba odpovida diive zjisténé
osmolarit¢ hemolymfy; k inokulaci okolnim ledem dochdzi za teplot mezi -2 az -3°C; po
inokulaci frakce ledu rychle roste (viz. Obr. 5) a blizi se maximu (67,9% veskeré télni vody)
Jiz pii dosazeni teploty -10,5°C; pii dal§im poklesu teploty az na -196°C jiz frakce ledu
vyrazné neroste (znamena to, Ze ca. 32,1% vody je vazanych, nepromrazitelnych); pfechod do
amorfni skelné faze za¢ind po dosazeni teploty -20°C a je ukoncen po dosazeni teploty -30°C.
Velmi podstatné bylo posledni zjisténi: pieziti za kryoprezervace je zaruceno pouze tehdy,
pokud jsou larvy ponofeny do kapalného dusiku za teplot nizSich nez -30°C, tedy az po
kompletaci skelného piechodu.

Dale byly vyuzity rizné mikroskopické techniky s cilem identifikovat mikro-morfologické
zmény v prubéhu mrazeni larev C. costata a vytipovat tak tkané nebo struktury, které jsou
maximalné citlivé k poSkozeni mrazem. Kombinace svételné a konfokélni mikroskopie
odhalila rozpad cytoskeletalnich struktur tubulinu a aktinu, a to zejména v tukoveé tkani larev
(Des Marteaux a kol. 2018b). Zaroven byla pozorovana silna koalescence lipidickych kapének
(v disledku mrazové dehydratace cytosolu). Neni ziejmé, zdali tato koalescence primarné
zpuisobuje sekunddrni rozpad radidlni struktury tubulinovych vldken nebo naopak, jestli
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rozpad tubulinu umoznuje koalescenci. Dale byla pozorovana agregace aktinovych
mikrofilament v kortikdlni vrstvé tukovych buné€k. Larvy odolného fenotypu vykazovaly
slabsi destruktivni zmény cytoskeletu nez larvy citlivého fenotypu (freeze-sensitive,
nediapauzni, aklimované v teple). Krmeni citlivych larev na dieté obohacené prolinem vSak
vedlo k vyznamnému snizeni destruktivniho poskozeni cytoskeletu.

Elektronova mikroskopie umoznila jesté podrobnéjsi vhled do mikro-morfologie tkani
promrazenych larev C. costata (Stétina a kol., 2020). Citlivé larvy vykazovaly silnou tendenci
k patologickym zméndm mitochondrii — od zvétSovani a zakulacovani, ptes ztratu struktury
krist na vnitfni membrané, az k prasknuti vnéj$i i vnitini membrany a vyliti obsahu
mitochondrie do cytosolu. Intenzita zmén negativné korelovala s pfezitim larev a tyto zmény
byly pozorovany v tukové tkani, v zadnim stfevu a pozdé&ji rovnéz ve svalové tkani (Stétina a
kol., nepublikovand data). Zaroven byla pozorovana ztrata respira¢ni kapacity tkani, ale
paradoxné nikoli ztrata aktivity enzymu citrat syntazy, ktery je bézné pouzivan jako marker
mitochondridlni aktivity a je povazovan za silné citlivy k chladovému a mrazovému
poskozeni. Opét, stejné jako v predchozi praci, patologické zmény mitochondrii nebyly patrné
U odolného fenotypu larev a byly znacné potladeny u larev citlivého fenotypu, které byly
krmeny na prolinové dieté. VSechny experimenty tedy ukazuji, ze inkorporace prolinu do
metabolismu larev ma podstatné, mikroskopicky detekovatelné efekty na rozvoj i reparaci

mrazového poskozeni tkani larev C. costata.

Posledni paralelni studie s pfimym vztahem k moji disertacni praci se detailné zabyvala
metabolickymi drahami pro biosyntézu a katabolismus potencidlné kryoprotektivnich
metabolitd u larev C. costata (Moos a kol. 2022). Pomoci srovnavaci metabolomické a
transkriptomické analyzy, doplnéné o sledovani metabolickych tokli pomoci znafenych
prekurzord, byly vytvofeny tfi metabolické mapy (navzajem propojené), které ukazuji zdroje
a metabolické drahy zapojené do akumulace kryoprotektanti béhem vstupu do diapauzy a
nasledné chladové aklimace larev C. costata. Dosud byly za hlavni zdroje pro syntézu a
akumulaci kryoprotektanti povazovany makromolekularni zasoby ve formé proteinti (sérové
proteiny, proteiny extraceluldrni matrix), glykogenu a lipida. Studie ukazuje, ze znacna ¢ést
kryoprotektantli vSak pochdzi z latek asimilovanych z larvalni diety (diapauzni larvy
aklimované na 4°C totiz stale pokracuji v pomalém piijmu potravy, coz bylo neocekavané
zjisténi). Hlavnim kryoprotektantem larev C. costata je prolin (aklimované larvy obsahuji v
priméru 55 pg prolinu na jednu primérnou larvu o hmotnosti 2 mg). Nejméné 1/2 tohoto
mnozstvi pochazi z asimilace prolinu a jeho prekursoru glutamatu z potravy. Dalsi velka ¢ast
prolinu se tvoii metabolickou konverzi glutaminu, ktery byl akumulovan v ¢asnych fazich
diapauzniho vyvoje (pfed chladovou aklimaci). Malé €asti akumulace prolinu lze vysvétlit
metabolickou konverzi ornitinu a také degradaci kolagenil v extracelularni matrix (které byly
dosud hypoteticky uvazovany jako hlavni zdroj prolinu). Glykogenové zasoby jsou patrné
hlavnim zdrojem gluk6zovych jednotek pro konverzi na trehalézu (27 pg na jednu
aklimovanou larvu) a dal$i minoritni cukerny kryoprotektant sorbitol. Konverze fosfolipida
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jsou patrn¢ hlavnim zdrojem dosud velmi malo prostudované tiidy hmyzich kryoprotektanta,
ktera zahrnuje jednak glycerofosfo-cholin a glycerofosfo-ctanolamin a dale metylaminy
betain a sarkosin. V piipad¢ betainu a sarkosinu by alternativnim zdrojem mohla byt postupna
metylace glycinu uvolnéného degradaci kolageni (kolageny jsou tvoieny piedevSim
glycinem, prolinem a hydroxyprolinem). Fluxomika se znacenym glycinem vSak tuto drdhu

nepotvrdila, a naopak, byla potvrzena postupna de-metylace cholinu na betain, dimetylglycin
a sarkosin.
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3. Cile diserta¢ni prace

Cilem mé¢ disertacni prace bylo provést ,srovnavaci a funkéni analyzu kryo-protektivnich
ucinkli vybranych nizkomolekularnich a vysokomolekularnich latek* (formulace, jak je
uvedena v Planu doktorského studia ze 20. 7. 2017). V pribéhu péti-letého studia byl tento
plan zpiesiiovan podle vysledkt konkrétnich experimenttli a byly konkretizovany tyto cile:

1. Provést transkriptomickou analyzu odpovédi larev C. costata na chladovou aklimaci.

Cilem bylo odhalit procesy a metabolické drahy, které jsou ovlivnény chladovou aklimaci, a
vytipovat kandidatni geny, jejichz proteinové produkty by mohly hrat roli kryoprotektivnich
latek.

2. Ovérit pritomnost gent kodujicich LEA-like proteiny v genomu C. costata.

Pokud by tyto geny byly v gendmu piitomny, dalSimi cili bylo provést srovnavaci analyzu
jejich exprese v odpovédi na chladovou aklimaci a na aklimaci v suchu, pokusit se ptipravit
rekombinantni proteiny v umélych expresnich systémech a pouzit je jednak ke generovani
specifickych protilatek a ptipadné¢ také k pfimému testovani kryoprotektivni funkce (ochrana
enzymu pied denaturaci, ochrana membran pied ztratou integrity).

3. Provést srovnavaci metabolomickou analyzu odpovédi larev C. costata na chladovou
aklimaci a na aklimaci v suchém prostiedi.

Cilem bylo posoudit, zdali ekologicka rizika mrazové a evaporac¢ni dehydratace larev mohla v
evoluéni historii larev vést ke cross-toleranci na principu sdilenych aklimacnich zmén v
metabolismu, zejména s ohledem na akumulaci latek s obecné cytoprotektivnimi Ucinky.
Soucasti tohoto cile bylo ovéfit, zdali larvy C. costata toleruji vysychani a jestli aklimace
larev v suchu vede ke zméné jejich tolerance k chladu a mrazu.
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4. Vysledky disertacni prace

Vysledkem moji disertaéni prace jsou tii publikace a dale soubor dosud nepublikovanych
vysledkd navazujicich na publikaci €. 1.

4.1. Publikace & 1
Reprint: Ptiloha €. 1
Nazev: Transcriptional analysis of insect extreme freeze tolerance.

Autofi: Lauren E. Des Marteaux, Petr Hula a Vladimir Kostal

doi: https://doi.org/10.1098/rspbh.2019.2019

Hlavni vysledky:

Aklimovali jsme diapauzni larvy C. costata s cilem ziskat tfi fenotypy (zkracené: LD, SD a
SDA), které se vyznamné li§i arovni freeze-tolerance vcetné schopnosti piezit po
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kol., 2011b; 2017; Rozsypal a kol., 2018), opakované je vyuzivame v dalSich experimentech a
budu se k nim vracet i v nasledujicich kapitolach, proto zde uvadim jejich podrobnéjsi
charakterizaci:

LD (Long-Day) larvy jsou vychovany za dlouhého dne (L16:D8) a konstantni teploty 18°C. Tyto larvy jsou
aktivni, prochazeji tzv. pfimym vyvojem (nevstupuji do diapauzy), ve véku ca. 20-24 dnti se kukli a dale
metamorfuji na imaga. Larvy jsou odebirany v tzv. pre-wandering stage, tzn. ve véku 17-19 dnt, kdy
jsou jiz blizko své finalni velikosti (hmotnost do 2 mg), budou brzy ukoncovat Zir a pfechazet do tzv.
wandering stage pted vlastnim kuklenim. Podstatné je, ze tyto aktivni a v teple aklimované larvy maji
relativné nizkou freeze-toleranci (pouze 40% pieziva promrznuti pti -5°C, zadna neptezije promrznuti pti
-10°C, zadna neptezije kryoprezervaci v kapalném dusiku.

SD (Short-Day) larvy jsou vychovany za kratkého dne (L12:D12) a konstantni teploty 18°C. Tyto larvy vstupuji
do larvalni diapauzy. Jejich rdst je mirné pomalejsi nez v LD podminkach a jejich vyvoj (vyvoj
primordialnich struktur znamych jako imaginalni disky) je zcela zastaven ve fazi odpovidajici casnému
tretimu instaru. Larvy jsou odebirdny v rizném veku (napt. SD3, SD6, SD11; tedy ve 3, 6, nebo 11
tydnech). Larvy SD3 jest€ pokracuji v ziru a akumuluji zasoby pro diapauzu, larvy SD6 jsou blizko
maximalni hmotnosti (ca 2 mg), zpomaluji nebo zastavuji zir, a larvy SD11 jsou jiz v hluboké diapauze.
Spolu se vstupem do diapauzy se mirn¢ zvySuje freeze-tolerance larev a schopnost pfezit v kapalném
dusiku, ktera ovSem u starSich larev (SD24) opét klesa.

SDA (Short-Day-Acclimated) jsou diapauzni larvy, které jsou po dosaZeni véku 6 tydni (ve fazi SD6) pievedeny
do postupné chladové aklimace za stalé tmy: 1 tyden 11°C, 4 tydny 4°C (SDA11 jsou tedy 11 tydni staré,
diapauzni a chladové aklimované larvy). Tyto larvy maji maximalni freeze toleranci (pfezivaji promrznuti
pii -75°C stejné dobie jako nezmrazené kontroly, 42% larev pfeziva a metamorfuje do stddia dospé€lce po
kryoprezervaci v kapalném dusiku).
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Ve spolupraci s EMBL Genomics Core Facility (Heidelberg, Némecko) jsme syntetizovali
cDNA knihovny vSech tii fenotypti larev a podrobili je NextGen sekvenovani pomoci
[Mlumina NextSeq 500. Ziskali jsme pfiblizn¢ 304 milionti sekvenci kratkych usekti cDNA
(reads), které jsme sestavili do 113 447 kontigh na zakladé nami diive publikovaného
transkriptomu C. costata (Poupardin a kol.,, 2015). Na téchto datech byla provedena
bioinformaticka analyza s cilem identifikovat sekvence, které jsou specificky cetnéjsi nebo
naopak mén¢ cetné v parovych srovnanich SD11 vs. SD6 a SDA11 vs. SD6 (DE analyza,
differential expression, pomoci edgeR Bioconductor Package for R). Dale jsme hledali celé
komplexni procesy, které jsou signifikantné ovlivnény chladovou aklimaci (analyza pomoci
KEGG pathways enrichment).

Pro DE analyzu sekvenci jsme pouzili pomérné piisny prah (cut off) 4-nasobného rozdilu v
expresi (log2 fold change > 2) pii prahu statistické vyznamnosti (FDR-adjusted p value) <
0.05 (k tomuto prahu se vratim v kap. 4.2.7. v souvislosti s diferencialni expresi LEA-like
sekvenci). Vice sekvenci (776) bylo signifikantné ¢etnéjSich (upregulovanych) po aklimaci v
chladu (SDA vs SD6) nez v kontrolnim srovnani (SD11 vs SD6, pouze 190 upregulovanych
sekvenci). Zaroven, zadné DE sekvence se navzajem nepiekryvaly mezi obéma srovnanimi —
coz ukazuje, ze chladova aklimace je proces zasadné odlisny od pouhého diapauzniho vyvoje
a dale Ze tento proces je zavisly na aktivni upregulaci ¢etnych genli (navzdory tomu, Ze se
jednd o prechod z vysoké teploty 18°C do nizké teploty 4°C). Seznamy a anotace
diferencialné¢ exprimovanych sekvenci jsou uvedeny v elektronické piiloze publikace.
Validace vysledki pomoci qRT-PCR vybranych sekvenci potvrdila, ze vysledky RNAseq
analyzy jsou spolehlivé. Pro rozsifenou validaci vysledkl jsme ptipravili dalsi fenotypické
sub-varianty (SD9, SD12, SD15, SD21, SD24, a také SDA9, SDA12, SDA15 a SDA24),
abychom 1épe postihli vyvoj exprese riznych genti v pribc¢hu diapauzy a mohli jej presnéji
korelovat s prezivanim v kapalném dusiku. Takto jsme identifikovali kandidatni sekvence,
jejichz expresni profily velmi pfesné kopirovaly vyvoj freeze-tolerance larev — piiklady jsou
uvedeny na Obrazku 7. Dvé z téchto sekvenci (Seq60138 a Seql102667) jsme pozdéji
podrobili analyze exprese po aklimaci v suchu spolu se sekvencemi, které pravdépodobné
koduji LEA-like protein (podrobnéji viz kapitola 4.2.).
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A survival in liquid nitrogen § Hsp22 (SeqB0138, comp27709) Obr. 7. Prezivani larev
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mérfena ve srovnani s ¢etnosti mMRNA transkriptl Ctyf rlznych referenénich gend pomoci metody qRT-PCR a
ddCr). Exprese u SD6 larev je poloZena = 1 a exprese v ostatnich fenotypech je znidzornéna jako rozdil od SD6
(fold-difference) na logaritmické ose y. Pfevzato z publikace ¢. 1 (Fig. 3).
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Diferencidlni analyza KEGG procest odhalila, Ze dva hlavni procesy, které jsou upregulovany
v prubehu chladové aklimace jsou: (1) zpracovani proteinti v endoplazmatickém retikulu (ER)
(ko04141, Protein processing in endoplasmic reticulum) (Obr. 8); a (2) degradace proteind v
proteazémech (ko03050, Proteasome) (Obr. 9).
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Obr. 8. Zpracovani proteind v endoplazmatickém retikulu. Vizualizace vysledkl KEGG enrichment analyzy se
zaméreném na ER (KEGG ko04141). Obrazek ukazuje pouze ty sekvence, které byly signifikantné upregulovany
béhem chladové aklimace (Cervené obdélniky). Procesy, které byly v pribéhu chladové aklimace
downregulovany, jsou vyznaceny zelené (Metabolism), procesy, které zlstaly beze zmény, jsou vyznaceny Sedé
(napf. Transcription), a procesy, které byly upregulovany jsou vyznaceny cervené (napr. Retrotranslocation).
Vice detaill je v textu kap. 4.1. Pfevzato z publikace ¢. 1 (Fig. 2).

Obrazek 8 ukazuje, Ze procesy spojené s rozpoznavanim (Recognition) chybné slozenych
proteint, jejich exportem z ER (Retrotranslocation) a sméfovanim k degradaci v
proteazomech pomoci znafeni ubikvitinem (Ubiquitination) jsou signifikantné posileny
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béhem chladové aklimace. Zarovenn lze pozorovat zvySenou transkripci gen kodujicich
Sokové proteiny (Saperony), které mohou stabilizovat castecné denaturované proteiny v
cytosolu (Stabilization/Refolding), popfipad¢ je opét smérovat pomoci ubikvitinace k
degradaci v proteazémech. Soucasné je vyznamné upregulovana znacénad Cast podjednotek
tvoticich proteazom (Obr. 9). U kontrolniho srovnani (SD11 vs SD6), tedy v prabchu
pouhého udrzovani diapauzy za relativné vysoké teploty 18°C, vidime sice také mirné zvyseni
cetnosti transkriptli souvisejicich s procesy v ER, ale Cetnost a mira téchto zmén je podstatné
niz8i nez béhem chladové aklimace.

Dilezity je fakt, ze ackoli je celd kaskada déju spojenych s rozpoznavanim a odstrafilovanim
chybn¢ slozenych proteini béhem chladové aklimace silné posilena, tak toto nema za
nasledek posileni drah, které¢ vedou k iniciaci stresové odpovédi (ER Stress). To nas vede k
hypotéze, Ze upregulace téchto procesti je do zna¢né miry profylaktivni (modry oval na
Obrazku 8, Anticipated cold stress).
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Obr. 9. KEGG pathway ko03050, Proteasome. Vystup z KEGG Pathway Enrichment analyzy pro srovnani SDA11
vs SD6, tedy pro chladovou aklimaci. Vidime, Ze cela fada podjednotek, které tvori aktivni proteazéom, vykazuje
signifikantni upregulaci své genové exprese (Cervena pole), zatimco Zzadna podjednotka nevykazuje
downregulaci (modra pole). Pfevzato z elektronické pfilohy publikace €. 1 (Fig. S9).
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4.2. Dosud nepublikované vysledky navazujici na publikaci ¢. 1

4.2.1. Sekvenovani kontigti Seq60138 a Seq102667

Na zékladé vysledkti publikace ¢. 1 (Obr. 7) jsme se rozhodli pouzit kandidatni sekvence
Seq60138 a Seq102667 pro dalsi studium. Prvotni anotace téchto sekvenci pomoci algoritmu
BLASTX proti nr proteinové databazi NCBI (Geneious v. 9.1.8., Biomatters Ltd.) naznacila,
ze sekvence Seq60138 koduje maly Sokovy protein Hsp22 a sekvence Seql102667 koduje
dosud necharakterizovany protein vyskytujici se u riznych druhti rodu Drosophila. Protein
Hsp22 je strukturné i funkéné pomérné dobie charakterizovany. Jednd se o konzervovany,
stresem-indukovany maly Sokovy protein s lokalizaci v mitochondridlni matrix (Haslbeck a
Vierling, 2015). Je znamo, Ze Hsp22 stabilizuje Castecné denaturované proteiny, které se
objevuji v mitochondrii po vystaveni riznym stresovym faktorim (Morrow a kol., 2015;
Colinet a kol., 2010b) a ve zvysené mife je rovnéz exprimovan v mitochondriich starnoucich
much, které patrn¢ chrani pred oxidativnim stresem (Morrow a kol., 2000).

Ovéfil jsem strukturu kodujicich sekvenci (CDS) obou kontigh pomoci sekvenovani
(Eurofins) PCR produktii. PCR produkty jsem ziskal z cDNA templatu larev C. costata a
pouzitim riznych kombinaci oligonukleotidovych primerd. Zaroven jsem provedl 3'-RACE
reverzni transkripci a takto vzniklou cDNA jsem pouzil jako templat PCR reakci za ticelem
zjisténi struktury 3'-koncii obou sekvenci. Vysledkem jsou kompletni ovéfené kodujici
sekvence:

Seq60138 (Hsp22)

555bp
CGTTCATTACCTATGTTTTTGCGCATGGCGGAGGAGATGACACGCCTGCCACGTGTGTCTCCATT
TCAAGCATTCTTTCGCGACCCCTTTTGGACCGCTGCGCCGATTCCACGCAATTGGCAACAGATTGCAC
GCTGGCAGGAACAACAATATGCAACACCAGCTAGTGTGGGCAAAAATGGCTATCAAGTCTCGCTAGAT
GTGAGCGAATTCAAGCCCAATGAGCTGACGGTCAAAACGATTAATAACAGCGTGGTCATCGAAGGCAA
ATGTGAGCAACACGAGGATGAACAAGGTGGCTACAGCTCACGCCATTTTTTGCGACGCTTTGTCCTGC
CCGAGGGCTACGAGGCAGATAAGGCCATCTCCACCTTAAGCTCTGACGGTGTGCTTACCGTGAGTGTG
CCCAATCCACCAGCCGTTGAGGAGGCCATGAAGGAGCGTGTCGTGCCCATACAGCARACTGGACCAGC
GGAGCTTAATATCAAGCCGAATCCGCCCATTGAAGCTGACGCTGAGGCGGGTAAAAAAGAAGCCGAGC

AGAAGCAAE

HSP22 protein

MW = 20,7 kDa
MRSLPMFLRMAEEMTRLPRVSPFQAFFRDPEFWTAAPTPRNWQQTARWQEQQYATPASVGKNGYQVSLD
VSEFKPNELTVKTINNSVVIEGKCEQHEDEQGGYSSRHFLRRFVLPEGYEADKAISTLSSDGVLTVSV
PNPPAVEEAMKERVVPIQQTGPAELNIKPNPPIEADAEAGKKEAEQKQ*

Sedivé oznaceny 5'-konec sekvence HSP22 je  mitochondridlni lokaliza¢ni  signal
detekovany pomoci nastroje Target P-2.0  (https://services.healthtech.dtu.dk/service.php?TargetP-
2.0) (pravdépodobnost vyskytu: 0,804).
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Seq102667
477bp
TCGCCCCACAGTTCGGTAGGCTGCGCCATGTTGCTTTTGATGCTGTGCTCCCTTGCCGCATGTTT
TAATGCAGGTGATGCAGTACTACGCTGTTGGCGTTGCTCCACGGATGTCTCCAATGGTGAATTCTGCA
ATGATCCCTTTCAGCCGGATAGCATATCAGAGCAACAACGTTATTGGAGCTTTGTCAATTGCACCTAT
TCCGTCGGCGTCAAGTCCGTAAATGCGAGACCTGTCTGCAAGAAGCTGGTGCAGGAAATTTATGGCAA
GCGCGTTATCGCGCGTTCCTGCTTCTACGAGGATATGGATGATGCCCCAGACAAGTGTGCCATGGACA
CAACCTCGTCCTATATAAAGACCGTCTATTGCCGCACTTGCACCAGCGATGGTTGCAACGGAGCCTCA
AGCTTTATGCCTCTAACAGGACTTATAATACTGCCGTTACTTGCGCTGTACTCGCAGTTATGCAAAEE

E

Protein ze Seq102667

MW = 17415.7 kDa
MSPHSSVGCAMLLLMLCSLAACEFNAGDAVLRCWRCSTDVSNGEFCNDPFQPDSISEQQRYWSEVNCTY
SVGVKSVNARPVCKKLVQETIYGKRVIARSCEFYEDMDDAPDKCAMDTTSSYIKTVYCRTCTSDGCNGAS
SFMPLTGLIILPLLALYSQLCK*

Sedivé oznaceny 5'-konec sekvence Seql02667 je lokalizaéni signal SP (Secretory Pathway)
detekovany pomoci nastroje Target P-2.0 (pravdépodobnost vyskytu: 0,971).

4.2.2. Hledani sekvenci LEA-like proteint v transkriptomu C. costata

Vysledky DE analyzy dat ziskanych sekvenovanim pomoci Illumina RNAseq z publikace €. 1
neobsahovaly zadnou sekvenci s jasnou anotaci LEA (anotace byly generovany pomoci
algoritmu Blast2GO (v. 4.1.9, Oracle Corp). Proto jsme se rozhodli déle patrat po pfitomnosti
LEA-like sekvenci v publikovaném transkriptomu C. costata (Poupardin a kol., 2015).

Ve spolupraci s Michalem J. Wise (Univerzita v Cambridge, UK) byla provedena analyza
transkriptomu na pfitomnost motiva typickych pro LEA3 proteiny pomoci nastroje MAST
(Motif Alignment and Search Tool, v. 4.12.0, http://meme-suite.org).

Hledané LEA3 motivy:

e KQOKAQETKDAAKEKAQETKQYTKQKAQETKDYTKE

e KAQEYKQYAKEKAQETKDYTA

e LOOAGEKVKGAAQGAKDAVKHTLGMGEDK

o QOSYHAGETKGRTEE

e VLSGIGSSEFSSGAAKQSGVGAVGEFGRKTELVVVAQRKKSLIYADKGDGNI
e AGEYKDYT

Do MAST LEA3 analyzy byly pfidany dvé kontrolni sekvence, které reprezentuji dobie
charakterizovany LEA3 protein hlistice A. avenae (AavLEAI1, Q95V77) a rovnéz jeden
potencialni LEA-like protein z transkriptomu anhydrobiotického arktického chvostoskoka
Megaphorura arctica (EW755263 6). Tyto sekvence se v MAST analyze umistily na 1., resp.
na 5. misté podle pravdépodobnosti vyskytu LEA3 motivi (Tabulka 2).
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Vysledek analyzy naznacil, ze v transkriptomu C. costata se nachazeji nejméné tii kontigy, na
nichZz se nachazi sekvence s jistou strukturni podobnosti s proteiny tfidy LEA3 a jsou
provizorné anotovany v NCBI databazi jako LEA-like proteiny. Dvé sekvence, Seq94289 a
Seq56389 vykazaly E-values podobna potencialnimu LEA-like proteinu M. arctica. Dalsi
sekvence, Seql110931 sice vykazala mirn¢€ niz$i hodnotu E-value, avSak méla velmi vysokou
podobnost proteinu XP_023160046.1 octomilky D. hydei, ktery je rovnéz anotovan jako
LEA-like a je uveden na seznamu zivocisnych LEA3 proteind (Janis a kol., 2018).

Tabulka 2: Vysledek MAST LEA3 analyzy.

|Contig ID |E-value 1 |Length |BLASTx hit against NCBI nr database or description |NCBI ID |E-va|ue 2 |
LEA3 protein 3,20E-34 143 control, Aav LEA1, Aphenlenchus avenae Q95V77

Seq94289 5,50E-11 78 late embryogenesis abundant protein ECP63 isoform X1 [Lucilia cuprina] XP_023296260.1  1,17E-07
Seq78873 1,60E-08 159 PREDICTED: uncharacterized protein LOC108108988 [Drosophila eugracilis] XP_017072735 9,71E-51
Seq113314 1,10E-07 107 none X

LEA3 protein 1,50E-07 147 control, putative LEA protein, Megaphorura arctica EW755263_6

Seq48648 2,30E-07 108 PREDICTED: plectin [Drosophila bipectinata] XP_017101757 1,16E-04
Seq56389 3,00E-07 64 late embryogenesis abundant protein ECP63 isoform X2 [Drosophila serrata] XP_020803064.1 1,15€E-07
Seq46613 3,30E-07 80 none X

Seq80724 9,70E-07 265 PREDICTED: protein DEK isoform X2 [Drosophila suzukii] XP_016930271 6,05E-50
Seq80244 1,10E-06 638 X-linked retinitis pigmentosa GTPase regulator [Drosophila guanche] XP_034132970 2,07E-122
Seq79321 1,20E-06 133 uncharacterized protein Dvir_GJ18720 [Drosophila virilis] XP_002055561 2,30E-32
Seq76424 1,40E-06 99 dynein heavy chain 10, axonemal [Drosophila willistoni] XP_002070499 2,04E-11
Seq75154 1,80E-06 40 none X

Seq109997 2,40E-06 98 PREDICTED: 2-oxoglutarate dehydrogenase-like, isoform X1 [Drosophila takahashii] ~ XP_016993913 3,47E-15
Seq55330 2,60E-06 422 PREDICTED: RNA-binding protein 34 [Drosophila arizonae] XP_017860049 2,86E-114
Seq2783 2,70E-06 85 none X

Seq5363 2,70E-06 234 none X

Seq60092 4,30E-06 627 aspartyl/asparaginyl beta-hydroxylase isoform X1 [Drosophila willistoni] XP_023037824 1,36E-139
Seq51164 4,70E-06 109 lipid-binding protein HSP12 [Saccharomyces cerevisiae S288C] NP_116640 6,29E-71
Seq82382 5,40E-06 587 PREDICTED: sarcalumenin-like, partial [Drosophila suzukii] XP_016939957 3,06E-31
Seq3494 5,40E-06 815 PREDICTED: titin [Drosophila rhopaloa] XP_016969498 0
Seq55430 5,70E-06 409 female sterile (1) DNA-binding protein K10 [Drosophila melanogaster] NP_477491 4,07E-60
Seq581 6,10E-06 658 sarcalumenin isoform X2 [Drosophila willistoni] XP_002073596 0
Seq57325 6,20E-06 605 PREDICTED: sarcalumenin isoform X5 [Drosophila navojoa] XP_017967088 1,14E-31
Seq55975 6,70E-06 470 PREDICTED: PHD finger protein rhinoceros isoform X7 [Drosophila kikkawai] XP_017031423 6,11E-90|
Seq10368 9,70E-06 41 none X

Seq5069 1,90E-05 380 CoRest, isoform F [Drosophila melanogaster] NP_001014752 2,91E-133
Seq100986 2,20E-05 159 uncharacterized protein Dsimw501_GD11511 [Drosophila simulans] XP_002082322 2,67E-49
Seq111022 2,20E-05 101 mucin-1 [Drosophila obscura] XP_022214745 1,85E-19
Seq113207 3,40E-05 96 none X

Seq56782 3,90E-05 60 none X

Seq101493 4,20E-05 170 uncharacterized protein LOC6649013 [Drosophila willistoni] XP_002071016 1,32E-55
Seq110931 5,00E-05 69 late embryogenesis abundant protein ECP63 isoform X2 [Drosophila hydei] XP_023160046.1 3,71E-42
Seq5115 6,40E-05 243 histone H2B [Glossina fuscipes] XP_037896941 2,74E-54
Seq46937 6,50E-05 81 none X

Seq4275 7,00E-05 169 cytochrome clisoform X2 [Drosophila subobscura] XP_034667138 8,59E-15
Seq53841 7,30E-05 256 myosin heavy chain, skeletal muscle, adult isoform X2 [Drosophila busckii] XP_017836471 2,72E-35
Seq82838 7,40E-05 151 neurofilament medium polypeptide [Scaptodrosophila lebanonensis] XP_030369496 2,37€-15
Seq53573 8,80E-05 257 restin homolog [Drosophila subobscura] XP_034664242 1,10E-36

pravdépodobnéjsi je vyskyt motiva typickych pro LEA3 proteiny v dané sekvenci. Sekvence jsou sefazeny
vzestupné podle E-value 1. Sedd pole: dva kontrolni LEA3 proteiny. Zelena pole: sekvence C. costata podobné
proteinlim s anotaci LEA-like v NCBI databazi (mira podobnosti je dana hodnotou E-value 2, posledni sloupec).

Porovnanim struktury vSech tii nalezenych sekvenci a jejich BLASTovanim proti
transkriptomu C. costata byla nalezena jesté jedna sekvence, Seq93890, s velmi podobnou
strukturou. VSechny ctyii sekvence vykazuji znacné strukturni podobnosti, coz ukazuje
Obrazek 10.

39



"NOAP N QUjBWIUIW BP3S ‘JOUBAYSS YIBSA N Npoys Jnzexn 3jod eula) 'snojpuan
nJemyos A prjeasn|d afouiseu powod ouspanoad ojAg (ausawaudije s|diyNwW) JUBUACIOJ *DIDISOI *) 1DUDAYDS A)I|-YI] 1OUBAYDS YIAAOPII03NU IUBUACIOJ ‘0T "40

VY Y Y YRR OV D O OV v AL Y Ol
Y 9119 11O AY

OEY D9 LB9DVYO LY DD 193998V VEREO OMOMO Y
VRO LYORYYOVY LYY YYYYOBLLOBKEY LILLINY v/ DR

0LE'L 06b'L 081 k'

_._.<Euwv<<u_<<uco_ ~<_<<_ _ LIVIVLIVVVD »<uk<<<<u._.u.:u,\ uwu._.-.ruw

8]0 |V OBNLEAGY V' V LD L ORI ViV |

085'L

E(I._.PH-U((G._.UF._.G

3O VELLDOVYNYOYD B]O Y L | BER 1L 9DOMY Vv v NREAT O 9 LDOBILY
I<E._Llu<<u._.u._.._.u ,<Eu._.<uE._.E<<<EuhuE<E<!u<E<u<._.E<<l._.<<lu<E<<._.._..rl<._..rE._.<._Euu

osb's o'l 0gr
EU!(PEO._.<<<E<<OE0<OFU<UOFUE<UU\ =ai
BIoB] | BERAT | DOMD9509 DOVEDOMDOVIVVYID
BlLBIDBNRAGY L 1O LYV VIREY VORO VY LDV DO LONMSEIVRID - - - - -

0EE’L 0zE'L 00E'1 06Z°L
¥ LBV VBIDEID O VBIY D O/ID YL D0 VORI LERIO OO v DBKM]L ¥ O

9 O] L OBIVAY Y L) 9155 LWV ONAY- - V. OBKMe] - - - -
¥ORBIVVBIOKID O VBIY D 9RO VO 1D v VORIV LEAT - - VO B
vV ORIV LE&d - - VO LB]

Y LY - Ykt . B ]
OHDY YV VEVEDD LEOEO YOO VIDDV LILLERY YUY VIEAIOBAIO DONAMIO Y O
MORIOMO VY VYD D v v L YOO VO DDV LI LIRGONY VEAOBKIO D OFAO Y O
OVYVO UJOIUU(O.C\._{_.IJU ay.EO.U.U(((.(IUU<EJ§F<Ou(uuu(PEl Y VEAIOBREO D OTAmIO V N
oLt 060t o't

lkkolur_. <I<IFE._.4 <4._Lp<<._.<F<h<<<<<<k<<<<o<<<wu<<
!o pEu clo< uh.ululuuwlufrul.rluﬁrc.r.u._.<‘C.ukkcp._.uw<_. F<<h<<kkkﬁuw<<h

oL 081!

OLIVOLID LYY LY.L | NN
= il

9 DAY - - - - VBIDVOB

OUUgl T <IU<OEOI<EU El 2 |EOFU DD ONDEO VIO VO

96 056

lf:ﬂ:tkulua,\l._.l

<<u._.qE<q<E<F(laFlh<q<<<

OUUF._.E._.«FEOUOE, UE,«(._.._.UF
\PUJ<._.E._.<._.lOU -Dp]- LLLYY

LY | i <<<.O‘_.U.h.\_.‘_(_.pr.IF(-,q\_.-‘_.,q.k.{ .r-‘_.Eid\(iP.r\_.I,ql\_.{._./w\_./x‘r(o O<I‘_,.U‘_,._..<\_..rul<
iV DD LY LD9DVORNIVEIVOORILY D

IRV DD 1Y LD9DVOBEIVEY O DMLY D

PELLITV A OEG.E

039 09

9
BV LEEY Y Y ORI O L ul<<E<l<<la MO L L
D LN | DEWE

w.< .rlEUO(EUUF...(H l<._.(._..U OBNILEED LWL | BNWE

05¢

QJFIFF

0ée o5z

OFARY OV Y Y Y OMYRY u<l<E [V L V|

;:

v w.u<u<lw.wEu.uowl<ﬂo UIUI._.FEFUE

o9 b9 06s ods ols 0ds ods 3
PEE | | | ONOLERS] |\ YBEEO LY DRSS DRI | 1O Vigebio | | NS FLEUE(.(UZ?ZZZZZ NNEIDEEY - .U(U0.0FU(U.({UOFUUU@UF@UO 190@9OVVOVEIBEID | 99V 9O LY IBIVEY YV U.UUU BIONRY | B)
LONWWIB]Y Y LY LA VBLLEL D99 DEONMLBNILY vV VENEED OV v IANIO

Rl || OVASAR AT LY ERONT Y EEslblel el LEES) VARAALO | [BLAA] VY Ll VOl pF(UO((UF((P.FEUU.._vU._vU.._v( D91 IVVYOVYLELDEY L9V 1BYDDODOBBELLYDVYDDDD9D8)

otp aty

ob

is 065

a‘
v/ (AS] D BRI O NN - Y ENSISN % O OMY O LIREIDO D 99Y99II9VYOOIVINDOYYOYIMYOIDV L
9 1 DA N DY DiE OISR EIVO L1 I PRV VIR Y VIR Y Y Y L LV LYY L1 1 D1L1DOMIDO L1 1D LIDVYORl-VY LoV LYVY muukpuouk
ukoguEul«.ulukJaru1\uﬂuﬂ._.luu.rr<E._.._.._.Eu._.l._.<l.rE<u._.._.._.g<<l._.<<E._.<<<._.._.<._.<<._.._.<<h._.q._.E<u<aqukluu._.kian 99¥ODIDOOMYIONO LOVEIYIVD D VRO L LV¥DIL

<<

oge 0d¢ od¢ Q,v SA
EEIDVYVIDOVIDOULLVYOV IO L DOEVYMYOODDDEDD 1OBDD VYD LEDD I MYV OOOW! \
ERYVEDOVLILELEY LY LV IDOLEL 1 DVVIVVVVIVIRDY DDV VILL LDOVY - ¥ LI C_0_=~((FOUCQGPUGuU(G_FU_EGFQ_pc.o_.O<FEFU_F_FhF_P.P.F<~pO_A—._U.—.C(.UC(_UC_

EAU9 1O 1VALLIOVD19DVIVYIOOVYD LV IDLILVIBIL 1 1919v¥DVDI9D LYVYLOOMIO010 (BBDOOMONDILIDYYYYLL [ OBYOIDD OOy D9 [ LHD VEl- VIR 1D9 IVIVIVILIIYYDYYODY L ¥IVLDY L VIRY

obe 0iz

24 0ez oiz 06z 081 051

oL 01

ot i3 08 o 09 s G 3 oz 01

0
uonIeAXd LEGOLL bas
uoIPeNX3 6]ZYEbAS

068£6 bas
uoeNxa LEGOLL bas
uoneIxa mmNAvamm

068€6 bas
uondenxa Lee0LL Umm
uoipeNX? 68LY6bag

068€6 bas
uomenxa LeGOLL bas
UoIIRNX3 mmwvmcmm

068€6 bas

uonoenxa LEeOLL bas
uonpeNX? 68Zr6bas
68€95bas

068€6 bag

uoienxa LEGOLL bas
UoNIRNX3 6YZFEbIS
68£95bas

068€6 bas

uodenxa LepOLL bas
uondeNX? 68ZTYEbIS
68£95bas

068€6 bag
uoieAxa LEROLL bas
UOIIIBIXD @wwvosmm

068€6 bas
uoneNxa LepOLL bag
uoipe.nx 68zyEbas

068€6 bag
uondesxa LEROLL bas
UOIIRAXD mmwvmcom

06826 bas
uomenxa LE6oLL bas
UOIIRIIXD mww«mcmm

068€6 bas

uondesxa LgpOLL bas
uopPeNX? 68ZY6baS

: 2

068€6 bas
uoeXd LEGOLL bas
uompenxs mmwﬁmcmm

40



4.2.3. Dohledéni vysledku pro LEA-like sekvence C. costata v RNAseq analyze publikace
¢.1

(@]

Vriétil jsem se k pfedchozimu RNAseq experimentu a patral jsem po konkrétnim umisténi
sekvenci Seq94289, Seq56389, Seq110931 a Seq93890 ve vysledcich DE analyz. Zjistil jsem,
ze v publikované verzi vysledkll jsme pouzili pfili§ pfisny arbitrarni prah pro filtrovani
signifikantnich vysledkti. Po snizeni prahu z hodnoty 4-fold na 2-fold difference byly tii
sekvence shledany jako upregulované u SDA11 larev oproti SD6 larvam s témito rozdily:
2,97-fold (Seq110931); 2,94-fold (Seq93890); 2,00-fold (Seq56389). Ctvrta sekvence
(Seq94289) byla rovnéz upregulovana u SDA larev, ale pouze 1,44-fold (Obr. 11).

600 * Obr. 11. Upregulace LEA-like sekvenci C. costata v
= I 1 SDé6 RNAseq analyze z publikace ¢. 1. Obrazek ukazuje
% = SDA11 vyskyty ,readd” (Counts per million) v RNAseq
g 4004 T -, databdzi pro sekvence koédujici ¢Etyfi vybrané
= referenéni proteiny (COX 1, RpL32, RpL1l a EFla) a
E pro sekvence kddujici potencidlni LEA-like proteiny.
:5; 2004 n s Sloupce jsou praméry £ SD analyzy tfi cDNA knihoven
€ vew TS ’_\ ’—‘ pro kazdy fenotyp (SD6 nebo SDA11).
>
gt 1 TR b
O O "-II'—I T T T T ﬁ\ |l|I T T

o N e N o O D
- o - Y )
P XK < e;&rb &\,\Q 6&303 a&u

) @0 )

Dale je z Obr. 11 patrny fakt, ze transkripty pro LEA-like sekvence C. costata byly v RNAseq
databéazi velmi asté. Cetnost vyskytu jejich ,,read byla podobna jako Eetnost vyskytu u étyt
vybranych referen¢nich transkripti (dva rGzné ribozomalni proteiny, elonga¢ni faktor,
cytochrom c oxidaza), které jsou vSeobecné povazovany za velmi cetné.

4.2.4. Ovéfeni sekvenci LEA-like kontigu C. costata

Alignment vSech Ctyf sekvenci (Obr. 10) ukézal na jejich vzdjemnou strukturni podobnost.
Provedl jsem extenzivni ovéfovaci sekvenovani (Eurofins) PCR produkt (véetné 3' a 5'-
RACE) z ¢cDNA templatu C. costata pro vSechny ¢tyti sekvence. Pouziti cDNA templatu vSak
Cinilo velké potize a stale jsem si nebyl jist, zdali jsou sekvence ¢tyt kontig unikatni (zdali
kazda koduje vlastni protein na jiném misté genomu) nebo jestli jde pouze o redundantni
sekvence umeéle vytvorené pii skladani transkriptomu z jednotlivych RNAseq ,,readi* pomoci
nastroje SOAP (Poupardin a kol., 2015). V roce 2020 byla sekvenovana genomova DNA C.
costata pomoci metody Oxford Nanopore Sequencing (Kim a kol., 2021), coZ mi umoZnilo
pomérné rychle praci dokoncit. Genomovym sekvenovanim bylo ziskdno celkem 815 kontigh
0 celkové délce 315 185 165 bp, coz pokryva témér cely genom o odhadované velikosti 350
Mb. Nejdelsi kontig mél vice nez 35 Mb a dalsi tii kontigy mély kazdy vice nez 20 Mb.
Vysledkem dalSiho kola sekvenovani PCR produktii, tentokrat z templatu gDNA, a
porovnanim vysledkd s publikovanym genémem C. costata, jsem nakonec ziskal kompletni a
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ovétenou sekvenci lokusu Ccos LEA3-like genu, ktery obsahuje kromé genu Ccos LEA3-like
také jednu dalsi nefunkéni kopii (pseudogen) tohoto genu:

Genomovy lokus Ccos LEA3-like proteinu:
kontig380, baze 4 223 408 — 4 229 234 (5 827 bp) (Kim a kol., 2021).

TTAAAGTTTGAATGATGTGCTTTAAATTGCTTGCCGCACAGCTGACATCATGGCAAGTGCTTAGCAAT
TTTTAGGCGCCCCACATTGGGCGCCAGTAGTAACTATAAGAATTCTGCATTCTGTGCGTATTTAATGA
AGCATGGCATGTAATAAGCTTGAAATAGTTCACGGCTATGATAATTATAAGTTTGTTTGTTTTTCTTT
GGGTTATAAATATTGCTCAAGCATAATACGAGCTAATTAGACGTAGAGGGTGTAGAGTACACAGATAA
GAAGCAGCTAGGTACACATATATATTATATATTCTTCAGTTGCGTTTATAAATAGCTGCGAAATTTGC
AATCACAGCACAGTTTCACTTGAAAAGTACATACGAAATGGACGCTATCCAATGTAAGGTCTTAACAA
TTATTAACTTGAAGTTTTCTAACAAGCTCTTATCTGTGCTCTCTCTAATTTGAATTATATATAAATAT
ATATACGTATAGCTATATATTCTTAAGCTGCGTTTATAAATTCCGGCATAGTTTGCAAACAAGGCACA
GTTGCATTTGACAAATCTAAACGAA TTCTTCCAAAATAAGCTTTTAATAATTAGCTTGTTCTTAT
CTGTGCTTTCTACAGCCTCACTCAAGAGCGTGGGCGACAAGACTGCCAGCTTGTTCAGCAAAAAGAAG
GACGAAACCGAGAATCTGGCTAGTGAAACAGCTAGCGACGTAAAAAATTTTACCGAGGACACATCCAA
AAAAGTGGGTCAGTCACTGCACCAGACTAAAGAAGAGGCCGAGAACGCAGGTTAGTTTAGTTAGCTGC
ATGAGCTTAACATAAACCATAAAATCAATCATTTTGTTCTATAGCCAAAGAAGCTGCTGCATTTGCTA
AAGCTGAGGCTCAAAAGGCAGGCAATGCTATTGATTCCGGCGTCAATTCAACTAAAGATGCCCTAGGC
TCTGGCGTGCAACACACCAAGGACGCCGTAGGTTCTGGTGTGCAACACACCAAGGATGCGGCAGCTAA
TGTGGCAAATGCTTCAACGCGTGCTGCCGGARAATGCTGTAGATTCCACCAAGAAGGCTGCAAGTGATG
CCTACAATAAAAGCGTAAATGTTACCGATCAGAAGCTTAGGGAAGCCGGAGGCGCTATTGATGGAGCC
ATGAAGCAGACCAGCAATACTGTGGGCGAAAAGCTAAGTGATGCCAACAAGTATGTGGGTCAAAAGTA
TGAAGGTCTGGAGAAGGGCGTGCATGACGCTGCAACCAGTGTGCACGATACTGTCGGAGAGCAGACAT
CTAATGTTTTGGGCAAGATGAACTTGAAGHNEIAATCTAGTTTTTTGTTGAGTTAATATGAATCTCCAGT
TAAAATCATAAATAAAACCCAGGAAAAAAAATCGAATATAAAAATTTTCAATGTAATTAAACCAACTA
TATATGCTTTTTTTTAATAATACACAAATGAAAACAATAGAAAACTGCTTCAATGTAACAAGTGCCAG
AAATATGAGTGCAAAATGTTAATTGATTGAGGATATATATATATATTTAAAAAATATATTTATATATA
TATTTTTTTTGTGAAAAACTATTATTTTTTATATGCAGCGCAGCTTTTACTATAAGCACATTCTCTAG
TACACAAACATGTGTATGTTACAAAACTCAAGAATCTTAAAAAGAAAAAAAATTGGTACCTTTGAGGC
ATTTGATTGTACCTAAAAAAACATAAAACGAACGAAAGAAAATAAAAAATATATAAGTTAAATGTTAT
ATTCAGTTTTATGTAGTAATGTACGTTTAAGTAATTTAAACTTTTTGCACAATAAATACAAGTGTGTT
TTTAATAAATAATTTATAATCTGATTGTTACTATACACATACTAAATGTGGTAATATTTAAATTTAGA
TGTTTAGTTGCATACTGATGCGTAATATTTTTAATTGGCTACAAAATGTTGATCAGCAGCGAATCACA
GCTGAGAGCAGACCACGAAGATAAACGAAAGGTACACGAAGCCGAAGCAAACCGAAGTCATCAGAGAG
AGAGCTCGGTTCAACTCAACACTGGCTTTGTACGATGTCTGCACTGAGAGAAATAAATGATTAAATGC
GTCGCTTTGGCCAGTTGTCAAAATGATACAAATATATTTTAATATTGGCAATCAACGCGTATTATTAT
TTTAAAAACAAACTAAATACAATATCAAAAATGTCATAAAAATTGCATGCAATGTTCTGAACTTTGAA
CATACATATATATATCAACTTTAATAAATATGAAACAATGAAATTATTTTGACAGTCTATATTAATTA
TAATTATAACAATTTTAAGATGCAAATAATAATAACGATGAATATGGAAAACTAATGCAGCAACATTT
TGCAACGCAATTCATTTGCGCAATGTATAGCTCACTTATAGCCTATTTACACTGGGGCATATCTAACT
TCTGACGTCAAATGTAAAAGATGTTGGATAAGAATTTGCTGTTCTGAAAATTTCAACATCATTCCAAC
ATATTCGAAACAAGGCGCCAGAATCTCATATGTTTATGGAACTGACGCACAATTTAGGAAGTATAGAT
AACAAAAATGTACAAAGCGATTCAGCAAGCATTCCAGTCGGAGCTTCTAGTTTGAAATGCGGAAAAAA
GTAGAAACCACAAAAACTTATTGTTTTTGCTCTTATACAAGACGTTTAAAAAAAAATTATAAAATAGT
AAAGTTTCGTTTGTTTTCGAACTCCGGCTGAGAGCTGTACGAAAAGTGTGTGTCTTGACTAAAATAAA
TTTGGACTAACATATTAGCTAGTTCTTGTCCGCGTTGAATTTGCAGTATTACAGATAGATGGCGCTAA
CTTGCTGCTGTTAAAATTTGTGTCTGTGCTAAGCTGGTGCTTGCATAACAACCGTAAGGTGGCGCTGA
TGTGCTTGTCAGTTGAATAAGTTCCGCTTATTTGAATAGATGGCGCATTTCTGACGACTTTGCAACAA
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CTAACATAGCTGGCGCTGCTGTGCAGTTTCCGTCTAAGCTAAGCTTGCGTTTTACTAATAATAGCTGG
CGCTAAAGTGCTTTACAGTGTATTTCACTTTAGCAGCCTTCATATTGTAATTTTAATAAGAAATTAAA
AGCGGTCAAATTTTTTATTGAAAAAAAATTCACGTGCAGTAAAAGCACGCGTTAGAAGTAAAACTTTT
CGCCCAACTTATTTTTCGACGCTGTTTTTATTTCCTTAGTTTAGCCGTCTGAACATTACTTTGGAGTT
CAAACGGTGTCCTAACAATCAATTATTATAATAATTATGAAAGTGAAGGAACGTGGAAAATATCTTTA
AACATCACTTTTACTCTTATTTATCGCCTTACCTCTGCCTACGCAAAGTAGTGCGAATAGAACAAAAT
CAATAGTAATTCCTCTGCGATGAGCGCGTAAGAAAGCAGCATAAAATGAAATAGAGAAAGAGCTAAAC
AATGTAACTGTCGCGCAATGCTGCTTGGCTTTGTTGTTCGTGCAACTCTCACCTCCCCCGCGACAACT
TCAACATCATTCTTTGCGCAACGCGATCTTATTTTGTAGCCAACCACCACCAAGGCCACGGCATTGCC
GTGAGAGTAACAAAAAGTGAATGAGAGAGAGAGAAGCAAACAAAAATACGAGCTGGCACACAAGCTAA
TGCATGCACACTGGCACTTGTATGTATGTATGTATGTATGTCGCTGTGTTGTATTCACGCAATGCATA
CGAAAACAATTCTTTCGTTTACACACATACACACATGTGCTGCGTGCTTTAGCTGACCAGCCGCGGLCC
GCTTTACTCCCCTCTCTTTATCATGACCACGGTTCACTCTCTCAACAAGAGACGAAGTCATGACTCAT
GACCACCAACATAACGTCAGCGTCCCAATGCGAAAGAGAAAATCAAAAGCAGCTAACGTTTTTTCGTT
TAACAAAATTTCAAAGTTACTCCCATAGAAATTCACATTCGTTCATTCACTCATTATTCATTCACGCA
TTGTTTCATGCCCAAAAATGCACAATGCCCAACAATGCCCAACAATGCCCAAAAATGCACAATGCCCA
ACAATGCCCAAAAATGCACAATGCCCCCTAAAAAGTTTTACTCCAAAATTTCAAATCTTCTATTGTAA
CTTAATAAGAACTAAAACATTGATACTCTTTAAACGAAGAAATAGAAACACTGTCAGGCCAGCTTATG
CCGTCTGTCAACCAACCCATGCTATCAGCCACAAGTACCACAGTACAACAAACTCATGCTCGAAAATA
TTGGTTTTTAGGTTTTGTATATTTTTTTTTGAGCTTCTGCGCATTAACTGCGTTCAAAACAACAACAG
CTGGAAAGATGTGTCATTGTATGCGTATGTTTATTGCGTAACTTTTTGGATATTCACACACACACACA
CACACGTACGCACACAATTAGCGCTTCAGCCGGGTTTGCTGACGTTTCTAGTTTGTGAAATATGTATC
TCTTTCGCTCAGTACGCTTTATAAACCGCATTGTCTTTGCCTGGCTTATTATATTGACCCCAACATGA
CAAAGCGAAGCTTTAGCTTCTATTTGTATCTTTGTACGTACGAGTAACGCAAATAACAAACTAATCTA
TATGCATCAATTTAGAAGCCATAAGTCAAAGCAGGCCAGAAACTGCTACATATAAGTTGCATACACTA
TTTTGTTTAACCTACACTAATGCAATTTTACGGCGTCAACATGATAGATAGCATTTTGCTCATTAGAT
TGCTTGCTCATTGAAACTTTTCCACAAAAAACAATTTATGTAGATAGACCAAAAAAAAAAAAAAAANC
ACTTTTTGTTTGTGCTTTGAGTACAATATTCCAAATTGTAAACAATTTGCTGCGTTTATAAATAGCTG
CGAAATTTGCAGTCAGAGCACAGTTTCACTTGACAAATCCATACGAAATGGACGCTATCCAATGTAAG
GATTTAACAATTATTAACTTGAAGATTTCTAATAAGCTTGTTCTTATCTGTGCTCTCAAATTTTAATT
ATATATACTTATATATTGTTAAGCTGCGTCAAGGCACAGTTGCATTINGNCAAATCTATACGAAATATA
AGCTTTTAATAATTAGCTTGTTCTTATCTGTGCTCTCTACAGCCTCACTCAAGAACGTAGGCGACAAG
ACTGCCAACTTGTTCAGCAAAAAGAAGGACGAAACCGAGAATCTGGCTAGTGAAACAGCTAGCGACGT
AAAAGATTTTACCGAGGATAAAACCAAAAAAGTGGGTGAGGCTTATGACCAGGCCAAAGAAGGAGCCA
AGGACGCAGGTINNETTTATTTACCTGCTTGGGCTTACCATAAACCATACAGACATCTAATGTTTTGGG
CAAGATGAACTTGAAGTGAATCTAGTGTTTTGTTGAGTTAATATGAATCTCCAGTAAAAATCATAAAC
TAAAATCCCGAAAAAAAAACGAATATAAAAATTCTCAATGTAACTAAACCAACTATATATGCTTTTTT
TTAATAATACACAAGTGAAAACAATAGAAAACTGCTTCAATGTAACAAGTGCCAGAAATATGAGTGCA
AAATGTTAATTGATTGAGATATATATATATATTTAAAAAATATATTTATATATATATTTTTTTTTGTG
AAAAACTATTATGTTTTATATGCAGCGCAGCTTTTACTATAAGCACATTCTAGTAGACAAACATGTGT
ATGTTATAAAATTCAAAAACCTTTAAAAAAAAAAAAAATTTGTTACCTTGAGGCATTTGATTGTACCT
AAAAAAACATAAAACGAACGTAAGAAAATAAACAACATAAAGTTTAA

Sedivé je vyznacena kédujici sekvence Ccos LEA3-like genu prferu$end intronem o délce 62
bp. Zluté je vyznacena sekvence pravdépodobného pseudogenu.
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Ccos LEA3-like protein

MW = 23.970 kDa

MEFONKLLIISLEFLSVLSTASLKSVGDKTASLESKKKDETENLASETASDVKNETEDTSKKVGQSLHQ
TKEEAENAAKEAAAFAKAEAQKAGNAIDSGVNSTKDALGSGVQHTKDAVGSGVQHTKDAAANVANAST
RAAGNAVDSTKKAASDAYNKSVNVTDOKLREAGGAIDGAMKQTSNTVGEKLSDANKYVGQKYEGLEKG
VHDAATSVHDTVGEQTSNVLGKMNLK*

Sedivé oznaleny 5'-konec sekvence je lokalizaéni signal SP (Secretory Pathway) detekovany pomoci
nastroja TargetP 2.0 (pravdépodobnost vyskytu: 0,9852) a SignalP-
5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0) (pravdépodobnost vyskytu: 0,9147).

4.2.5. Podobnost Ccos LEA3-like proteinu ostatnim Zivo¢isSnym LEA3 proteindm

Provedl jsem porovnéni struktur Ccos LEA3-like proteinu s 11 rGznymi zivo¢iSnymi LEA3
proteiny (Janis a kol., 2018) pomoci nastroje ClustalW v softwaru Geneious. Vysledek
ukazuje, ze protein Cos LEA3-like se nijak nevymyka z rodiny dalSich zivo¢isnych LEA3
proteind (Obr. 12). Dale vysledek potvrzuje to, co je o LEA proteinech v§eobecné znamo, a to
ze jejich primarni struktury vykazuji relativné nizkou frekvenci shod a podobnosti (Obr. 13).
Nicméné,

Pseudopleuronectes ABX38716.1

D.hydei XP_ 023160045
97.4

—— C.costata_LEA3-like
72.2

it — Adineta_ABU62809

— Adineta_ABU62810

100

Artemia_ACA47268

Polypedilum_BAE92616

62.8 Polypedilum_BAE92617

—— Artemia_ AMC16586

——— Aphelenchus AF423069

— Artemia_ACA47267

56

—— Polypedilum_BAE92618
Obr. 12. Strom Zivoéisnych LEA-like proteintli. Porovnani bylo provedeno pomoci nastroje Neighbour-joining

consensus tree (Saitou and Nei, 1987) v softwaru Geneious. Cisla u jednotlivych uzl@l zna&i bootstrapové
hodnoty. Jako outlier zde byl pouzity antifreeze protein platyze rodu Pseudopleronectes.
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100

a0

50

40

20

10

VnandCOChF<< S xnowanx Oy <re

¥XECIOO0IT—->—0Z=

Z O>wwxyJAanwZ
¥ EukFSux-—dqdk
O 1 aLg C<g<-«C>
O Twnn >z
[a] I Ay ¥OuZw
¥ 1WnO0 ddax—
O 1—x¥ ¥¥u3SU
o I —<qd ww—x0o
- g >CuET
(W] I dunn UR=Ooad<
U 1xg FC<Onc
wn 1 Zunn o>
F wOo>> Gxb>a
‘- ocuwuuw ESCudu
W >uaa OO0
v EE—— w>unpk
w |- || ™ ]
< UU >xC>>
o S0 QuwEwnI
— -_— L @xu
w vivn gl «<-—
~ 4= q< wnx
-3 —— ¥O0 wa
- Xx >X >=
> ZZ P O
U =5 wo Ca
v o Zu
B =0 >u
v Uy «2Z
¥ ¥O wQ
- <= CO>
- < <>
o <> EX
- 0O 0=
v a> awn
- =< <4
= T v
g >un
- <
¥ <n
QO wuwI
M =
< >u
L x>
® ngE
A
o Own
— oz
= a>
¥ W
W oW
¥ a>
< wwn
Z q4u
w ==
= w
v =
w (V]
§E
(a] -
¥ w
> w
w -
b 4 (&)
w .
2 E
X o
e s
w Zz
o w
u >
> b=
= 4
U o
.
(a] <
w -
w [
e
n =
& =
ccgT iigdgude
£EECrrS555885
BEME s T nTS T
EECEuTEEZRER
tRgEssxg>ds s
gﬁﬁgqqgégﬁéﬁ
Bol-gorguodpe
SRTERARNELIR
TRNESCQogomta
SheR b s Nt
250422323243

Voxx>>000<L<00
LY ><n>n
Subdxxy—F<<-<
Vww I aoFunoC<wo
wadh | XxxO0O0<CLZ X
O daxyga—og>
e AL L0
ZWoZwwwoo<aw
Oqdwu LAY — X
B CCCVUUSHFUN—
TR P TR TR TR gt )4
VCZW>>Toodn>
N >>wd g
R xvZzg<oa<
MNoooaJnIndw
NNOIT LI DC=x
EEEEEEE<ES
N=NNZZdl-x--0
Wwooooxwo<ow
FxvoUuuv<IxT
—>>LL>AC>>
MNEX WX >>we
W -FWZOnzZY
>TxANLLAL>xC I
CLOkFxxCCCC<ul
wZwopooZunoundo
ESWULUMMYONMSIES
>>LF>>>d e
PPN [TRTR TR o dted o
Bl Z w0k ww
MM LI LTO
L nng- -
[CE gl alaTa L dnld gd o
ww>n>>000<00
L LLr Tr L
>rulxx>>Lqdl-<
oUupuwon ' wooww
Oy | >0
LI LLA>> 1 LI~
e R - 1)
Ol xZww i aw>ro
¥ wwd | Fxd>a
[l d VICHE ol ol €
CIWLO0 | ¥ YO
2111 >> 10w a0
S>> A
" IRV £ ST
wi a1 o ga
il L 1 X0 <w
B == 3>
a1 1 ZZi1unx -9
>l ww A0 L ww
Wi 1>C o
ol LL = A=
O ww x> Ox
> OYwIo0 )l xZ
Wio00O>> 1> | Ux
Vi exyy | €L | p=a
¥ I OO0 nI Ak
Bl x| XD Qw
X IVNDSE L L
Wilhuwuw i ne | OF
Silad<< I A0 | Tw
L1l LI > 0
(A ORI
111001 >>1 AOx
wil I >—1Q01 10
(RN BRI ) SRV I I3
(I IS I T U
S aniCT <
Frr sy 101 1w
[ T R Ry [ QU ) 2
R - -S|
R TV TR
R - I |
(O I - L G- R O O ]
I I I TT T TR R R Y S I B
I = I
RS- IR
Bi i ixx <€ 10
Tl taa s tw o
tr L 1> 1A
P =1 1
P 1Ll =1 1 X
(I e 7o R = S 'n
L o=0=1 1 | X
111 L1 1L =2
L ww o an>>
LIy | g>Crw
B> 01 >> 1 Lago>
(G ST T L)

WWzrwuwpwn < zw
QOLA>>—IxCwa
WO lE>>—><a—
B L A e 7 e L
TUDOOOWWW X WZ
(Ml JUIURPIVIVE & o SV
X J LS
NZnwwwa aa 0>

- We dVAVE. & JITECIL FayiiyiT]

LZ gL — ==
aovnNCL—xxZILO
FoOUuL<oQUZWLUW
Ok >>2n<wdn

EESE I SEDEUTE
- o [y -
Le-cizoZIgR
2N E S eTENT
E;qgwwa 2T EX
galEEEhwhamh
<X 5TTeEGE Lo
$n<L<<m<uﬁ<1
e :
Bou-gorgodne
Bozeanenbiag
SnESCCatams o
Eq:{DDmSwKSM
UL Ty@oogJo é
C<O0dd <O aTD LT

¥Mi¥ ¥M¥ I M¥I OO
Ol == 101>
LI L O
Wi ZU00 1 Qw i oy
NI >a03 101 >
S 1 <L | L1 O>
< 1YVoww I ¥ 1 nZ
Fr1aeadC 1 201 o
Wil L=< >
X1 I I > 102
O NalaNRLTaNE gal
P Wy | T
L1 >> 1<k 1 ——
Pt LS =
T lww ool
Bl ki 0
[ L AN R R S I
e tww g T
[ I - - o B A I
PSS
[ I 4 V- B O B
[ -1 S IO R
(I IR - - I T I I
[ A
PU P ZZ 0000
- rwar
PO E>>=100 101
[ I - - N T I I I |
(I R TTITTR  EA B
(IR I B R B
(IR o N IO B
(AR I B
(I A N« TTT R A R
[ RIS v I B
- N A A R
Bt ot 0t 1oy
I < G A AR
A & G A AR
ARG I NI
(O T T = T T T I O
- N
[ T I T Y O T O T A
(R A B A B
[ I = T I I B
[ I B IO B
Bttt b
(R AT o B I IO B
[ O T B IO
(IR o I I B B
(I T I Y R O R I
[ TV B I A
LI T - R I T I
[ AR A I A
[ o A I A
[ O - T B I AV B A
%ll\\(lll\ll\
[ I R i B B A A
U T I - T O
I T e T R A VA B O
(T
[ T - O T O T Y T A
[ T N R IO A
[ T T Y O T Y T B
[ T - o Y R I O B A
[ o A I A
I = W R R I B
N IR NE
[ A I B I I I R
[ TR A
[ = B = W
[ I T o R N I o T I
[ N S
LI T e T Y I - I
(- B A= W A
Dll\\(lllxll\
v g
[ A = W T I
(I O - A
[ T - T IO T O I I I |
(I - B - B
[ R TT RN R
T ANy
R S
FizunoDxxxdxn
o1 Z2>>0000n00
B> 15>>>x>a<gun
S10U0xO—C< <>
vl oneaC<noIson
[ejalal. & ¢ITRIUE do bd
LU d===x|p 0L
MMZLZZ =L L
nEC-REENEEEE
MOUO>>T (L0
LLLLLCTL - >

<=8
Rrzuoowuonas=ouw
LLL>>e> L
Fowwxx><-<e>
co<C<oE<nw >0
NELexxwI>Lo0
S>> o<
FRavuwubgl—wz
wugddLCwdwnow
XOLLLL YT
FLLCOOCE A >

AfrL...

BAE92616 Polypedilum ...

_1 Aphelench...
D hydei LEA XP_023160...

LEA-

o
5
k=l
0
r
=1
a
s
L
=

ACM16586 Artemia Afr...
ABUG62809 Adineta ArL.
ABUB2810 Adineta Arl...
BAES2617 Polypedilum ...
ABX38716.1 Pseudople.
ACA47267 Artemia AfrL...

AF423069_1 A
ACA47268 Arte

BAES2618 Polypedilum ...

g0

o I¥rww i viw 1 ww
p->- 3 [ P PR T B - o G -
Ll YNNI NS | <<
VOO0 x| o
wiApwwILo 1 OZ
I Lb>>10x 1 <x
NI Z>>LC 1> 1 <=
wiwmioor<oinz
¥Ilwl <L nwZZw
S I 1YY —=>0u >

SUICI<C I O—aU
Wi ¥ZOooUWokwnw
¥ 000
S>>l x=>
[N o S A a T dd

OCZZxx o w0y
U —=> Jaxwx <y
Fra<LCLCITCL—>
TwwowwAloCZ22Z
QWZWVZZuxO<LOo
EEsqqqCL>xuCu
¥¥LLxx>3xZZ
woxxwwounk0oo
BoEEEEEEE ==
S<FFVULLFn—
ZZO0VJ <Y< ON
ITwopouwwoR<CTwy
VE>S>==¥>xL>N
FECCLLOILLO>
E_u.lu.lZZQD{mO{uJD
ERUILE U ala o BEE- £ 4T
SCCCEEr>0a< <
142 £ QEPNETY. 3] op $¥4

E{RICIT]

nwL UL ey
WOWZ e QwO w9
L1 - - JUIITE £ TR
FY>>00ndE=<<n>
gowzzooo>>wuw
CULCL e IOV
—LLLLL>Z I LT
E>L>>UxwZ
wooooowwo >Wwon
EEnEEEN- o=
“Funk<L< LW —10>
WWZTLLZ N
UWwooxxux¥Nmwnyg
LL>>>>>>xaud
BxvaqUdCx 14 o>

wwLunoOwIQ I no
L1 101> 1 -a
R R O
N T VY Ty Q%30 o |
111 T IZ 1w 100
IR s N TP
L <L 1O 1<
1T Iwnninx il
P L0 W
1 ixx g iw
IR Al
N NaYa RN
N B T I S A A
R TA AR
SR - - - S B B
RN I - oy T |
[ I I o O ¥ I A I
R R oy 7, B I O A
IR SN I T
o R = Ya W B
LR B I I3 I 2 I I B
(N I - - o ' T O I B
-5 T R
P W o
IR £ - B
P> w o
N B TITTR I Sy I A
R A A I - 1 B B L B )
L - S
- R R L I
G -6 5"
(R R I - O B O Y B R
NIRRT NI g e
1L 19O 19
IR SN &N
L rwwroorol
LE1 i1l L)
111 =<
IR« A NT NN 3
F w1 O
L >> 1001 <)
0oh D A MM T b (O CF
R - - Ny T R T }
HUZUEEMrEELM
L L>—=—>C L~
FeO<-FR-<C<-<ng
wwzooowwowe J
MBI NMULLYYYLEW
FubkL<L<-<><>
frawzIvwavo<xa
wiaooo>a><wz
ZIS>S>>L> I
V1 COCL 1 <O
1 Oiao | Ow i wo
Feof JiETEAUTE
£g8trr5E5ass
23800 cagngEaT
Efosugdceized
8o PEE RO Fng >
E<RSTTSETEES
grzf<id<d<g
8giiac guspa
Be3eBRENanlE
chEEveasoms o
Zifizmsosang
REcU2RIIIRLES

S
«

515
i

510

500

490

480

470

EKMSERVTEMYSGTKGDSKGGSGFNQITPIEQTENMKGQQSASGAHER

o=
o= <<
—_—— Z2> uZ
ww who gun
¥ FhFxxor xw
o <<oo<a-—uw

OO0 —uo<Le>
aprrxd<o<
TZxruwu LIy
A4S X IO x¥uq—
¥y Iogwo
VU000 Z ux—0Ux
e s St )
—>>>4—-wa0T
OZww axrwLw
o >Cn>
L Luergn —
owwISoa wgunn
OuUUWO <O >
VULLNS T —
L>FFnLyLa Z

T IR 4
1My 1y 1| S0
L | ——
ISV .2 Qi |
iy 1 00 Ow
N € EN-BVNE ]
1L > 1>
1O 1 Zw g
1 eX1O>1 I
1T 1 < a1 a9
V=1 > | Lw
woww I oCanon
OIT¥x 1 NE>w>
L>>>1 040X
ITW>> 1 n>FOown
VFZZ 1 LT —

NCOO WY 1w
AL Lo TeLL
woLLO—Oxwy
OTwwI i
—>dd—kC<qw
ZUd<LwwLLww
¥xxpowIodeZ
wuwLfu O
JdH0u=E<dr=
[DIVE & qTTT Y-
WWIT—wWOCwD
Vo> roo>d=— 1
e xyOQOZFxddx
OO0 LLLoW>ww
S OUYZ—¥L{OU
F>>>00Z <-4 n<
¥xrrddxZ Yy
QWO¥WwwW>—Aw=Z

F>UZZZZ>w IO

nEL<<L LTI >
ZowoxxoUd>Fuvn
NIITWNOOXUILa>
P RT. Y R JTRTR
NN NUNWN>ZESLa -
www s Jwnoawnyg
[LE4alGCITTTITICESV E do g
LL>>>>—F>><4
A<

fronozoowwokoo

440

430

MENNWWE X
>k Ca 1C>>>
WwWOOId¥ZL¥ D

[ I T O O T e A O B
[ B TR
L A N N U B B ¥4
[ B - AR T}
LN A A N A ¥ I A B B |
HMUEMENMEIWUOCOW
F<ESxcwo1<E>
Mxd{O0wnrxxuw
oOUUU¥YODOCOK
X¥XOOXYF>CLONXY
CU==o0 | of<n=—
FOLLadd | NCCO D
Z1 1111t n0r 00
0= >
(o 2 NN B N - G- 72 ]
art T wiwn
T w1 wyg
PR e e
LG R B B = S W e« 4
wirrn W xZ
R B - S e
Frior g
(e QF-dUI VAU 4. 4a]
¥ w1 001 OT
L1 LLLL I N | DLW
oWkl ok <
ELEOT i f‘ié-
£E2Co-EEERES
Eﬂmgmmt_ﬁggﬁ
ELoRTTIEYZES
28, BEESTSHT S
<R §ToSLedtLs
Trzfzxdic-<d
Bgl gorposne
CRELARNANEERS
SN SSYCoatoms o
ShEFEEENT Sk
LcHR 234525

ych sekvenci Zivo¢isnych LEA-like proteinti. Porovnani (multiple alighement) bylo provedeno pomoci nastroje ClustalW v

inov

te

e

ani pro

z

Obr. 13. Porovn

.

softwaru Geneious. Cerna pole ukazuji shodu u vSech sekvenci, Seda minimalné u dvou.

v



Hydropaticky plot (https://web.expasy.org/protscale/) (Obr. 14) ukazuje, ze krom¢ signalniho
peptidu (20aa), je cela struktura Ccos LEA3-like proteinu pfevazné hydrofilni, coz je pro LEA
proteiny typické (porovnej s obrazkem 3 v kap. 2.1.7.2.).

ProtScale output for user sequence

3 . .
Hphob. [ Kyte & Doolittle
2
1 F
© 0 v
&
(%)
wo |
2
3 |
4 ; ; ; ;
50 100 150 200
Position

Obr. 14. Hydropaticky plot Ccos LEA3-like proteinu. Plot byl zkonstruovdn metodou podle Kyte a Doolittle
(1982) (https://web.expasy.org/protscale/)

4.2.6. 3D struktura Ccos LEA3-like proteinu

Pro odhad pravdépodobné 3D struktury Ccos LEA3-like proteinu jsem pouzil né€kolik
nastroji. Obrazek  15A  ukazuje  vysledek  analyzy  nastrojem  PredictProtein
(https://predictprotein.org/). Podle tohoto nastroje je predikovan signalni peptid o délce 20 aa.
Zbytek sekvence tvofi a-Sroubovici, kde se pravidelné stfidaji regiony exponované a vnitini.
Vétsina sekvence je rovnéz predikovana jako neusporadana (disordered), coz znamena
strukturni flexibilitu a absenci pevné, jasné usporadané trojrozmérné struktury, s pievazné
vysokym relativnim B-value (pocitany nastrojem PROFbal
(https://www.rostlab.org/papers/2006_bioinf profbval/paper.html). Vysoké hodnoty B-value
znadi flexibilni exponovana residua. Pro srovnani uvadim na Obrazku 15B vysledek analyzy
nastrojem PredictProtein pro typicky LEA3 protein, pro AavLEA1 (AAL18843). Také zde
vidime strukturu a-Sroubovice a vysokou pravdépodobnost toho, Ze je protein neuspotadany.

Dale jsem pouzil nastroje PSIPRED a DISOPRED?3 (http://bioinf.cs.ucl.ac.uk/psipred/), které
slouzi specificky k hledani strukturné flexibilnich regiontu (disordered). Vysledek je uveden
na Obrazku 16A: Pro protein Ccos LEA3-like je predikovana struktura a-Sroubovice (horni
¢ast Obr. 16A). Oba konce proteinu jsou predikovany jako neuspofadané s moznosti vazby na
proteiny, a dal$i kratky neuspotfadany region se nachazi ve sttedu sekvence (stfedni ¢ast Obr.
16A). DISOPRED3 Plot (spodni ¢ast Obr. 16A) uvadi vysledek graficky: vidime dva silné
neuspotadané regiony na obou koncich proteinu a dale dva kratké useky ve sttedu sekvence,
které rovnéz dosahuji hodnot typickych pro neuspotadané proteiny. Pro srovnani uvadim na
obrazku 16B vysledek analyzy nastrojem PredictProtein pro typicky LEA3 protein, pro
AavLEA1 (AAL18843) — vidime velmi podobny vysledek, jako pro protein Ccos LEA3-like.
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Nakonec jsem pouzil nastroj I-TASSER (https://zhanggroup.org/lI-TASSER/), ktery odhaduje
3D strukturu proteinu na zéklad¢ tréninku neurondlni sité na jiz znamych, publikovanych 3D
strukturach proteinti. Také tento nastroj jasné predikuje strukturu proteinu Ccos LEA3-like
jako a-Sroubovici (horni ¢ast Obr. 17A). Na spodni ¢asti Obrazku 17A pak vidime pét
nejlepSich moznych 3D modeli proteinu Ccos LEA3-like. Opét, pro srovnani uvadim na
Obrazku 17B vysledek analyzy nastrojem I-TASSER pro typicky LEA3 protein, pro
AavLEA1 (AAL18843) — vidime velmi opét podobny vysledek, jako pro protein Ccos LEA3-
like.

47


https://zhanggroup.org/I-TASSER/

Predicted Features

¥ Secendary Structure (RePROF)
Other

Helix

Strand

~ Solvent Accessibility (RePROF)
Exposed

Buried

™ Topology (TMSEG)

Signal Peptide

~ Disordered Region (Meta-Disorder)
Disordered Region

» Relative B-Value (PROFbval)

b Protein Binding (ProNA)

» DNA Binding (ProNA)

» RNA Binding (ProNA)

} Disulfide Bond (DISULFIND)

+ Conservation (ConSeq)

Obr. 15A. Vysledek analyzy Ccos LEA3-like proteinu pomoci nastroje PredictProtein.
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Obr. 15B. Vysledek analyzy AavLEA1 proteinu pomoci nastroje PredictProtein.
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Obr. 16A: Vysledek analyzy Ccos LEA3-like proteinu pomoci nastrojti PSIPRED a DISOPRED3.
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Obr. 16B: Vysledek analyzy AavLEA1 proteinu pomoci nastrojt PSIPRED a DISOPRED3.
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Obr. 17A. Predikce struktury proteinu Ccos LEA3-like pomoci nastroje I-TASSER.
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Obr. 17B. Predikce struktury proteinu AavLEA1 pomoci nastroje I-TASSER.

Na Obrazku 18 je findlni porovnani struktur proteinti Ccos LEA-like 3 a AavLEAI, vcetné
originalniho modelu, ktery publikovali Li a He (2009). Jejich model byl vytvofen néstrojem
CPHmodels 2.0 (Technical Univesity of Denmark). Vidime, Ze nastroje I-TASSER a
CPHmodels 2.0 dosly v zasad¢ ke shodnému vysledku — dvé a-Sroubovice spojené kratkym
linkerem. Modely predikuji strukturu, kterou zaujimaji proteiny ve vakuu. Hydrataci ovSem
LEA proteiny tuto strukturu ztraceji a stdvaji se neuspofddanymi — coZ bylo modelovano
praveé na prikladu proteinu AavLEAT1 (viz Obr. 2). Je tedy mozné, ze i protein Ccos LEA3-
like, ktery byl vS§emi pouzitymi pfistupy shledan velmi podobnym proteinu AavLEA1, muze
byt ve vodném prostfedi nestrukturovany, coz je charakteristicky rys LEA3 proteini. Dale
software I-TASSER predikuje, ze Ccos LE3-like protein se muze vazat na fosfolipidy
biologickych membran (Obr. 19).
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Obr. 18. Srovnani struktur proteinu Ccos LEA3-like (A, I-TASSER) a AavLEA1 (B, I-TASSER; C, CPHmodels 2.0).
Panel C je upraven podle Li a He (2009).

Obr. 19. Predikovana vazba proteinu Ccos LEA3-like na fosfolipidy (I-TASSER).
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4.2.7. Expresni profil Ccos LEA3-like genu v larvach C. costata

Provedl jsem analyzu exprese (relativni ¢etnosti mRNA transkriptil) genu Ccos LEA3-like v
rizné aklimovanych larvach C. costata pomoci techniky qRT-PCR. Technické detaily metody
jsou popsany v publikaci ¢. 1. Vzorky rizné¢ aklimovanych larev pochazely ze dvou studii.
Vzorky LD a SDAI11 pochézely ze studie uvefejnéné v publikaci €. 1 a vzorky SD6, SD7,
SD8, D1, D2 a D3 byly odebirany paralelné¢ se vzorky na metabolomickou analyzu
uvefejnénou v publikaci ¢. 2. Z této publikace rovnéz piebiram schéma experimentu (Obr.
20). Larvy fenotypti D1, D2 a D3 byly vystaveny suchu — tedy tbytku vody v jejich polo-

v

tekuté dieté. Podrobnéjsi udaje k tomuto experimentu jsou uvedeny v nasledujici kapitole 4.3.
(Publikace €. 2).

0% 7.7+5.8 % 10.147.1 %
early late
ent diapause diapause
20+ SD3 SD6 SD11 SD6  humid incubator (18°c/sp) D8
O Chume—————— @ C O O— --------- + survival
%) 154 induction
& & intensification
) (18°C / SD)
5 42.5+2.5%
© 104 ___ maintenance
g (18°C / SD) acclimation , : —
5 5] SDA 0 7 14 16 18
2 ___ cold acclimation O Time [days]
(4°C / DD)
O T T 1
0 3 6 9 12
Time [weeks]

Obr. 20. Schéma experimentu pro ovéreni expresniho profilu genu Ccos LEA3-like. Obrazek je prevzat z
publikace ¢. 2 (Hula a kol., 2022; Fig. 1).

Ocekavali jsme, ze gen Ccos LEA3-like by mohl byt upregulovan jednak u larev vystavenych
suchu (evaporacni dehydratace) a také u larev, které prochazeji aklimaci v chladu (v ptipravé
na budouci mrazovou dehydrataci). Odebiral jsem larvy pfislusnych fenotypli ve 4
opakovanich (5 larev v kazdém opakovani), izoloval jsem celkovou RNA, osetfil ji DN4zou a
ptipravil cDNA pomoci Superscript III (Invitrogen) reverzni transkriptdzy. cDNA templat
jsem potom vyuzil pro kvantitativni qPCR reakci. Vysledky jsou uvedeny na Obrazku 21.
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Obr. 21. Vysledek qRT-PCR analyzy expresniho profilu genu Ccos LEA3-like. Sloupce ukazuji relativni expresi v
daném fenotypu (exprese u fenotypu LD je arbitrarné poloZena = 1, exprese u ostatnich fenotypl je uvedena
jako fold-difference od fenotypu LD). Kazdy sloupec je prdmér ze Ctyf nezavislych opakovani (+ SD). Exprese
cilového genu byla normalizovdna proti expresi 4 rGznych referenénich genl (Rpl32, RpL19, beta-Tubulin,
RpS27A).

Pouzil jsem dvé rizné sady oligonukleotidovych primert PCR reakce: pro 1. exon genu Ccos
LEA3like, fw: TCACTCAAGAGCGTGGGC; rev: GTCTGGTGCAGTGACTGACC; a
pro 2. exon, fw: TGCTATTGATTCCGGCGTCA,; rev: TTGCAGCCTTCTTGGTGGAA. Na
Obrazku 21 vidime, ze oba pary primert davaly v zasadé shodny vysledek, coz naznacuje, ze
oba exony genu Ccos LEA3-like jsou ve vSech fenotypech exprimovany soucasné. Dale
vidime, ze exprese genu Ccos LEA3-like je vyrazné slabsi (zhruba 10-krat) u cCasné
diapauznich larev (SD6) oproti aktivnim larvam (LD). Béhem udrZovani diapauzy ve vlhku za
relativné vysoké teploty (18°C; SD6, SD7, SD8) se exprese genu vyznamné nemenila,
zatimco aklimace diapauznich larev v suchu (18°C; D1, D2, D3) vedla k signifikantnimu
narustu ¢etnosti mRNA transkripti pro Ccos LEA3-like (5-7-krat vys$si exprese u D3 larev nez
u SD6 larev). Nejvyssi nartst exprese genu Ccos LEA3-like byl vsak pozorovan po aklimaci v
chladu (4°C; SDA11) (5-krat vyssi exprese u SDAI11 larev nez u LD larev; a téméf 50-krat
vy$§i nez u SD6 larev). Zarovenn jsem provedl obdobny experiment také pro dva dalsi
kandidatni geny, které vzesly z publikace €. 1. Vysledky jsou uvedeny na Obrazku 22.
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Obr. 22. Vysledek qRT-PCR analyzy expresnich profilti genti Ccos Hsp22 a Ccos Seq102667. Sloupce ukazuji
relativni expresi v daném fenotypu (exprese u fenotypu LD je arbitrarné polozena = 1, exprese u ostatnich
fenotypl je uvedena jako fold-difference od fenotypu LD). Kazdy sloupec je pramér ze ctyf nezavislych
opakovani (+ SD). Exprese cilového genu byla normalizovana proti expresi 4 rliznych referencnich gena (Rpl32,
RpL19, beta-Tubulin, RpS27A).

Pouzil jsem tyto oligonukleotidové primery PCR reakce: pro Ccos Hsp22,fw: CTTTCGCGA

CCCCTTTTGGA,; rev: GTCTGGTGCAGTGACTGACC,; pro Ccos Seql02667, fw: ACCGT
CTATTGCCGCACTTG,; rev: ATTGTTGTTCCTGCCAGCGT. Na Obrazku 22 vidime, ze
exprese genu Ccos Hsp22 je relativné stabilni v rtiznych fenotypech. Potvrdil se jak mirny
pokles exprese se vstupem do diapauzy, tak mirny nariist exprese u larev aklimovanych v
chladu (porovnej s vysledky na Obrazku 7B). Aklimace larev v suchu neméla signifikantni
vliv na expresi Ccos Hsp22. Expresni profil genu Ccos Seql02667 v zasadé rovnéz potvrdil
pfedbéZnou analyzu (viz. Obrazek 7C). Tento gen velmi silné reaguje na vstup do diapauzy
(ca. 8-krat zvysena exprese) a poté rovnéz mirné reaguje na aklimaci v suchu (dalsi ca. 2-krat
zvyseni exprese) nebo na aklimaci v chladu (dalsi cca. 2-krat zvySeni exprese).

ProtoZe protein Ccos LEA3-like vykazuje jasnou strukturni podobnost ostatnim zivociSnym
LEA3 proteinim, a protoze jeho kodujici gen vykazuje jasn¢ zvySeny expresni profil po
aklimacich jak v suchu, tak v chladu, rozhodli jsme se zah4jit funkéni analyzy pravé u tohoto
proteinu. Prvnimi predbéznymi kroky byly: (1) exprese rekombinantniho Ccos LEA3-like
proteinu v bakteridlnim expresnim systému; (2) vyroba mysi protilatky specifické proti Ccos
LEAS3-like proteinu.

4.2.8. Exprese rekombinantniho Ccos LEA3-like proteinu v bakterialnim expresnim systému.

Ve spolupréci s laboratofi imunologie vektorti (Sojka, Kopacek, Parazitologicky tstav BC
AVCR) jsem provedl expresi rekombinantniho Ccos LEA3-like proteinu v s bakterialnim
expresnim systému. Celkovou RNA jsem extrahoval z SDA9 larev postupem popsanym
v kapitole 4.2.7.
Genove specifické primery pro LEA3like, fw: TCACTCAAGAGCGTGGGC; rev: TCACTT
CAAGTTCATCTTGCCC, jsem pouzil pro amplifikaci produktu o délce 633 bp pomoci
polymerdzy Platinum Taq High Fidelity (Invitrogen). Proc¢isténi PCR produktu jsem provedl
podle standardniho protokolu systémem Wizard SV Gel and PCR Clean-up (Promega).
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Pro rekombinantni expresi jsem pouzil bakterialni E.coli systém Champion™ pET SUMO
(Invitrogen). Po PCR amplifikaci a zaklonovani cDNA kodujici LEA3-like protein do pET
SUMO vektoru se vytvoril plazmid, jehoZ translaci a naslednou proteosyntézou vzniknul
vysledny fuzni protein s N terminalni 6xHis kotvou, SUMO Saperonem zajist'ujicimu spravné
skladani proteinu a pfipojenou C terminalni ¢asti LEA3-like proteinu, ktera je oddélena
specifickym mistem pro $tépeni SUMO proteazou pro purifikaci LEA3-like proteinu v nativni
form¢. Vysledny konstrukt byl transformovan a namnoZen pomoci One Shot Machl-T1
bun¢k (Invitrogen, ThermoFisher) a izolovana plazmidova DNA byla ovéfena sekvenaci
pomoci T7 forward a T7 reverse sekvenacnich primerti (Invitrogen). Konstrukty se spravné
orientovanym zaligovanym insertem byly transformovany do expresnich BL21 Star™ (DE3)
E.coli bunék, inkubovany v 10ml LB/kanamycin médiu pii 37°C a 220 RPM ptes noc a touto
kulturou bylo inokulovano 400ml LB media s 10 mM glukézou, kultivovano v rotacni
trepacce (Innova Shaker 44R, Eppendorf New Brunswick) pti 140 RPM a 37°C. Po dosaZeni
0OD600=1,2 byla kultura centrifugaci sedimentovana (3000G/10min) a medium vyménéno za
Cerstvé LB medium s 1mM IPTG (isopropyl-p-p-thiogalaktopyranosid) indukujici expresi
proteinu a znovu inkubovana (28°C, 140 RPM, pies noc). Vysledna kultura byla
sedimentovana centrifugaci (3500g/10min), peleta byla promyta 20mM TRIS/HCI , pH 8.0,
nasledovala dalsi sedimentace 3500 g/10 min, supernatant byl odebran a bakteridlni pelet
pouzit pro izolaci cytoplasmické frakce a purifikaci proteinu v solubilni formé. LEA3-like
protein jsem dale procistil od ostatnich proteinti pomoci afinitni chromatografie navdzanim
polyhistidinové kotvy fiizniho LEA3-like proteinu na Ni?* kolonu. Odstipnuti polyhistidinové
kotvy jsem provedl pomoci SUMO proteazy (Invitrogen) dle standardniho protokolu
Champion™ pET SUMO (Invitrogen) v roztoku: 20mM Tris, 50mM NaCl, 50mM imidazol,
ImM DTT, pH 7,6. Vysledkem exprese se podafilo ziskat nativni LEA3-like protein
v koncentraci 0,041 mg/ml.

4.2.9. Vyroba mys$i protilatky specifické proti Ccos LEA3-like proteinu.

Pro vyrobu mysi protilatky bylo pouzito cca. 50 pg rekombinantniho LEA3-like proteinu
smichaného s 1 ml nekompletniho (bez mykobakterii) Freundova adjuvans (prvni imunizace).
Tento roztok byl injikovan podkozné do mysi. Imunizace se opakovala v intervalech 10-14
dni a pro druhou a tfeti imunizaci bylo pouZito kompletni Freundovo adjuvans. Deset dni po
posledni imunizaci byla my§ vykrvena a zkrve a bun€k sleziny byla pfipravena
imunoglobulinova frakce precipitaci s kyselinou kaprylovou podle Russo a kol. (1983).
Protilatku jsem testoval pomoci metody Western Blot. Protildtka se specificky vézala na
rekombinantni LEA3-like protein (viz Obr. 23) nicméné ve vzorcich pfipravenych z C.
costata svuj cil nenasla a vazala se nespecificky i na jiné proteiny.
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Obr. 23: Western blot analyza CcosLEA3-like proteinu. A) ukazuje, Ze séra z obou imunizovanych mysi (M1 a
M2) obsahuiji protilatky, které rozpoznavaji rekombinantni CcosLEA3-like protein (Rec. LEA) o délce ca. 20 kDa
(pIna Cervena Sipka). Zaroven je vidét (zejména u séra M2) reakce s proteiny o délce ca. 40 kDa (dimery LEA ?).
Preimuni séra mysSi M1 p. a M2 p. zadné protilatky proti Rec. LEA neobsahovala. (Western blot, zelené je
znacen velikostni ladder, ¢ervené je znaCena protilatka navdzana na cilovy protein). B), paterny celkovych
protein( extrahovanych z rGzné aklimovanych larev C. costata (LD3 az SDA11) se zasadné nelisi (PAGE gel,
znaceni proteinll pomoci Coomassie Brilliant Blue). C), komercni protilatka proti alfa-tubulinu (12G10, DSHB,
University of lowa) dobre (i kdyZ ne zcela specificky) detekuje protein o délce 51 kDa = alfa tubulin C. costata
(Western blot, hnédé je znaCena protilatka navazand na proteiny, sekundarni protilatka je znacend kifenovou
peroxidazou HRP). D), protilatky z mysi M1 a M2 opét ddvaji jasny signal s Rec. LEA proteinem (plné hnédé
Sipky), avSak detekuji pouze velmi slabé signaly okolo 40 kDa s proteiny extrahovanymi z larev C. costata LD3,
D3 a SDA11. (Western blot, hnédé je znacena protilatka navazana na proteiny, HRP).
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4.3. Publikace ¢. 2

Reprint: Ptiloha ¢. 2

Nazev: Insect cross-tolerance to freezing and drought stress: role of
metabolic re-arrangement.

Autofi: Petr Hlla, Martin Moos, Lauren Des Marteaux, Petr Simek a Vladimir Kostal
doi: https://doi.org/10.1098/rspb.2022.0308

Hlavni cile a vysledky:

Primarnim cilem této studie bylo ovéfit, zdali diapauzni larvy C. costata toleruji evaporacni
dehydrataci, jaké metabolické zmény ji doprovazeji a jestli aklimace larev v suchu ma vliv na
nasledné preziti larev po mrazovém stresu (tedy po mrazové dehydrataci bunék a tkani). V
ramci této studie (paralelnimi odbéry larev) byly také pfipraveny vzorky pro ovéfeni
expresniho profilu Ccos LEA3-like genu po aklimaci v suchu (viz kap. 4.2.7.) Ziskané
vysledky nam rovnéz dovolily rozsifit interpretaci nad ramec provedeného experimentu a
diskutovat pozorované metabolické zmény v ramci eko-fyziologického konceptu cross-
tolerance.

Schéma experimentu je uvedeno na Obrazku 20. Diapauzni larvy fenotypu SD6 (vychované
za kratkého dne, pfi konstantni teploté 18°C, za vlhkosti vzduchu blizko 100% byly rozdéleny
do dvou skupin. Prvni, kontrolni skupina pokracovala v udrzovani diapauzy za shodnych
podminek. Druhd skupina byla vystavena vzdusné vlhkosti okolo 30%, coz vedlo k pomé&rné
rychlym ztratdm vody z polotekuté diety, kde larvy Ziji a nasledné také ke ztratdm télni vody
larev (Obr. 24A, B).
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Obr. 24. Ztraty vody z diety (A) a télni vody larev C. costata (B). Odolnost vii¢i mrazovém stresu (C, D). Vice
podrobnosti v textu kap. 4.3. Pfevzato z publikace ¢. 2 (Fig. 2).
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Béhem 18 dnl expozice v suchu ztratila polotekuta dieta zhruba 80% svého plvodniho
obsahu vody (Obr. 24A). Larvy vsak neztratily prakticky zadnou télni vodu. Statisticky nebyl
vidét zadny rozdil v obsahu télni vody u larev odebiranych v rGznych fazich aklimace k
suchu. Data vSak naznacuji, Ze posledni dny expozice v suchu (mezi dny 14, 16 a 18) zacaly
larvy ztracet télni vodu a zaroven velmi rychle vymirat (Obr. 24B). Ackoli jsme neprovedli
kvantitativni analyzu mortality larev, pozorovanim pti odbérech bylo ziejmé, ze prakticky
vSechny larvy jsou jesté zivé ve dni 14, zatimco jen malo larev ca (15%) se doziva dne 18, a v
odbéru planovaném na den 20 jiz nebyla nalezena zadna ziva larva (pouze zivé larvy byly
odebirdny pro analyzy hmotnosti, pfezivini v mrazovém stresu a pro metabolomické
analyzy). Z téchto vysledkt je patrné, ze larvy C. costata maji jen velmi nizkou schopnost
tolerovat ztratu télni vody a jakmile k ni zafind dochazet, zplisobuje rychlou mortalitu.
Pon¢kud paradoxné, larvy vystavené suchu vykazovaly signifikantné silnéjsi toleranci vici
mrazovému stresu (-30°C, Obr. 24C) a, predevsim, vyrazné vyssi preziti po kryoprezervaci v
kapalném dusiku (Obr. 24D).

Dale byla provedena metabolomické analyza larev odebiranych v riznych fazich udrzovani
diapauzy za relativné vysoké teploty a ve vlhku (SD6, SDS) a larev vystavenych téze teplotg,
ale suchu (D1, D2, D3). Globalni statisticka analyza vysledku cilené kvantitativni analyzy 36
metabolith pomoci PCA (Principal Component Analysis, Canoco v. 5.10) ukazala na
signifikantni rozdily v metabolomu larev D1 a SDS8 které byly stejné staré (14 dnti), mély
prakticky shodné zivé i suché hmotnosti a nevykazovaly jesté zadnou mortalitu. Tyto rozdily
se dale prohlubovaly s dalsi aklimaci larev v suchu (D2, D3) a hlavnimi komponentami byly
na jedné stran¢ silnd akumulace aminokyselin prolinu, glutaminu a asparaginu (narist z
celkovych 61 na 167 nmol.mg™? &erstvé hmotnosti mezi fenotypy SD6 a D3), zarovein mirna
akumulace trehaldzy a sorbitolu (narist z 12,2 na 15,3 nmol.mg™* mezi fenotypy SD6 a D3) a
na druhé strané mirny pokles aminokyselin leucinu, izoleucinu a valinu (pokles z 1,5 na 0,8
nmol.mg ! mezi SD6 a D3) (Fig. 3, publikace &. 2).

Vysledek relativni metabolomické analyzy 60 metabolitl je vizualizovan na Obrazku 25,
ktery schematicky ukazuje =zékladni dradhy intermedidrniho metabolismu. Hlavni
pozorovatelné zmény u larev aklimovanych v suchu Ize shrnout takto:

e akumulace prolinu, glutaminu, asparaginu a né&kterych dalSich ne-esencidlnich
aminokyselin;

e mirnd akumulace trehalozy;

e akumulace serinu a sarkosinu za soucasné deplece cholinu, glycinu, methioninu a
cysteinu (zmény 1C-metylaénim metabolismus);

e deplece valinu, leucinu, izoleucinu a nékterych dalSich esencialnich aminokyselin;

e aktivace pentdzového cyklu, naznacend akumulaci 6-fosfoglukonatu, kterd poskytuje
NADPH pro redukei glukézy na sorbitol, nebo pyrolinu na prolin;

¢ silnd akumulace riznych fosfagenti (ATP, GTP, fosfoarginin, fosfoglycerat, fosfoenol
pyruvat) za soucasné deplece ADP, AMP, GDP a GMP.

Z hlediska Sirsi interpretace vysledkli metabolické analyzy jsou podstatné tyto dva poznatky:
(1) Vsechny vyse uvedené zmény byly pozorovany nejen u larev vystavenych suchu (D1, D2
a D3), ale, ve form¢ kvalitativniho trendu, také u larev udrzujicich diapauzu ve vlhku (SDS),
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rozdil byl v kvantitativnim rozméru zmény (relativné velka zména v suchu vs. mald zména ve
vlhku). (2) VsSechny vySe uvedené zmény jsou pozorovatelné také u larev vystavenych
chladové aklimaci (Kostal a kol., 2011b; Rozsypal a kol., 2018b; Moos a kol; 2022; Grgac a
kol, 2022).

Trehalose «—— Trehalose 6-phosphate Glucose 6P-Gluconate
[l |

11 = 17171 S
N |

—— Glucose 1-phosphate  <——  Glucose 6-phosphate
[ v I I

Glycero 3-phosphocholine <—

Dimethylglycine Fructolserg?ﬁ-t?ispl@?phate Choline
b | 7N
arcosine Glyceraldehyde 3-phosphate Betaine Acetylcholine
[—,!_tl—!_l Y e CIT T T} I_T'Iy—\l_l
Glycine <—— Serine <—— 3-Phosphoglycerate Stearic acid
[ [ [T ] T el ]
Oleic acid
Met —— Cystathionine Phosphoenolpyruvate . CI=T 11 >FFA
,,,,,,, — Alanine o
1 T I Linoleic acid
. T
Cysteine 11— » : .
[ - Trp Pyruvate ———— Lactate Arachidic acid
o e e :Dfrli- C—_ e [ 1T T T | y
Asparagine Lys  ----m-m-- = Acetyl CoA s
LI 1 )
t
Aspartate Citrate Glutamine — Histidine
[ 1] [ / ::1? 1 o \r‘ ] I
Tyrosine Malate a-Ketoglutarate ——— Glutamate
=m0 i = = | I 1 11
f A
( Metabolite \ Phe =-==---- » Fumarate Ornithine — Proline
(=R = [T | ] [ |
up: {
T Succinate /@ Citrulline
-ﬁ P | { Phospho-
T GMP <—— GDP -—— GIP lle Arginine —— arginine
SDBT Clees 17 [ o [COr . Cr e T T [
SD6 Met
[ T
Scale: Val
B = ‘ L —
AMP <—— ADP -—— ATP Thr
-3 log2-fold (e s A 1

Obr. 25. Vizualizace zmén v metabolickych drahach larev C. costata béhem aklimace v suchu. Vysledky byly
ziskany metabolomickou analyzou na HILIC koloné (kapalinova chromatografie na Dionex Ultimax 3000,
ThermoFisher) kombinovanou s hmotnostni spektrometrii s vysokym rozliSenim (Orbitrap Q Exactive Plus,
ThermoFisher). Vysledky relativni kvantifikace (plocha analytického piku) jsou uvedeny formou heat-mapy
(log2-fold differnces), jejiz vysek je uveden specificky pod kazdym nazvem metabolitu. Vychozi situace (SD6) ma
bilou barvu. Smérem doprava od SD6 jsou zmény béhem aklimace v suchu (D1, D2, D3). Smérem doleva od SD6
je zména ve vlhku (SD8). Modré odstiny znaci relativni pokles, cervené odstiny znadi relativni narlst
koncentrace metabolitu. Pfevzato z elektronické ptilohy k publikaci ¢. 2 (Fig. S2).
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4.4. Publikace ¢. 3

Reprint: Ptiloha ¢. 3

Nézev: A mixture of innate cryoprotectants is key for freeze tolerance and
cryopreservation of a drosophilid fly larva.

Autofi: Luka§ Kuéera, Martin Moos, Tomas Stétina, Jaroslava Korbelova, Petr Vodrazka,
Lauren Des Marteaux, Robert Grgac, Petr Hila, Jan Rozsypal, Milo§ Faltus, Petr Simek,
Radislav Sedlacek, Vladimir Kostal

doi: https://doi.org/10.1242/jeh.243934

Hlavni cile a vysledky:

Cilem této studie bylo identifikovat ptesné sloZeni kryoprotektivni smési, kterou akumuluji
larvy C. costata béhem své chladové aklimace. Kromé metabolomické analyzy tkani larev za
pomoci sofistikovanych metod GC-LC/MS (Simek, Moos) byla pfedmétem studia tkafiova
lokalizace kryoprotektanti a jeji pfipadné zmény v pribéhu pomalého inokulativniho mrznuti
larev. K tomuto cili byla originalné (poprvé pro obor chladové odolnosti hmyzu a poprvé pro
obor kryoprezervace biologického materialu) pouzita analyza pomoci MALDI-MSI (Matrix-
Assited Laser Desorption/Ionization Mass Spectrometry Imaging, Kucera, Sedlacek). Zaroven
byly testovany termalni vlastnosti umélych smési kryoprotektantl pomoci diferencidlni
skenovaci kalorimetrie (DSC, Rozsypal, Faltus).

Kvantitativni metabolomickou analyzou bylo stanoveno celkem 49 latek ve Ctyfech tkanich
dvou larvélnich fenotypti LD a SDA s kontrastni freeze-toleranci (minimalni a maximalni).
Nékteré latky vykazaly velky koncentracni nartst pii pfechodu mezi fenotypy LD a SDA —
tyto jsou kandidatnimi molekulami kryoprotektivni smési. Vysledkem analyzy je finalni
slozeni specifické kryoprotektivni smési, kterd se pravdépodobné vyznamné podili na
zajisténi extrémni tolerance SDA larev C. costata vici mrazovému stresu a umoziuje jejich
preziti v kapalném dusiku: koncentrace jsou uvedeny v mmol.I"* larvalni hemolymfy: prolin,
313; trehaléza, 108; glutamin; 55; asparagin, 26; betain; 6,1; glycerofosfoetanolamin, 4,0;
glycerofosfocholin, 2,9; a sarkosin, 0,5.

Bylo zjisténo, ze kandidatni kryoprotektanty jsou primarné akumulovany v hemolymf€, ackoli
narust jejich koncentraci byl pozorovatelny 1 v ostatnich tkanich. Patrné nejcennéjsi bylo
ovSem zjiSténi, Ze dvé hlavni latky smési, prolin a trehal6za, maji synergicky ucinek na pteziti
larev v kapalném dusiku a chovaji se odliSné pfi pomalém inokulativnim mraZzeni SDA larev.
MALDI-MSI analyza odhalila, ze trehal6za zlstdva pii postupném promrzéani pievazné v
hemolymf€, kde se koncentruje, zatimco prolin migruje smérem z dehydratujicich tkani a
hemolymfy na hranici s nové vznikajicim regionem extracelularniho ledu (Obr. 26).
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Obr. 26. MALDI-MSI analyza prolinu a trehalézy béhem pomalého mrznuti larev C. costata. Transversalni fezy
sttedem téla dvou larev C. costata. Larva na panelech A a C je pred zacatkem pomalého inokulativniho
promrzani extraceluldrnich prostor (pfi teploté 4°C). Larva na panelech B a D je na konci promrzani, pfi teploté -
30°C. Horni panely A a B ukazuji rozloZeni jednotlivych tkani (tkdné jsou pro nazornost zvyraznény barvami). Na
panelu B je dobre vidét velky region extracelularniho ledu (Sedé), ktery se vytvofil mezi tkanémi (68% télni vody
se preménilo v led). Tkané jsou dehydratované, jejich objem se zmensil. Dolni panely C a D ukazuji vysledek
analyzy MALDI-MSI. Prolin je znaden zelené, trehaldza cervené, regiony, kde se vyskytuji obé latky zaroven se
stejnou intenzitou signdlu jsou Zluté (miseni barev). Vidime, Ze pfed mraZzenim (C) prevlada na fezu Zluta barva
(kolokalizace obou latek) a nejintenzivnéjsi signal je v hemolymfé. Po promraZzeni se obé latky oddélily (D),
maximalni signal trehaldzy (Cervend) zlstava v regionu dehydratované hemolymfy, maximalni signal prolinu
(zelena) se posunul z hemolymfy a tkani na hranici regionu ledu.

Analyza termdlniho chovani rtznych smeési kryoprotektantii, a porovnani s chovanim
hemolymfy, pfinesla hypotetické¢ vysvétleni pro rozdilné chovani trehalozy a prolinu béhem
mrznuti. Trehaléza stimuluje skelny piechod a po zaskleni vytvari amorfni matrici v
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dehydratované hemolymfé a patrné i tkénich. Prolin neprochazi skelnym piechodem, je
extrémné rozpustny ve vodnych roztocich, které se dehydrataci koncentruji (koncentrace
prolinu ptesahuji 1M). Prolin zlstdva mobilni i za vysokych koncentraci, migruje spolu s
vodou, ktera odchéazi z dehydratovanych tkani smérem k rostoucim ledovym krystaliim. Prolin
se poté koncentruje na hranici s extracelularnim ledem, kde patrné vytvaii mechanicky-
pufracni vrstvicku visko-elastické tekutiny (viditelna na Obrazku 26D jako jasné zelené
ohraniceni ledu).
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5. Diskuse

Soubor vysledkti predstaveny v této disertacni praci propojuje fyziologické adaptace hmyzu
na podnulové teploty a promrzéani télnich tekutin s adaptacemi na vysychani prostiedi a
ptipadnou ztratu télnich tekutin evaporaci. Diapauzni, chladové aklimované larvy octomilky
C. costata prezimujici ve svém ptirozeném prostiedi jsou snadno inokulovany okolnim ledem
a jejich telni tekutiny promrzaji. Pfi promrzani dochazi k mrazové dehydrataci jejich bunék.

Larvy promrznuti pteziji a v laboratornich podminkach je miizeme dokonce vystavit teplotam
kapalného dusiku beze ztraty Zivotaschopnosti (Moon a kol., 1996; Kostal a kol., 2011b).

Vysledky disertace naznacuji, ze aklimace larev v chladu a v suchu mohou vést k podobnym
zménam v metabolismu, k produkci a akumulaci nizkomolekularnich latek s kryoprotektivnim
ucinkem a dale k expresi specifickych proteinli, zejména proteini z rodiny Late
Embryogenesis Abundant, LEA. Kryoprotektivni vyznam nékterych studovanych latek
(prolin, trehal6za) je pomérn¢ dobife znam z literatury (Salt, 1961; Semme, 1982;
Zachariassen, 1985; Lee, 2010a) a v této praci piinasim dalsi dulezité poznatky k mechanismu
jejich puisobeni v promrzajicim organismu larvy C. costata. Ochranna role LEA proteinti v
dehydratovaném organismu je rovnéz dobfe znama, i kdyz konkrétni mechanismy jsou
popsany spise hypoteticky (Janis a kol., 2018). Kryoprotektivni vyznam LEA proteint se
teprve v souCasnosti stava predmétem studia (Wang a kol., 2020) a o LEA proteinech se
zacind uvazovat jako o vyznamné slozce protektivni smési pro kryoprezervaci savéich i
lidskych bunék (Li a kol., 2022). V této préci pfindSim prvotni charakterizaci potencialniho
LEAS3-like proteinu C. costata, coz otevira cestu k navazujicim analyzam jeho kryoprotektivni
funkce, zejména v synergii s nizkomolekuldrnimi kryoprotektanty.

5.1. Transkriptomicka aklima¢ni odpovéd’ larev C. costata na chlad

Globalni analyza transkriptomu pomoci Illumina RNAseq u diapauznich larev C. costata
vystavenych chladové aklimaci ndm umoZnila vytipovat geny a celé procesy, které ji
doprovazeji (Des Marteaux a kol., 2019, publikace ¢. 1). Nejvyrazngjsi komplexni zménou
bylo navySeni ¢etnosti transkripti kodujicich rizné elementy procesi spojenych se skladanim
nativnich proteind v endoplazmatickém retikulu, s rozpoznavanim chybné sloZzenych proteini
a jejich retrotranslokaci z ER do cytoplazmy, s Saperonovou funkci v cytoplazmé, zna¢enim
proteinti ubikvitinovym signalem a jejich findlnim odbourdvanim v proteazémech (Obr. 8 a
9). Podobné zmény jsou obvykle pozorovany u riznych organismil az po silném stresu, at’ uz
tepelném nebo jiném, kdy se v organismu nahle objevi velké mnoZzstvi posSkozenych, ¢astecné
denaturovanych proteinti (Lindquist a Craig, 1988; Korsloot a kol., 2004). V nasem piipadé
vSak tyto zmény doprovéazely postupnou, dlouhodobou chladovou aklimaci za nadnulovych
teplot, coz je zcela pfirozeny proces, ktery ma navic adaptivni charakter, jelikoz vede k
piipravé larev na zimu a ke zvySeni jejich chladové odolnosti na maximum. NavySeni
Cetnosti transkripti kédujicich inducibilni Sokové proteiny, nejcastéji Hsp70, bylo jiz diive
pozorovano v souvislosti se vstupem do diapauzy a s pfipravou na zimu také u jinych druhi
hmyzu (Rinehart a kol., 2006; King a MacRae, 2015; Toxopeus a kol., 2019). Nase studie
ovSem doklada, Ze se jedna o velmi komplexni upregulaéni odpoveéd’, ktera kromé typickych
Sokovych proteinii zahrnuje prakticky vSechny kroky procesu od rozpoznani az po odbourani
chybné slozenych proteinli. Zarovent jsme nepozorovali zddné znamky upregulace ve tiech

64



ruznych drahach (PERK, ATF6, IRE1), kter¢ iniciuji tzv. Unfolded Protein Response (UPR) v
reakci na pfitomnost chybné slozenych proteinti (Strudwick a Schroder, 2007). Z tohoto
vysledku usuzujeme, ze zmény pozorované u larev C. costata jsou profylaktického
charakteru. Zmény mohou byt komplexni pfipravou na nadchézejici eventualitu promrznuti
télnich tekutin, dehydratace tkani a nasledného tani a rehydratace, kdy se mohou objevit
toxické, chybné slozené proteiny, a pfitom je obtizné spustit komplexni adaptivni reakci za
nizkych teplot nad nulou.

Ocekavali jsme, Ze se v transkriptomické odpovédi na chladovou aklimaci larev objevi také
stopa po zménach v metabolismu kryoprotektantii prolinu a trehaldzy, nebot tyto jsou béhem
chladové aklimace siln¢ akumulovéany. V piipadé trehalozy byla tato stopa patrna, avsSak
nepfili§ komplexni. Zahrnovala upregulaci genti kodujicich anabolické enzymy trehaldzo-
fosfat syntazu a fosfatazu a zaroven down-regulaci genu pro katabolicky enzym trehalazu. V
pfipadé prolinu byla stopa prakticky nepfitomnd nebo nejasnd, zahrnovala pouze
downregulaci prolidazy a delta-1-pyrrolin-5-carboxylat syntetazy, pfi¢emz oba tyto enzymy
jsou na anabolické draze prolinu. V paralelni studii z nasi laboratofe (Moos a kol., 2022) byla
pomoci qRT-PCR cilené¢ zkouména komplexni transkripéni odpovéd’ 42 geni metabolismu
prolinu a 23 genti metabolismu trehalozy béhem chladové aklimace larev C. costata.
Podobné studie, které komplexné pokryvaji uréitou metabolickou drdhu, omezuji znamy
nedostatek transkriptomickych studii: relativn€é nizka a velmi riznd korespondence mezi
cetnosti transkriptl a aktivitou proteinti (Feder a Walser, 2005; Suarez a Moyes, 2012). Studie
Moose a kol. (2022) potvrdila a dale rozsitila poznatky ziskané v ramci moji disertace.
Relativné jasny transkriptomicky signal v pfipad¢ trehalézy naznacuje, Ze trehaldza je
syntetizovana prevazné z larvalnich makromolekuldrnich zasob ve formé glykogenu.
Glykogen je siln¢ akumulovan béhem intenzivniho Ziru larev pied vstupem do diapauzy a v
priabé¢hu chladové aklimace je pak castecné spotfebovan, pricemz deplece glykogenu
stechiometricky odpovidd pravé akumulaci trehaldézy. Podobné, také u prolinu jsme
predpokladali, Ze jeho zdrojem budou larvalni makromolekuldrni zasoby ve formé¢ bud’
hexamernich proteinli nebo kolagent v extraceluldrni matrix (ECM). Mnoho druhi hmyzu,
vcetné larev C. costata, akumuluje hexamerni zasobni proteiny pied vstupem do diapauzy
(Powell a kol. 1984). Tyto proteiny ovSem vétSinou pietrvavaji aZz do ukonceni diapauzy na
jafe. Kolageny obsahuji velké mnoZstvi prolinu a hydroxyprolinu (Li a Wu, 2018) a ten miiZe
slouZit, po degradaci metaloproteindzami, jako vyznamny zdroj prolinu (Phang a kol., 2015).
Analyzy aktivity metaloproteindz, zmén v obsahu kolagenu a celkovych proteinli, zmén v
transkripci pfislusnych genl a zejména stechiometricky vypocet vSak ukazaly, Ze kolageny,
ani jiné proteiny, nemohou byt hlavnim zdrojem akumulovaného prolinu u larev C. costata.
Prekvapivym zdrojem se ukazala byt larvalni dieta. Zjistili jsme, ze diapauzni a chladové
aklimované larvy stale pfijimaji potravu (i za teploty 4°C) a dokézou z ni asimilovat znacné
mnoZstvi jednak pfimo prolinu a také jeho bezprosttednich prekursort glutamatu a ornithinu.
Dale larvy ziskavaji prolin enzymatickou transformaci glutaminu, jehoz zasoby byly
naakumulovany pied vstupem do diapauzy (Moos a kol., 2022).
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5.2. Detekce LEAS3-like proteinu u C. costata

Dulezitym vysledkem transkriptomické studie (Des Marteaux a kol., 2019, publikace €. 1)
jsou vytipované kandidatni geny (sekvence, kontigy), které koduji dosud necharakterizované
nebo zcela nezndmé proteiny, jejichz transkripce se siln€ zvysuje se vstupem do diapauzy a po
nasledné chladové aklimaci. Nasim dlouhodobym cilem je pokracovat s funkénimi analyzami
takovych proteinti. Ocekavali jsme, ze transkriptomickd studie by mohla mezi
upregulovanymi sekvencemi odhalit také LEA-like proteiny. Toto ocekavani se vSak
nenaplnilo, a proto jsme zacali patrat po piitomnosti LEA-like sekvenci pifimo v
publikovaném transkriptomu (Poupardin a kol., 2015) a posléze i genomu C. costata (Kim a
kol., 2021). Tyto vysledky piedstavuje kapitola 4.2. a zde je pouze stru¢né shrnuji:
kombinacemi prohledavani transkriptomu a genomu pomoci klasického algoritmu BLAST i
pomoci specialniho algoritmu MAST (POPP), sekvenovanim PCR produkti z mRNA a
gDNA templatii, podobnostnimi analyzami (ClustalW a Tree, Geneious), a analyzou struktury
hypotetického proteinu pomoci mnoha riznych néstroji (TargetP, SignalP, PredictProtein,
Psipred, Disopred3, I-Tasser) jsme nakonec dospéli k sekvenci genomového lokusu, ktery
obsahuje gen velmi pravdépodobné kodujici pro LEA3-like protein C. costata. Podobné jako
u dalSich organismu, také gen CCOSLEA3-like jsme zafadili mezi LEA proteiny na zakladé
strukturni piibuznosti k rodin¢ LEA3 a dale na zaklad¢ jeho transkripéniho profilu. Piifazeni
na zéklad¢ funk¢ni analyzy je v soucasnosti obtizné, nebot’ mechanistické modely funkei LEA
proteint jsou dosud spiSe hypotetické (Janis a kol., 2018).

Pro nas$i praci bylo podstatné zjisténi, Ze gen CCOSLEA3-like je transkripcné upregulovan
nejen v odpovedi na sucho, ale zejména v odpovédi na chladovou aklimaci (Obr. 21). Pokusil
jsem se ziskat rekombinantni protein CCoSLEA3-like o celkové délce 210 aminokyselin (bez
signalniho peptidu) pomoci bakterialniho expresniho systému. Vytézek Cistého proteinu byl
vsak pftilis nizky pro zapoceti planovanych funkénich testi (ochrana vybranych enzymu pied
ztratou aktivity po zmrazeni, ochrana plazmatickych membran pted ztratou integrity po
zmrazeni, testy podle Grgac a kol., 2022). Mnozstvi proteinu stacilo pouze k pfipravé mysiho
antiséra obsahujictho protildtky proti rekombinantnimu proteinu. Analyza proteini
extrahovanych z larev C. costata pomoci Western blotu vSak neméla jasny vysledek,
nepodafilo se mi detekovat zadny protein, ktery by svou velikosti odpovidal ocekavanému
CcosLEAS3-like proteinu (pod 20 kDa) (Obr. 23). V mezi¢ase byla pfitomnost proteinu
CcosLEA3-like v extraktech z larev C. costata potvrzena proteomickou analyzou
trypsinizovanych proteinovych $t€pi pomoci MS (spoluprace s Karlem Harantem, Biocev,
Vestec, nepublikované vysledky). Piipravujeme proto nové kolo pokust o produkei proteinu
ve vetsSim mnozstvi a kvalité.

5.3. Metabolomicka odpovéd’ larev C. costata na aklimace v suchu a chladu

V této studii (Hula a kol., 2022; publikace ¢. 2) jsme aklimovali diapauzni larvy C. costata v
postupné vysychajici diet¢ za relativné vysoké teploty 18°C. Chtéli jsme tak simulovat
moznou situaci, kdy jsou diapauzni larvy ptezimujici pod kiirou padlych stromi, jesté pred
nastupem nizkych teplot, vystaveny vysychdni v jejich prostfedi. Pfedpokladali jsme, Ze
vysychajici larvy budou vykazovat zvySenou transkripci CcosLEA3-like genu a produkci
CcosLEAS-like proteinu. Tento piedpoklad se podatfilo predbézné potvrdit, ale vysledky
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nejsou dosud publikovany. Aklimace larev ve vysychajicim prostfedi skutecné vedla ke
zvySeni ¢etnosti mRNA transkripti pro CcoSLEA3-like gen (Obr. 21) i ke zvySeni Cetnosti
trypsinovych $tépt CcosLEA3-like proteinu (proteomicka analyza, nepublikovand data). Déle
jsme ptedpokladali, ze aklimace povede ke zménam v metabolismu, a Ze vysledkem aklimace
bude zvysend odolnost larev nejen k suchu (k evaporacni dehydrataci), ale zaroven také k
mrazové dehydrataci (cross-tolerance). Na zaklad¢ teoretického konceptu cross-tolerance
(Sinclair a kol., 2013) jsme ptedpokladali, Ze spole¢nou biochemickou podstatou této "kiizové
odolnosti" vic¢i dvéma riznym stresorim muze byt pravé akumulace LEA3 proteind
(Pouchkina-Stantcheva, 2007; Goyal a kol., 2005; Boswell a kol., 2014) a zejména pak
trehalozy  (Block, 1996; Ring a  Danks, 1994; 1998;  Pullin, 1996;
Danks, 2000; Benoit a kol., 2007).

Jeden dullezity predpoklad studie se ovSem nenaplnil: larvy vystavené postupné
vysychajicimu prostiedi neztracely témét vitbec télni vodu, alespoil ne po dobu ca. prvnich 14
dnli aklimace v suchu. Jakmile zacaly télni vodu ztracet (mezi 14 a 18 dnem), znamenalo to
prudky narGst jejich mortality. Ukdzalo se, Ze diapauzni larvy C. costata nejsou viibec
pfipraveny na eventualitu vysychani a nelze je usp&né aklimovat na sucho. Tento fakt
nejenze zamezil dal§im pokustim se suchovzdornosti larev, ale ovlivnil i interpretaci nasich
vysledkl vzhledem k teoretickému konceptu cross-tolerance (larvy netoleruji oba stresory, ale
pouze jeden z nich — mrazovou dehydrataci).

V souladu s literaturou (Ring, 1994; Sinclair a Chown, 2003; Levis a kol., 2012; , Elnitsky a
kol., 2008), a také ponékud paradoxné, jsme pozorovali, Ze u larev vystavenych suchu, tedy
nikoli aklimovanych, ale ,,odsouzenych k smrti, dramaticky roste odolnost vii¢i promrzani a
zejména schopnost prezit kryoprezervaci v kapalném dusiku. Jednim z moznych mechanismi
zodpovédnych za tuto zménu mize byt pozorovana upregulace CcosLEA3-like proteinu.
Tuto moznost jsme vSak dosud neovefili ve funkénich testech (viz kapitola 5.2.). Dal§im
zodpové€dnym mechanismem by mohla byt akumulace kryoprotektantli. Nase podrobna
metabolomickd analyza tuto moZnost podpofila. Larvy vystavené suchu skute¢né vykazovaly
zmény v metabolomu velmi podobné zméndm pozorovanym u larev vystavenych chladové
aklimaci — vc¢etné silné akumulace aminokyselin prolinu, glutaminu a asparaginu a mirné
akumulace trehaldzy a sorbitolu.

Provedli jsme srovnani metabolomickych profili u larev aklimovanych ve tfech riznych
environmentalnich podminkéch, které maji velmi rtizné disledky na fenotyp a preziti larev:
sucho, které je stresorem zptisobujicim mortalitu (Hala a kol., 2022), chlad, ktery je
aklimacnim stimulem zptsobujicim zesileni chladové odolnosti (Kostal a kol., 2011b;
Rozsypal a kol., 2018b; Kucera a kol. 2022), a kratky den, ktery je kalendainim signdlem
zpusobujicim vstup do larvélni diapauzy a jeji udrzovani (Moos a kol., 2022). VSechny tfi
profily vykazovaly zasadni kvalitativni shody (zmény v koncentracich jednotlivych latek
mély stejny smér) a rozdily byly pouze v kvantité¢ (zmény koncentraci jednotlivych latek byly
razné velké). Ve vSech tiech piipadech jsme pozorovali, kromé& akumulace kryoprotektantt,
také akumulaci energeticky bohatych molekul — fosfagentit (ATP, GTP, fosfoarginin,
fosfoglycerat, fosfoenol pyruvat) za soucasné deplece ADP, AMP, GDP a GMP. Na zakladé
téchto vysledkli jsme vyslovili hypotézu, Ze spolecnym jmenovatelem plsobeni vSech tii
environmentalnich faktor na larvy mize byt metabolickd suprese: sucho zptsobuje supresi
skrze potize v ptijmu vysychajici potravy a hladovéni; chlad plisobi klasicky skrze zpomaleni
biochemickych déji (Quo); a diapauza je jiz z definice spojena se snizenim rychlosti
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metabolismu a celkovou inaktivitou. Metabolickd suprese muze mit sekundarni efekty na
prestavbu metabolickych drah, které se odklangji od produkce a spotieby energie ve formé
ATP smérem ke draham, ve kterych se pfednostné akumuluji jako koncové produkty ty
metabolity, jejichz rozpustnost ve vod¢ je relativné vysokd (vysoky akumulacni potencial),
zatimco jejich toxicita je relativné nizka. Tyto latky muizeme kolektivné nazyvat
kompatibilnimi osmolyty (Arakawa a Timasheff, 1982) (Obr. 27).
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Obr. 27. Pfrestavba metabolickych drah spojena s metabolickou supresi zplsobuje akumulaci kompatibilnich
osmolytt. Larvy C. costata vystavené suchu nezvysuji svou odolnost vici suchu (Cervené kfize), a proto nelze
hovofit o cross-toleranci ve smyslu konceptu (A, B) podle Sinclair a kol. (2013). Pfesto pozorujeme (C), Ze larvy
vystavené rlznym faktorlm prostredi, které zpUsobuji metabolickou supresi, vykazuji podobné zmény v
metabolickych drahach, jejichZz vysledkem je uniformni akumulace latek typu kompatibilnich osmolytl a
zvySena odolnost proti chladu a mrazové dehydrataci.

Akumulace latek typu kompatibilnich osmolytii (jednoduchych cukrd, polyolli, vybranych
aminokyselin a metylaminil) byla stereotypicky pozorovana u mnoha organismu prakticky
vSech skupin (od prokaryot, pfes rostliny az po obratlovce) vystavenych nejriznéjSim
stresorim (od dehydratace, pfes osmotické a teplotni stresy, az k extrémnim tlakliim ¢i
pusobeni chemickych toxickych latek) (Crowe, 2007; Carpenter a Crowe; Arakawa a
Timasheff, 1982). Spole¢nym jmenovatelem bezprostiedni odpovédi na stresor je Casto prave
metabolickd suprese. Kompatibilni osmolyty, kromé své nizké toxicity a schopnosti
kompenzovat osmotické zmény, maji také schopnost chranit makromolekuldrni komplexy
pied ztratou jejich funkéni struktury (konformace). Tyto protektivni schopnosti jsou
teoreticky zaloZzeny na termodynamice nekovalentnich interakci mezi molekulami vody,
kompatibilnimi osmolyty a chranénymi strukturami (Timasheff, 1992b; Timasheff, 2020;
Timasheff, 1993). Chranénymi strukturami jsou nativni konformace proteind, uspofadani
lipidickych dvojvrstev, nebo 1 struktura dvouSroubovice DNA.

Nase vysledky tedy podporuji mozny scénai (Pullin, 1996), kdy evoluce diapauzy hmyzu v
tropickém teplém prostiedi vedla ptes metabolickou supresi k nizké (automatické) akumulaci

68



puvodné neutralnich latek typu kompatibilnich osmolytti. Pozdéji mohla tato akumulace byt
pfedmétem pozitivni selekce, kdyz se projevily jeji vyhody pii ochrané pied ucinky
dehydratace. JeSté pozdéji mohla byt akumulace pozitivné selektovana pii kolonizaci
temperatnich a polarnich habitatd, kde se mohly uplatnit ochranné ucinky kompatibilnich
osmolytt pfi kryoprotekci.

Ptesto, ze larvy C. costata akumulovaly po vystaveni suchu i chladu typické kompatibilni
osmolyty a upregulovaly expresi LEA3-like proteinu, tak jejich odolnost viéi suchu se nijak
nezvysila. NasSe vysledky tak ukazuji, ze ackoli je ekologicko-evolucni koncept cross-
tolerance zalozen na logicky robustnich pfedpokladech, jeho mechanisticky pfimy dikaz
nemusi byt jednoduchy a nemuze byt zalozen na jediném mechanismu — napiiklad na
akumulaci trehalozy (Ring, 1994; Ring, 1998; Benoit a kol.; Brown, 1978). Dukaz vyzaduje
komplexni ptistup a funkéni analyzy riznych mechanismi, které pravdépodobné pusobi v
synergickém celku.

5.4. Funk¢ni analyza kryoprotektivni smési C. costata

V publikaci €. 3 (Moos a kol, 2022) jsme detailn¢ analyzovali a popsali slozeni
kryoprotektivni smési latek, kterou béhem chladové aklimace akumuluji diapauzni larvy C.
costata. Fakt, ze kompatibilni osmolyty jsou ¢asto akumulovany ve formé komplexnich smési
je dobfe znam (Storey a Storey, 1985; Storey a Storey, 1988; Toxopeus a kol., 2019).
Teoreticky mohou jednotlivé latky ve smési pusobit aditivné nebo dokonce synergicky. Je
napiiklad ovéfeno praxi, ze smési kryoprotektivnich latek jsou U¢inngjsi pii dlouhodobé
kryoprezervaci savéich bunék neZ jedno-komponentni média (Elliott a kol., 2017). Analyza
Navic, smési latek mohou mit tzv. emergentni fyzikalné-chemické vlastnosti, tedy vlastnosti,
které nejsou pouhym souctem ci prinikem vlastnosti jednotlivych latek. Naptiklad, pomérmné
nedavno byl formulovan koncept tzv. NADES smési (Natural Deep Eutectic Systems) (Dai a
kol., 2013; Choi a kol., 2011). V zasadé jde o smési kompatibilnich osmolytd, které v urcitém
latkovém poméru vykazuji mnohem niz§i hodnotu bodu tani nez jednotlivé komponenty
smesi, a to hlavné diky Cetnym interakcim pomoci vodikovych miistkli mezi komponentami
(Dai a kol., 2015). Tyto smési hypoteticky tvoti dalsi biologické prostiedi (kromé vodného
kapaného a lipidického uspofadaného), ve kterém se mohou rozpoustét makromolekuly a
které zajiStuje specifické bunétné funkce. Kromé jinych také funkce pii ochrané
makromolekul pfed G¢inky dehydratace a extrémnich teplot (Castro a kol., 2018; Gertrudes a
kol., 2017; Liu a kol., 2018). NADES smeési jsou rovné€z uvazovany jako nova, slibna média
pro kryoprezervaci biologického materialu (Hornberger a kol., 2021).

Na zéklad¢ vysledkd analyzy, jsme pfipravili umélou larvalni dietu, kterd obsahovala 5
nejhojnéjsich latek akumulovanych v urcitém poméru v hemolymf€ diapauznich, chladové
aklimovanych larev C. costata (prolin, 313; trehaloza, 108; glutamin; 55; asparagin, 26;
betain; 6,1 mmol.I"Y). Pouhé tfi dny krmeni nediapauznich, v teple aklimovanych larev C.
costata na této smési vedly k tomu, Ze larvy dramaticky zménily svilij fenotyp: z minimalni
tolerance promrznuti na perfektni toleranci promrznuti pii -30°C, a dokonce preZiti
kryoprezervace v kapalném dusiku. Tim byly jednoznacné potvrzeny jak adaptivni vyznam,
tak aplika¢ni potencial kryoprotektivni smési C. costata. Krmeni larev na dietach

obohacenych jednotlivymi komponentami smési ukazalo, ze hlavnimi u¢innymi slozkami jsou

69



prolin a trehal6za, pfiCemz jejich pusobeni je synergické (jejich spole¢ny ucinek je silngjsi
nez soucet jednotlivych ucinkd).

M¢étenim termdlnich vlastnosti smési pomoci diferencialni skenovaci kalorimetrie jsme zjistili
vyznamné ovlivnéni termdlnich vlastnosti roztoku: bod tani smési je niz$i nez bod tani
komponent, frakce vdzané vody je vyss$i a frakce ledu je naopak niz§i u smési nez u
komponent, je stimulovan pfechod do skelné faze. Pouziti zobrazovaci analytické metody
MALDI-MSI odhalilo, ze dvé nejvyznamnéjsi komponenty smési, prolin a trehaloza, se v
prubéhu pomalého inokulativniho (tedy piirozeného) promrzani larev chovaji odli$né. Pied
zapocetim mrznuti jsou obé latky kolokalizovany ptevazné¢ v hemolymfé a v mensSim
mnozstvi 1 ve tkanich. V pribéhu mrznuti se ovSem obé latky od sebe jakoby oddé€luji.
Trehal6za zlstdva v hemolymf¢ a tkanich, ze kterych byla osmoticky odsata cast vody
smérem ke krystalim ledu zformovanym v hemolymf€. Trehaldéza pak v nepromrazeném
zbytkovém roztoku stimuluje skelny piechod, ktery pravdépodobné chrani nativni struktury
proteini a dalSich makromolekularnich struktur tim, ze je fixuje v amorfni matrici skla.
Prolin, diky své vyjimecné rozpustnosti ve vodé, a to i za velmi nizkych teplot,
pravdépodobné putuje spolu s osmoticky pfesouvanou vodou z hemolymfy a tkdni smérem k
rostoucim ledovym krystalim v extracelularnim prostoru. Na hranici ledového krystalu a
roztoku se pak molekuly vody pfipojuji ke krystalické miizce ledu a extrémné rozpustny
prolin zistava v hustém roztoku, kde vytvari tzv. viskoelastickou kapalinu (McLain a kol.,
2007; Troitzsch a kol., 2008; de Molina a kol., 2017), ktera mtze mit vlastnosti podobnymi
NADES smésim. Tato kapalina mize hypoteticky slouzit jako elasticky Stit chranici tkané
pfed mechanickym poskozenim objemovymi zménami pii rychlé zméné teploty pfi
ponoteni/vynofeni do/z kapalného dusiku.

V paralelnich studiich v nasi laboratofi byla testovana schopnost kryoprotektivnich smési a
jejich komponent stabilizovat pfi mrazovém stresu proteiny, biologické membrany (Grgac a
kol., 2022) a také celé organely — mitochondrie (Stétina a kol., 2020). Jiz vyse jsem uvedl, Ze
akumulace kryoprotektant, je jednou z velmi charakteristickych odpovédi mnoha druhd
hmyzu na sezoénni chladovou aklimaci — byla pozorovana doslova u stovek druhi (Salt, 1961;
Semme, 1982; Zachariassen, 1985; Lee, 2010). Kompatibilni osmolyty vyuziva takeé
kryogenicka praxe pro zvySeni viability bunék nebo embryi skladovanych v kapalném dusiku
(Elliott a kol., 2017). Zaroven byly stabiliza¢ni schopnosti riznych kompatibilnich osmolytt
vzhledem k proteinlim a membranam jiz diive podrobné studovany a potvrzeny v ¢etnych in
vitro experimentech (Arakawa a Timasheff, 1982, 1985; Carpenter a Crowe, 1988; Storey a
kol., 1991; Kostal a kol., 2016). Empirické vysledky in vitro testd byly navic podpoifeny
teoretickymi termodynamickymi vypocty stability proteinové struktury v pfitomnosti a
nepiitomnosti kompatibilnich osmolytd (Gekko a Timasheff, 1981; Arakawa a Timasheff,
1982, 1985; Kim a kol., 2018; Arsiccio a Pisano, 2017). Vsechny tyto argumenty jsou natolik
silné, ze vedou mnohé autory k pfimym (netestovanym) adaptivnim interpretacim casto
pozorované sezénni akumulace kryoprotektantt. V literatufe o chladové odolnosti hmyzu se
jiz pevné ustélila frekventovana dvojice spojenych hypotéz: (i) hlavnimi molekularnimi
pfi¢inami poskozeni hmyziho organismu chladem, a zejména mrazovou dehydrataci, jsou
ireverzibilni denaturace proteinl a ztrata integrity biologickych membréan a (ii) pozorovana
akumulace kompatibilnich osmolytl je adaptivni odpovédi, ktera zajiStuje ochranu struktur
proteinli a membran pfed poskozujicimi GCinky chladu, a zejména mrazové dehydratace
(Storey a Storey, 1988; Lee, 2010b; Teets a Denlinger, 2013; Toxopeus a Sinclair, 2018;
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Rozsypal, 2022). Rozhodli jsme se tyto ustalené hypotézy empiricky testovat na nasem
modelu — larva C. costata (Grgac a kol., 2022).

Pokud je pfi¢inou poskozeni a smrti pfi mrazové dehydrataci ireverzibilni denaturace
proteinti, m¢li bychom u citlivych larev vystavenych letdlnimu promrznuti pozorovat ztraty
enzymatickych aktivit denaturovanych proteinti. Pokud je pficinou ztrata integrity membran,
meli bychom pozorovat zvySeni permeability plazmatické membrany pro jinak nepermeabilni
latky, jako jsou barviva typu Trypan Blue. Tyto pomérné jednoduché, ale robustni testy vedly
k prekvapivym vysledkim. Zadny z celkem 7 rtiznych enzymi nevykazoval tplnou ztratu
aktivity (denaturaci) u citlivych larev vystavenych letdlnimu stresu. Ani k mrazu silné citlivy
a Crowe, 1988), enzym laktat dehydrogenaza, nebyl inaktivovan, pokud prodé¢lal mrazovy
stres in vivo, tzn. ve svém piirozeném prostiedi, v celé larveé. Stejny experiment, se stejnym
vysledkem, jsme provedli se dvéma dal§imi druhy hmyzu, které jsou k chladu obecné silné
citlivé: octomilka D. melanogaster a saranc¢e Locusta migratoria. Naproti tomu, pokud jsme
enzymy extrahovali z hmyzich tkani do slabého vodného pufru (20 mM imidazol) a vystavili
jsme je stejnému promrznuti, ale nyni v situaci in vitro, vSechny enzymy tpln¢ ztratily svou
aktivitu. Déle jsme pfidavali rizné kompatibilni osmolyty i dalsi latky (vcetné biologicky
inertnich latek HistoDenz a Ficoll) do in vitro roztoku a u vSech latek jsme pozorovali, v
zpusobenou mrazovym stresem. Jedinou vyjimkou byla mocovina, u které je dobie znam jeji
denaturacni uc¢inek na strukturu proteini. Ochranné Gc¢inky byly silné jiz pfi pouziti relativné
nizkych koncentraci kompatibilnich osmolyti (v fadu jednotek az desitek mM). Tyto
vysledky ukazaly, jak dramaticky rozdil je mezi testy stability enzymi provedenymi in vitro a
in vivo. Pfirozené in vivo prostfedi enzymu je oproti in vitro roztoku silné zahusSténé —
molecular crowding (Chebotareva a kol., 2004). Nejrizné€jsi mikrosoluty a rovnéz
makromolekuly patrné dostate¢né stabilizuji enzymy a chrani je pfed denaturaci chladem i
mrazovou dehydrataci, a to 1 v buiikéch a télnich roztocich jinak k mrazu-citlivych organismi.
Zpochybnili jsme tedy hypotézu, Ze poskozeni enzymu je pfi¢inou poskozeni a mortality
hmyzu vystaveného letalni mrazové dehydrataci a Ze tedy adaptivnim vysvétlenim akumulace
kryoprotektantii u hmyzu je ochrana enzymil pted denaturaci (Grgac a kol., 2022).

Testy propustnosti plazmatickych membran bunék tukového télesa pro Trypan Blue naopak
podpotily hypotézu o citlivosti biologickych membran k mrazovému stresu. Plazmatické
membrany tukovych buné€k vystavenych mrazovému stresu in vitro ztracely svou integritu a
propoustéli Trypan Blue at’ uZ pochézely z citlivych nebo freeze-tolerantnich fenotypi larev.
Zjistili jsme, Ze kompatibilni osmolyty dobfe chrani membrany pfed ztratou integrity, ovSem
pouze nékteré (prolin a trehal6za ano; ostatni komponenty kryoprotekticni smési C. costata
ne, nizkomolekularni biologicky inertni latka HistoDenz ne) a jen pokud jsou tyto ptfitomny v
relativné vysokych koncentracich (odpovidajicich koncentracim pfirozené¢ akumulovanym
diapauznimi, chladové¢ aklimovanymi larvami). Déle jsme zjistili, Ze prolin a trehaldza plisobi
synergicky, coz dobfe koresponduje s vysledky studie ¢. 3 (Moos a kol., 2022). Kromé
kompatibilnich osmolytli chranil membrany také protein BSA (Bovine Serum Albumin), ale
jiz nikoli Ficoll (biologicky inertni makromolekula). Tyto vysledky naznacily, Ze biologické
membrany mohou skuteéné¢ byt primarnim cilem poskozeni mrazovou dehydrataci, a ze
adaptivnim vysvétlenim akumulace kryoprotektantii mize byt pravé ochrana membran pred
ztratou regulované propustnosti (Grgac a kol., 2022).
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6. Zavéry

Globalni transkriptomickou analyzou jsme odhalili procesy a geny, které doprovazeji
chladovou aklimaci larev octomilky C. costata a mohou tedy byt vyznamné pti rozvoji jeji
extrémni tolerance vici promrznuti véetné pieziti v kapalném dusiku (publikace ¢. 1).

V genému C. costata jsme nalezli a sekvenovali gen pravdépodobné kodujici LEA3-like
protein. Analyzy struktury proteinu a transkripénich profilti v odpovédi na aklimaci v suchu a
chladu potvrdily shodu s jinymi zivo¢iSnymi LEA proteiny. Pfipravili jsme rekombinantni
Ccos LEA3-like protein v bakteridlnim expresnim systému a rovnéz funk¢ni mysi protilatku
proti tomuto proteinu (dosud nepublikované vysledky).

Zjistili jsme, ze aklimace v chladu a v suchu vedou k podobnym zménam v metabolismu larev
C. costata — tedy k akumulaci latek s potencidlné kryoprotektivnimi vlastnostmi, dale k
akumulaci fosfagenl a zaroven k depleci produkti spotfeby chemické energie. Na zaklade
vysledk jsme formulovali hypotézu, Ze metabolickd suprese je spoleénym zékladem pro
akumulaci kompatibilnich osmolytti, a akumulace miize byt v evoluci pozitivné selektovana
kvtli vyznamu kompatibilnich osmolyti pro ochranu bun¢k a makromolekul pied ucinky
dehydratace (evaporacni, mrazové, popiipad¢ oboji zaroven). Larvy aklimované v suchu sice
neziskaly vétsi odolnost vii¢i suchu, ale vykazovaly vyznamné vyssi chladovou a mrazovou
odolnost.

Metabolomickou analyzou jsme popsali detailni sloZzeni smési latek které ve své hemolymf€ a
tkanich hromadi diapauzni a chladové aklimované larvy C. costata. Zjistili jsme, Ze hlavnimi
kryoprotektivnimi slozkami jsou prolin a trehaldza, které plisobi synergicky. Testovali jsme
termalni vlastnosti téchto smési a sledovali jejich chovani pfi pomalém inokulativnim mrazeni
larev. Tyto analyzy naznacily rozdily mezi prolinem a trehaléozu v mechanismu jejich
kryoprotektivniho plsobeni — trehaldoza stimuluje skelny ptfechod a prolin tvofi
viskoelastickou kapalinu.

72



7. Reference

Abba, S., Ghignone, S., & Bonfante, P. (2006). A dehydration-inducible gene in the truffle Tuber
borchii identifies a novel group of dehydrins. BMC genomics, 7(1), 1-15.

Allakhverdiev, S. I., Nishiyama, Y., Suzuki, I., Tasaka, Y., & Murata, N. (1999). Genetic engineering of
the unsaturation of fatty acids in membrane lipids alters the tolerance of Synechocystis to salt
stress. Proceedings of the National Academy of Sciences, 96(10), 5862-5867.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local alignment search
tool. Journal of molecular biology, 215(3), 403-410.

Anchordoguy, T. J., Rudolph, A. S., Carpenter, J. F., & Crowe, J. H. (1987). Modes of interaction of
cryoprotectants with membrane phospholipids during freezing. Cryobiology, 24(4), 324-331.

Angell, C. A. (1982). Water: a comprehensive treatise. by F. Franks, Plenum, New York, 7, 1.

Arakawa, T., & Timasheff, S. (1985). The stabilization of proteins by osmolytes. Biophysical
journal, 47(3), 411-414.

Arakawa, T., & Timasheff, S. N. (1982). Stabilization of protein structure by
sugars. Biochemistry, 21(25), 6536-6544.

Arsiccio, A., & Pisano, R. (2017). Stability of proteins in carbohydrates and other additives during
freezing: the human growth hormone as a case study. The Journal of Physical Chemistry
B, 121(37), 8652-8660.

Artus, N. N., Uemura, M., Steponkus, P. L., Gilmour, S. J., Lin, C., & Thomashow, M. F. (1996).
Constitutive expression of the cold-regulated Arabidopsis thaliana COR15a gene affects both
chloroplast and protoplast freezing tolerance. Proceedings of the National Academy of
Sciences, 93(23), 13404-13409.

Bahrndorff, S., Tunnacliffe, A., Wise, M. J., McGee, B., Holmstrup, M., & Loeschcke, V. (2009).
Bioinformatics and protein expression analyses implicate LEA proteins in the drought response of
Collembola. Journal of Insect Physiology, 55(3), 210-217.

Ball, P. (2008). Water as an active constituent in cell biology. Chemical reviews, 108(1), 74-108.

Basden, E. B. (1954, September). Diapause in Drosophila (Diptera: Drosophilidae). In Proceedings of
the Royal Entomological Society of London. Series A, General Entomology (Vol. 29, No. 7-9, pp.
114-118). Oxford, UK: Blackwell Publishing Ltd.

Battista, J. R., Park, M. J., & McLemore, A. E. (2001). Inactivation of two homologues of proteins
presumed to be involved in the desiccation tolerance of plants sensitizes Deinococcus
radiodurans R1 to desiccation. Cryobiology, 43(2), 133-139.

Benoit, J. B. (2010). Water management by dormant insects: comparisons between dehydration
resistance during summer aestivation and winter diapause. Aestivation, 209-229.

Benoit, J. B., Lopez-Martinez, G., Michaud, M. R., Elnitsky, M. A, Lee Jr, R. E., & Denlinger, D. L.
(2007). Mechanisms to reduce dehydration stress in larvae of the Antarctic midge, Belgica
antarctica. Journal of Insect Physiology, 53(7), 656-667.

Block, W. (1991). To freeze or not to freeze? Invertebrate survival of sub-zero
temperatures. Functional Ecology, 284-290.

Block, W. (1996). Cold or drought-The lesser of two evils for terrestrial arthropods? European Journal
of Entomology, 93, 325-340.

Block, W. (2003). Water or ice? —the challenge for invertebrate cold survival. Science progress, 86(1-
2), 77-101.

73



Bolen, D. W., & Baskakov, I. V. (2001). The osmophobic effect: natural selection of a thermodynamic
force in protein folding. Journal of molecular biology, 310(5), 955-963.

Bremer, A., Wolff, M., Thalhammer, A., & Hincha, D. K. (2017). Folding of intrinsically disordered plant
LEA proteins is driven by glycerol-induced crowding and the presence of membranes. The FEBS
journal, 284(6), 919-936.

Brovchenko, 1., & Oleinikova, A. (2008). Which properties of a spanning network of hydration water
enable biological functions?. ChemPhysChem, 9(18), 2695-2702.

Brown, A. D. (1978). Compatible solutes and extreme water stress in eukaryotic micro-
organisms. Advances in microbial physiology, 17, 181-242.

Browne, J. A., Dolan, K. M., Tyson, T., Goyal, K., Tunnacliffe, A., & Burnell, A. M. (2004). Dehydration-
specific induction of hydrophilic protein genes in the anhydrobiotic nematode Aphelenchus
avenae. Eukaryotic cell, 3(4), 966-975.

Bryant, G., Koster, K. L., & Wolfe, J. (2001). Membrane behaviour in seeds and other systems at low
water content: the various effects of solutes. Seed Science Research, 11(1), 17-25.

Bunning, E. (1958). Fyziologické hodiny. Berlin-Géttingen-Heidelberg: Springer.
Burdon, R. H. (1986). Heat shock and the heat shock proteins. Biochemical Journal, 240(2), 313.

Capicciotti, C. J., Doshi, M., & Ben, R. N. (2013). Ice recrystallization inhibitors: from biological
antifreezes to small molecules. Recent developments in the study of recrystallization, 177, 224.

Carpenter, J. F., & Crowe, J. H. (1988). The mechanism of cryoprotection of proteins by
solutes. Cryobiology, 25(3), 244-255.

Castro, V. I, Craveiro, R., Silva, J. M., Reis, R. L., Paiva, A., & Duarte, A. R. C. (2018). Natural deep
eutectic systems as alternative nontoxic cryoprotective agents. Cryobiology, 83, 15-26.

Cesaro, A., De Giacomo, O., & Sussich, F. (2008). Water interplay in trehalose polymorphism. Food
Chemistry, 106(4), 1318-1328.

Chapman, D. (1975). Phase transitions and fluidity characteristics of lipids and cell
membranes. Quarterly reviews of biophysics, 8(2), 185-235.

Chebotareva, N. A., Kurganov, B. I., & Livanova, N. B. (2004). Biochemical effects of molecular
crowding. Biochemistry (Moscow), 69(11), 1239-1251.

Chen, T., Fowler, A., & Toner, M. (2000). Literature review: supplemented phase diagram of the
trehalose—water binary mixture. Cryobiology, 40(3), 277-282.

Choi, Y. H., van Spronsen, J., Dai, Y., Verberne, M., Hollmann, F., Arends, I. W., ... & Verpoorte, R.
(2011). Are natural deep eutectic solvents the missing link in understanding cellular metabolism
and physiology? Plant physiology, 156(4), 1701-1705.

Clark, M. S., Thorne, M. A., Pura¢, J., Grubor-Lajsi¢, G., Kube, M., Reinhardt, R., & Worland, M. R.
(2007). Surviving extreme polar winters by desiccation: clues from Arctic springtail (Onychiurus
arcticus) EST libraries. BMC genomics, 8(1), 1-12.

Clegg, J. S., Seitz, P., Seitz, W., & Hazlewood, C. F. (1982). Cellular responses to extreme water loss:
the water-replacement hypothesis. Cryobiology, 19(3), 306-316.

Close, T. J., & Lammers, P. J. (1993). An osmotic stress protein of cyanobacteria is immunologically
related to plant dehydrins. Plant Physiology, 101(3), 773-779.

Colinet, H., Lee, S. F., & Hoffmann, A. (2010a). Temporal expression of heat shock genes during cold
stress and recovery from chill coma in adult Drosophila melanogaster. The FEBS journal, 277(1),
174-185.

74



Colinet, H., Lee, S. F., & Hoffmann, A. (2010b). Knocking down expression of Hsp22 and Hsp23 by
RNA interference affects recovery from chill coma in Drosophila melanogaster. Journal of
Experimental Biology, 213(24), 4146-4150.

Cossins, A. R. (1994). Temperature adaptation of biological membranes. Portland Press.

Cossins, A. R. (1998). Life on the edge: Amazing creatures thriving in extreme
environments. Nature, 393(6682), 227-228.

Cossins, A. R., & Macdonald, A. G. (1989). The adaptation of biological membranes to temperature
and pressure: fish from the deep and cold. Journal of bioenergetics and biomembranes, 21(1),
115-135.

Crowe, J. H. (2007). Trehalose as a “chemical chaperone”. Molecular aspects of the stress response:
chaperones, membranes, and networks, 143-158.

Crowe, J. H., Carpenter, J. F., & Crowe, L. M. (1998). The role of vitrification in anhydrobiosis. Annual
review of physiology, 60(1), 73-103.

Crowe, J. H., Crowe, L. M., Oliver, A. E., Tsvetkova, N., Wolkers, W., & Tablin, F. (2001). The
trehalose myth revisited: introduction to a symposium on stabilization of cells in the dry
state. Cryobiology, 43(2), 89-105.

Crowe, J. H., Hoekstra, F. A., & Crowe, L. M. (1992). Anhydrobiosis. Annual review of
physiology, 54(1), 579-599.

Crowe, L. M., Mouradian, R., Crowe, J. H., Jackson, S. A., & Womersley, C. (1984). Effects of
carbohydrates on membrane stability at low water activities. Biochimica et Biophysica Acta
(BBA)-Biomembranes, 769(1), 141-150.

Dai, Y., Van Spronsen, J., Witkamp, G. J., Verpoorte, R., & Choi, Y. H. (2013). lonic liquids and deep
eutectic solvents in natural products research: mixtures of solids as extraction solvents. Journal of
natural products, 76(11), 2162-2173.

Dai, Y., Witkamp, G. J., Verpoorte, R., & Choi, Y. H. (2015). Tailoring properties of natural deep
eutectic solvents with water to facilitate their applications. Food chemistry, 187, 14-19.

Danks, H. V. (1987). Insect dormancy: an ecological perspective. Biological Survey of Canada
(Terrestrial Arthropods).

Danks, H. V. (2000). Dehydration in dormant insects. Journal of Insect Physiology, 46(6), 837-852.

Das, U., Hariprasad, G., Ethayathulla, A. S., Manral, P., Das, T. K., Pasha, S., ... & Srinivasan, A.
(2007). Inhibition of protein aggregation: supramolecular assemblies of arginine hold the
key. PloS one, 2(11), e1176.

De Molina, P. M., Alvarez, F., Frick, B., Wildes, A., Arbe, A., & Colmenero, J. (2017). Investigation of
the dynamics of aqueous proline solutions using neutron scattering and molecular dynamics
simulations. Physical Chemistry Chemical Physics, 19(40), 27739-27754.

Denekamp, N. Y., Reinhardt, R., Kube, M., & Lubzens, E. (2010). Late embryogenesis abundant
(LEA) proteins in nondesiccated, encysted, and diapausing embryos of rotifers. Biology of
reproduction, 82(4), 714-724.

Denlinger, D. L. (1991). Relationship between cold hardiness and diapause. In Insects at low
temperature (pp. 174-198). Springer, Boston, MA.

Denlinger, D. L. (2002). Regulation of diapause. Annual review of entomology, 47, 93.

Des Marteaux, L. E., Stétina, T., & Kostal, V. (2018b). Insect fat body cell morphology and response to
cold stress is modulated by acclimation. Journal of Experimental Biology, 221(21), jeb189647.

75



Des Marteaux, L. E., Stinziano, J. R., & Sinclair, B. J. (2018a). Effects of cold acclimation on rectal
macromorphology, ultrastructure, and cytoskeletal stability in Gryllus pennsylvanicus
crickets. Journal of insect physiology, 104, 15-24.

Dias, C. L., Ala-Nissila, T., Wong-Ekkabut, J., Vattulainen, I., Grant, M., & Karttunen, M. (2010). The
hydrophobic effect and its role in cold denaturation. Cryobiology, 60(1), 91-99.

Duman, J. G. (2001). Antifreeze and ice nucleator proteins in terrestrial arthropods. Annual Review of
Physiology, 63, 327.

Duman, J. G. (2015). Animal ice-binding (antifreeze) proteins and glycolipids: an overview with
emphasis on physiological function. The Journal of experimental biology, 218(12), 1846-1855.

Duman, J. G., Walters, K. R., Sformo, T., Carrasco, M. A., Nickell, P. K., Lin, X., & Barnes, B. M.
(2010). Antifreeze and ice-nucleator proteins. Low temperature biology of insects, 59-90.

Dure IllI, L. (2001). Occurrence of a repeating 11-mer amino acid sequence motif in diverse
organisms. Protein and Peptide Letters, 8(2), 115-122.

Dure lll, L., Greenway, S. C., & Galau, G. A. (1981). Developmental biochemistry of cottonseed
embryogenesis and germination: changing messenger ribonucleic acid populations as shown by
in vitro and in vivo protein synthesis. Biochemistry, 20(14), 4162-4168.

Elliott, G. D., Wang, S., & Fuller, B. J. (2017). Cryoprotectants: A review of the actions and
applications of cryoprotective solutes that modulate cell recovery from ultra-low
temperatures. Cryobiology, 76, 74-91.

Elnitsky, M. A., Hayward, S. A., Rinehart, J. P., Denlinger, D. L., & Lee Jr, R. E. (2008). Cryoprotective
dehydration and the resistance to inoculative freezing in the Antarctic midge, Belgica
antarctica. Journal of Experimental Biology, 211(4), 524-530.

Emerson, K. J., Bradshaw, W. E., & Holzapfel, C. M. (2010). Microarrays reveal early transcriptional
events during the termination of larval diapause in natural populations of the mosquito, Wyeomyia
smithii. PLoS One, 5(3), e9574.

Enomoto, O. (1982). Larval diapause in Chymomyza costata (Diptera: Drosophilidae) I. Effects of
temperature and photoperiod on the development. Low temperature science. Ser. B, Biological
sciences, 39, 21-29.

Fahy, G. M., & Wowk, B. (2015). Principles of cryopreservation by vitrification. Cryopreservation and
freeze-drying protocols, 21-82.

Feder, M. E., & Walser, J. C. (2005). The biological limitations of transcriptomics in elucidating stress
and stress responses. Journal of evolutionary biology, 18(4), 901-910.

Forster, F., Liang, C., Shkumatov, A., Beisser, D., Engelmann, J. C., Schndlzer, M., ... & Dandekar, T.
(2009). Tardigrade workbench: comparing stress-related proteins, sequence-similar and
functional protein clusters as well as RNA elements in tardigrades. BMC genomics, 10(1), 1-10.

Franks, F., & Hatley, R. H. (1991). Stability of proteins at subzero temperatures: thermodynamics and
some ecological consequences. Pure and applied chemistry, 63(10), 1367-1380.

Galau, G. A., Hughes, D. W., & Dure, L. (1986). Abscisic acid induction of cloned cotton late
embryogenesis-abundant (Lea) mRNAs. Plant molecular biology, 7(3), 155-170.

Gehrken, U. (1984). Winter survival of an adult bark beetle Ips acuminatus Gyll. Journal of insect
physiology, 30(5), 421-429.

Gekko, K., & Timasheff, S. N. (1981). Mechanism of protein stabilization by glycerol: preferential
hydration in glycerol-water mixtures. Biochemistry, 20(16), 4667-4676.

76



Gertrudes, A., Craveiro, R., Eltayari, Z., Reis, R. L., Paiva, A., & Duarte, A. R. C. (2017). How do
animals survive extreme temperature amplitudes? The role of natural deep eutectic
solvents. ACS Sustainable Chemistry & Engineering, 5(11), 9542-9553.

Goto, S. G., & Kimura, M. T. (1998). Heat-and cold-shock responses and temperature adaptations in
subtropical and temperate species of Drosophila. Journal of insect Physiology, 44(12), 1233-
1239.

Goyal, K., Tisi, L., Basran, A., Browne, J., Burnell, A., Zurdo, J., & Tunnacliffe, A. (2003). Transition
from natively unfolded to folded state induced by desiccation in an anhydrobiotic nematode
protein. Journal of Biological Chemistry, 278(15), 12977-12984.

Goyal, K., Walton, L. J., & Tunnacliffe, A. (2005). LEA proteins prevent protein aggregation due to
water stress. Biochemical journal, 388(1), 151-157.

Grgac, R., Rozsypal, J., Des Marteaux, L., Stétina, T., & Kostal, V. (2022). Stabilization of insect cell
membranes and soluble enzymes by accumulated cryoprotectants during freezing
stress. Proceedings of the National Academy of Sciences, 119(41), e2211744119.

Hackman, W., Lakovaara, S., Saura, A., Sorsa, M. A. R. J. A., & Vepsalainen, K. (1970). On the
biology and karyology of Chymomyza costata Zetterstedt, with reference to the taxonomy and
distribution of various species of Chymomyza (Dipt., Drosophilidae). In Annales Entomologici
Fennici (Vol. 36, pp. 1-9).

Hahn, D. A., & Denlinger, D. L. (2007). Meeting the energetic demands of insect diapause: nutrient
storage and utilization. Journal of insect physiology, 53(8), 760-773.

Hand, S. C., Menze, M. A., Toner, M., Boswell, L., & Moore, D. (2011). LEA proteins during water
stress: not just for plants anymore. Annual Reviews of Physiology, 115.

Haslbeck, M., & Vierling, E. (2015). A first line of stress defense: small heat shock proteins and their
function in protein homeostasis. Journal of molecular biology, 427(7), 1537-1548.

Hazel, J. R. (1989). Cold adaptation in ectotherms: regulation of membrane function and cellular
metabolism. In Animal adaptation to cold (pp. 1-50). Springer, Berlin, Heidelberg.

Hazel, J. R. (1995). Thermal adaptation in biological membranes: is homeoviscous adaptation the
explanation? Annual review of physiology, 57(1), 19-42.

Hazel, J. R. (1997). Thermal adaptation in biological membranes: beyond homeoviscous adaptation.
In Advances in molecular and cell biology (Vol. 19, pp. 57-101). Elsevier.

Hodkova, M., Berkova, P., & Zahradni¢kova, H. (2002). Photoperiodic regulation of the phospholipid
molecular species composition in thoracic muscles and fat body of Pyrrhocoris apterus
(Heteroptera) via an endocrine gland, corpus allatum. Journal of Insect Physiology, 48(11), 1009-
10109.

Hoekstra, F. A., Golovina, E. A., & Buitink, J. (2001a). Mechanisms of plant desiccation
tolerance. Trends in plant science, 6(9), 431-438.

Hoekstra, F. A., Golovina, E. A., Tetteroo, F. A., & Wolkers, W. F. (2001b). Induction of desiccation
tolerance in plant somatic embryos: how exclusive is the protective role of
sugars? Cryobiology, 43(2), 140-150.

Holmstrup, M., & Westh, P. (1994). Dehydration of earthworm cocoons exposed to cold: a novel cold
hardiness mechanism. Journal of Comparative Physiology B, 164(4), 312-315.

Holmstrup, M., Bayley, M., & Ramlgv, H. (2002). Supercool or dehydrate? An experimental analysis of
overwintering strategies in small permeable arctic invertebrates. Proceedings of the National
Academy of Sciences, 99(8), 5716-5720.

77



Hornberger, K., Li, R., Duarte, A. R. C., & Hubel, A. (2021). Natural deep eutectic systems for nature-
inspired cryopreservation of cells. AIChE Journal, 67(2), e17085.

Inoue, H., & Timasheff, S. N. (1972). Preferential and absolute interactions of solvent components with
proteins in mixed solvent systems. Biopolymers: Original Research on Biomolecules, 11(4), 737-
743.

Janis, B., Belott, C., & Menze, M. A. (2018). Role of intrinsic disorder in animal desiccation
tolerance. Proteomics, 18(21-22), 1800067.

Janis, B., Belott, C., Brockman, T., & Menze, M. A. (2022). Functional and Conformational Plasticity of
an Animal Group 1 LEA Protein. Biomolecules, 12(3), 425.

Jensen, M. &., Mouritsen, O. G., & Peters, G. H. (2004). The hydrophobic effect: Molecular dynamics
simulations of water confined between extended hydrophobic and hydrophilic surfaces. The
Journal of chemical physics, 120(20), 9729-9744.

Joanisse, D., & Storey, K. (1996). Oxidative stress and antioxidants in overwintering larvae of cold-
hardy goldenrod gall insects. The Journal of experimental biology, 199(7), 1483-1491.

Jovanovi¢-Galovi¢, A., Blagojevi¢, D. P., Grubor-Lajsi¢, G., Worland, M. R., & Spasi¢, M. B. (2007).
Antioxidant defense in mitochondria during diapause and postdiapause development of European
corn borer (Ostrinia nubilalis, Hubn.). Archives of Insect Biochemistry and Physiology: Published
in Collaboration with the Entomological Society of America, 64(3), 111-119.

Kankare, M., Salminen, T., Laiho, A., Vesala, L., & Hoikkala, A. (2010). Changes in gene expression
linked with adult reproductive diapause in a northern malt fly species: a candidate gene
microarray study. BMC ecology, 10(1), 1-9.

Kaul, S., Sharma, S. S., & Mehta, I. K. (2008). Free radical scavenging potential of L-proline: evidence
from in vitro assays. Amino acids, 34(2), 315-320.

Kaushik, J. K., & Bhat, R. (2003). Why Is Trehalose an Exceptional Protein Stabilizer?: An analysis of
the thermal stability of proteins in the presence of the compatible osmolyte trehalose. Journal of
Biological Chemistry, 278(29), 26458-26465.

Kiang, J. G., & Tsokos, G. C. (1998). Heat shock protein 70 kDa: molecular biology, biochemistry, and
physiology. Pharmacology & therapeutics, 80(2), 183-201.

Kikawada, T., Nakahara, Y., Kanamori, Y., lwata, K. |., Watanabe, M., McGee, B., ... & Okuda, T.
(2006). Dehydration-induced expression of LEA proteins in an anhydrobiotic
chironomid. Biochemical and biophysical research communications, 348(1), 56-61.

Kim, B. Y., Wang, J. R., Miller, D. E., Barmina, O., Delaney, E., Thompson, A., ... & Petrov, D. A.
(2021). Highly contiguous assemblies of 101 drosophilid genomes. Elife, 10, e66405.

Kim, N. A., Thapa, R., & Jeong, S. H. (2018). Preferential exclusion mechanism by carbohydrates on
protein stabilization using thermodynamic evaluation. International journal of biological
macromolecules, 109, 311-322.

King, A. M., & MacRae, T. H. (2015). Insect heat shock proteins during stress and diapause. Annu.
Rev. Entomol, 60, 59-75.

Kobelkova, A., Bajgar, A., & Dolezel, D. (2010). Functional molecular analysis of a circadian clock
gene timeless promoter from the Drosophilid fly Chymomyza costata. Journal of biological
rhythms, 25(6), 399-409.

Korsloot, A., van Gestel, C. A., & Van Straalen, N. M. (2004). Environmental stress and cellular
response in arthropods. CRC press.

Kostaél, V. (2010). Cell structural modifications in insects at low temperature. Low temperature biology
of insects, 116-140.

78



Kostél, V. (2011). Insect photoperiodic calendar and circadian clock: independence, cooperation, or
unity? Journal of insect physiology, 57(5), 538-556.

Kostal, V., & Shimada, K. (2001). Malfunction of circadian clock in the non-photoperiodic-diapause
mutants of the drosophilid fly, Chymomyza costata. Journal of Insect Physiology, 47(11), 1269-
1274,

Kostal, V., & Tollarova-Borovanska, M. (2009). The 70 kDa heat shock protein assists during the
repair of chilling injury in the insect, Pyrrhocoris apterus. PloS one, 4(2), e4546.

Kostal, V., Korbelova, J., Rozsypal, J., Zahradni¢kova, H., Cimlova, J., Toméala, A., & Simek, P.
(2011a). Long-term cold acclimation extends survival time at 0 C and modifies the metabolomic
profiles of the larvae of the fruit fly Drosophila melanogaster. PLoS One, 6(9), e25025.

Kostal, V., Mollaei, M., & Schéttner, K. (2016). Diapause induction as an interplay between seasonal
token stimuli and modifying and directly limiting factors: hibernation in Chymomyza
costata. Physiological Entomology, 41(4), 344-357.

Kost'al, V., Noguchi, H., Shimada, K., & Hayakawa, Y. (2000). Circadian component influences the
photoperiodic induction of diapause in a drosophilid fly, Chymomyza costata. Journal of Insect
Physiology, 46(6), 887-896.

Kostal, V., Simek, P., Zahradni¢kova, H., Cimlova, J., & Stétina, T. (2012). Conversion of the chill
susceptible fruit fly larva (Drosophila melanogaster) to a freeze tolerant organism. Proceedings of
the National Academy of Sciences, 109(9), 3270-3274.

Kostal, V., Stétina, T., Poupardin, R., Korbelova, J., & Bruce, A. W. (2017). Conceptual framework of
the eco-physiological phases of insect diapause development justified by transcriptomic
profiling. Proceedings of the National Academy of Sciences, 114(32), 8532-8537.

Kostal, V., Yanagimoto, M., & Bastl, J. (2006). Chilling-injury and disturbance of ion homeostasis in the
coxal muscle of the tropical cockroach (Nauphoeta cinerea). Comparative Biochemistry and
Physiology Part B: Biochemistry and Molecular Biology, 143(2), 171-179.

Kostal, V., Zahradnigkova, H., & Simek, P. (2011b). Hyperprolinemic larvae of the drosophilid fly,
Chymomyza costata, survive cryopreservation in liquid nitrogen. Proceedings of the National
Academy of Sciences, 108(32), 13041-13046.

Kugera, L., Moos, M., Stétina, T., Korbelova, J., Vodrazka, P., Des Marteaux, L., ... & Kostal, V.
(2022). A mixture of innate cryoprotectants is key for freeze tolerance and cryopreservation of a
drosophilid fly larva. Journal of Experimental Biology, 225(8), jeb243934.

Kyte, J., & Doolittle, R. I-.(1982). I. Mol. Bid, 157, 105-132.

Lakovaara, S., Saura, A., Koref-Santibanez, S. U. S. I, & Ehrman, L. E. E. (1972). Aspects of
diapause and its genetics in northern drosophilids. Hereditas, 70(1), 89-96.

Lalouette, L., Williams, C. M., Hervant, F., Sinclair, B. J., & Renault, D. (2011). Metabolic rate and
oxidative stress in insects exposed to low temperature thermal fluctuations. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 158(2), 229-234.

Lange, C., & Rudolph, R. (2009). Suppression of protein aggregation by L-arginine. Current
pharmaceutical biotechnology, 10(4), 408-414.

Lankinen, P., & Riihimaa, A. (1997). Effects of temperature on weak circadian eclosion rhythmicity in
Chymomyza costata (Diptera: Drosophilidae). Journal of insect physiology, 43(3), 251-260.

Lee Jr, R. E. (2010a). Rapid cold-hardening: ecological significance and underpinning
mechanisms. Low temperature biology of insects, 35-58.

Lee Jr, R. E. (2010b). A primer on insect cold-tolerance. Low Temperature Biology of Insects, 3-35.

79



Lees, A. D. (1955). The physiology of diapause in arthropods. Cambridge Monographs Experimental
Biology, 4, 1-151.

Levis, N. A, Yi, S. X., & Lee Jr, R. E. (2012). Mild desiccation rapidly increases freeze tolerance of the
goldenrod gall fly, Eurosta solidaginis: evidence for drought-induced rapid cold-
hardening. Journal of Experimental Biology, 215(21), 3768-3773.

Li, D., & He, X. (2009). Desiccation induced structural alterations in a 66-amino acid fragment of an
anhydrobiotic nematode late embryogenesis abundant (LEA) protein. Biomacromolecules, 10(6),
1469-1477.

Li, L., Zhou, X., Chen, Z., Cao, Y., & Zhao, G. (2022). The group 3 LEA protein of Artemia franciscana
for cryopreservation. Cryobiology.

Li, S., Wang, G., Lin, H., & Huang, C. H. (1998). Calorimetric Studies of Phosphatidylethanolamines
with Saturatedsn-1 and Dienoic sn-2 Acyl Chains. Journal of Biological Chemistry, 273(30),
19009-19018.

Lindquist, S., & Craig, E. A. (1988). The heat-shock proteins. Annual review of genetics, 22(1), 631-
677.

Liu, W., Huang, Z., He, X., Jiang, P., Huo, X., Lu, Z., & Liu, B. (2020). Impacts of trehalose and I-
proline on the thermodynamic nonequilibrium phase change and thermal properties of normal
saline. Cryobiology, 96, 92-98.

Liu, Y., Friesen, J. B., McAlpine, J. B., Lankin, D. C., Chen, S. N., & Pauli, G. F. (2018). Natural deep
eutectic solvents: properties, applications, and perspectives. Journal of natural products, 81(3),
679-690.

Lovelock, J. E. (1954). The protective action of neutral solutes against haemolysis by freezing and
thawing. Biochemical Journal, 56(2), 265.

Lubawy, J., Daburon, V., Chowanski, S., Stocinska, M., & Colinet, H. (2019). Thermal stress causes
DNA damage and mortality in a tropical insect. Journal of Experimental Biology, 222(23),
jeb213744.

Lumme, J. (1978). Phenology of boreal drosophilids (Diptera).

Lundheim, R. (2002). Physiological and ecological significance of biological ice
nucleators. Philosophical Transactions of the Royal Society of London. Series B: Biological
Sciences, 357(1423), 937-943.

Ma, X., Jamil, K., MacRae, T. H., Clegg, J. S., Russell, J. M., Villeneuve, T. S., ... & Oliver, A. E.
(2005). A small stress protein acts synergistically with trehalose to confer desiccation tolerance
on mammalian cells. Cryobiology, 51(1), 15-28.

MacMillan, H. A. (2019). Dissecting cause from consequence: a systematic approach to thermal
limits. Journal of Experimental Biology, 222(4), jeb191593.

MacRae, T. H. (2010). Gene expression, metabolic regulation and stress tolerance during
diapause. Cellular and Molecular Life Sciences, 67(14), 2405-2424.

Mazur, P. (1984). Freezing of living cells: mechanisms and implications. American journal of
physiology-cell physiology, 247(3), C125-C142.

McElhaney, R. N. (1984). The relationship between membrane lipid fluidity and phase state and the
ability of bacteria and mycoplasmas to grow and survive at various temperatures. In Membrane
fluidity (pp. 249-278). Springer, Boston, MA.

McLain, S. E., Soper, A. K., Terry, A. E., & Watts, A. (2007). Structure and hydration of L-proline in
aqueous solutions. The Journal of Physical Chemistry B, 111(17), 4568-4580.

80



Menze, M. A., Boswell, L., Toner, M., & Hand, S. C. (2009). Occurrence of mitochondria-targeted late
embryogenesis abundant (LEA) gene in animals increases organelle resistance to water
stress. Journal of Biological Chemistry, 284(16), 10714-10719.

Meryman, H. T. (1971). Osmotic stress as a mechanism of freezing injury. Cryobiology, 8(5), 489-500.

Miquel, M., McConn, M., & Wu, J. (1994). Arabidopsis mutants and genetic approaches to the control
of lipid composition. In Temperature Adaptations of Biological Membranes (pp. 141-154).
Portland Press London and Chapel Hill.

Moon, I., Fujikawa, S., & Shimada, K. (1996). Cryopreservation of Chymomyza larvae (Diptera:
Drosophilidae) at-196 degrees C with extracellular freezing. Cryo-letters.

Moore, D. S., & Hand, S. C. (2016). Cryopreservation of lipid bilayers by LEA proteins from Artemia
franciscana and trehalose. Cryobiology, 73(2), 240-247.

Moos, M., Korbelova, J., Stétina, T., Opekar, S., Simek, P., Grgac, R., & Kostal, V. (2022).
Cryoprotective metabolites are sourced from both external diet and internal macromolecular
reserves during metabolic reprogramming for freeze tolerance in drosophilid fly, Chymomyza
costata. Metabolites, 12(2), 163.

Morrow, G., Heikkila, J. J., & Tanguay, R. M. (2006). Differences in the chaperone-like activities of the
four main small heat shock proteins of Drosophila melanogaster. Cell stress & chaperones, 11(1),
51.

Morrow, G., Inaguma, Y., Kato, K., & Tanguay, R. M. (2000). The small heat shock protein Hsp22 of
Drosophila melanogaster is a mitochondrial protein displaying oligomeric organization. Journal of
Biological Chemistry, 275(40), 31204-31210.

Muldrew, K., Acker, J. P., Elliott, J. A., & McGann, L. E. (2004). The water to ice transition: implications
for living cells. In Life in the frozen state (pp. 93-134). CRC Press.

Murata, N., & Yamaya, J. (1984). Temperature-dependent phase behavior of phosphatidylglycerols
from chilling-sensitive and chilling-resistant plants. Plant Physiology, 74(4), 1016-1024.

Murray, P., Hayward, S. A., Govan, G. G., Gracey, A. Y., & Cossins, A. R. (2007). An explicit test of
the phospholipid saturation hypothesis of acquired cold tolerance in Caenorhabditis
elegans. Proceedings of the National Academy of Sciences, 104(13), 5489-5494.

Nakayama, K., Okawa, K., Kakizaki, T., & Inaba, T. (2008). Evaluation of the protective activities of a
late embryogenesis abundant (LEA) related protein, Corl5am, during various stresses in
vitro. Bioscience, biotechnology, and biochemistry, 0805210897-0805210897.

Nakayama, K., Okawa, K., Kakizaki, T., Honma, T., Itoh, H., & Inaba, T. (2007). Arabidopsis Corl5am
is a chloroplast stromal protein that has cryoprotective activity and forms oligomers. Plant
physiology, 144(1), 513-5283.

Nielsen, M. M., Overgaard, J., Serensen, J. G., Holmstrup, M., Justesen, J., & Loeschcke, V. (2005).
Role of HSF activation for resistance to heat, cold and high-temperature knock-down. Journal of
insect physiology, 51(12), 1320-1329. *

Nozawa, Y., lida, H., Fukushima, H., Oki, K., & Onishi, S. (1974). Studies on Tetrahymena
membranes: temperature-induced alterations in fatty acid composition of various membrane
fractions in Tetrahymena pyriformis and its effect on membrane fluidity as inferred by spin-label
study. Biochimica et biophysica acta, 367(2), 134-147.

Numata, H., Shiga, S., & Morita, A. (1997). Photoperiodic receptors in arthropods. Zoological
Science, 14(2), 187-197.

Olgenblum, G. I., Sapir, L., & Harries, D. (2020). Properties of aqueous trehalose mixtures: glass
transition and hydrogen bonding. Journal of chemical theory and computation, 16(2), 1249-1262.

81



Overgaard, J., Toméala, A., Sgrensen, J. G., Holmstrup, M., Krogh, P. H., Simek, P., & Kostal, V.
(2008). Effects of acclimation temperature on thermal tolerance and membrane phospholipid
composition in the fruit fly Drosophila melanogaster. Journal of insect physiology, 54(3), 619-629.

Parcellier, A., Gurbuxani, S., Schmitt, E., Solary, E., & Garrido, C. (2003). Heat shock proteins, cellular
chaperones that modulate mitochondrial cell death pathways. Biochemical and biophysical
research communications, 304(3), 505-512.

Pavelka, J., Shimada, K., & Kostal, V. (2003). TIMELESS: a link between fly's circadian and
photoperiodic clocks?. European Journal of Entomology, 100(2), 255-266.

Phang, J. M., Liu, W., Hancock, C. N., & Fischer, J. W. (2015). Proline metabolism and cancer:
emerging links to glutamine and collagen. Current opinion in clinical nutrition and metabolic
care, 18(1), 71.

Pittendrigh, C. S. (1960, January). Circadian rhythms and the circadian organization of living systems.
In Cold Spring Harbor symposia on quantitative biology (Vol. 25, pp. 159-184). Cold Spring
Harbor Laboratory Press.

Plesofsky-Vig, N. (1996). The heat shock proteins and the stress response. In Biochemistry and
molecular biology (pp. 171-190). Springer, Berlin, Heidelberg.

Poelchau, M. F., Reynolds, J. A,, Elsik, C. G., Denlinger, D. L., & Armbruster, P. A. (2013). Deep
sequencing reveals complex mechanisms of diapause preparation in the invasive mosquito,
Aedes albopictus. Proceedings of the Royal Society B: Biological Sciences, 280(1759),
20130143.

Portner, H. O. (2002). Climate variations and the physiological basis of temperature dependent
biogeography: systemic to molecular hierarchy of thermal tolerance in animals. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 132(4), 739-761.

Pouchkina-Stantcheva, N. N., McGee, B. M., Boschetti, C., Tolleter, D., Chakrabortee, S., Popova, A.
V., ... & Tunnacliffe, A. (2007). Functional divergence of former alleles in an ancient asexual
invertebrate. Science, 318(5848), 268-271.

Poupardin, R., Schéttner, K., Korbelova, J., Provaznik, J., Dolezel, D., Pavlinic, D., ... & Kostal, V.
(2015). Early transcriptional events linked to induction of diapause revealed by RNAseq in larvae
of drosophilid fly, Chymomyza costata. BMC genomics, 16(1), 1-19.

Powell, D., Sato, J. D., Brock, H. W., & Roberts, D. B. (1984). Regulation of synthesis of the larval
serum proteins of Drosophila melanogaster. Developmental biology, 102(1), 206-215.

Privalov, P. L. (1990). Cold denaturation of protein. Critical reviews in biochemistry and molecular
biology, 25(4), 281-306.

Pruitt, N. L., & Lu, C. (2008). Seasonal changes in phospholipid class and class-specific fatty acid
composition associated with the onset of freeze tolerance in third-instar larvae of Eurosta
solidaginis. Physiological and Biochemical Zoology, 81(2), 226-234.

Pullin, A. S. (1996). Physiological relationships between insect diapause and cold tolerance:
Coevolution or coincidence. European Journal of Entomology, 93, 121-130.

Qiu, J., Huang, H., He, H., Liu, H., Hu, S., Han, J., ... & Wang, P. (2019). Solubility behavior and data
modeling of I-proline in different neat and binary solvent systems. Journal of Chemical &
Engineering Data, 64(12), 5920-5928.

Ragland, G. J., Denlinger, D. L., & Hahn, D. A. (2010). Mechanisms of suspended animation are
revealed by transcript profiling of diapause in the flesh fly. Proceedings of the National Academy
of Sciences, 107(33), 14909-14914.

Rasmussen, P. H., Jgrgensen, B., & Nielsen, J. (1997). Aqueous solutions of proline and NaCl studied
by differential scanning calorimetry at subzero temperatures. Thermochimica acta, 303(1), 23-30.

82



Renault, D., Salin, C., Vannier, G., & Vernon, P. (2002). Survival at low temperatures in insects: what
is the ecological significance of the supercooling point?. CryolLetters, 23(4), 217-228.

Reyes, J. L., Campos, F., Wei, H. U. |, Arora, R., Yang, Y., Karlson, D. T., & Covarrubias, A. A.
(2008). Functional dissection of hydrophilins during in vitro freeze protection. Plant, cell &
environment, 31(12), 1781-1790.

Reyes-DelaTorre, A., Pefia-Rangel, M. T., & Riesgo-Escovar, J. R. (2012). Carbohydrate metabolism
in Drosophila: reliance on the disaccharide trehalose. Carbohydrates-comprehensive studies on
glycobiology and glycotechnology. Winchester: InTech, 317-38.

Riihimaa, A. J., & Kimura, M. T. (1988). A mutant strain of Chymomyza costata (Diptera:
Drosophilidae) insensitive to diapause-inducing action of photoperiod. Physiological
Entomology, 13(4), 441-445.

Riihimaa, A. J., & Kimura, M. T. (1989). Genetics of the photoperiodic larval diapause in Chymomyza
costata (Diptera; Drosophilidae). Hereditas, 110(3), 193-200.

Rinehart, J. P., Cikra-Ireland, R. A., Flannagan, R. D., & Denlinger, D. L. (2001). Expression of
ecdysone receptor is unaffected by pupal diapause in the flesh fly, Sarcophaga crassipalpis,
while its dimerization partner, USP, is downregulated. Journal of Insect Physiology, 47(8), 915-
921.

Rinehart, J. P., Hayward, S. A., Elnitsky, M. A., Sandro, L. H., Lee Jr, R. E., & Denlinger, D. L. (2006).
Continuous up-regulation of heat shock proteins in larvae, but not adults, of a polar
insect. Proceedings of the National Academy of Sciences, 103(38), 14223-14227.

Rinehart, J. P., Li, A., Yocum, G. D., Robich, R. M., Hayward, S. A., & Denlinger, D. L. (2007). Up-
regulation of heat shock proteins is essential for cold survival during insect
diapause. Proceedings of the National Academy of Sciences, 104(27), 11130-11137.

Ring, R. (1994). Desiccation and cryoprotection: overlapping adaptations. Cryo-letters, 15, 181-190.
Ring, R. A. (1998). The role of trehalose in cold-hardiness and desiccation. CryoLetters, 19, 275-282.

Rivera-Najera, L. Y., Saab-Rincon, G., Battaglia, M., Amero, C., Pulido, N. O., Garcia-Hernandez, E.,
... & Covarrubias, A. A. (2014). A group 6 late embryogenesis abundant protein from common
bean is a disordered protein with extended helical structure and oligomer-forming
properties. Journal of Biological Chemistry, 289(46), 31995-32009.

Roberts, J. K., DeSimone, N. A., Lingle, W. L., & Dure 3rd, L. (1993). Cellular concentrations and
uniformity of cell-type accumulation of two lea proteins in cotton embryos. The Plant Cell, 5(7),
769-780.

Rojas, R. R., & Leopold, R. A. (1996). Chilling injury in the housefly: evidence for the role of oxidative
stress between pupariation and emergence. Cryobiology, 33(4), 447-458.

Rozsypal, J. (2022). Cold and freezing injury in insects: An overview of molecular
mechanisms. EJE, 119(1), 43-57.

Rozsypal, J., & Kostal, V. (2018). Supercooling and freezing as eco-physiological alternatives rather
than mutually exclusive strategies: A case study in Pyrrhocoris apterus. Journal of insect
physiology, 111, 53-62.

Rozsypal, J., Moos, M., Simek, P., & Kostal, V. (2018). Thermal analysis of ice and glass transitions in
insects that do and do not survive freezing. Journal of Experimental Biology, 221(7), jeb170464.

Rudolph, A. S., & Crowe, J. H. (1986). A calorimetric and infrared spectroscopic study of the stabilizing
solute proline. Biophysical journal, 50(3), 423-430.

Russo, C. (1983). Purification of IgG monoclonal antibody by caprylic acid precipitation. J. Immunol.
Methods, 65, 269.

83



Russotti, G., Campbell, J., Toner, M., & Yarmush, M. L. (1997). Studies of heat and PGA1-induced
cold tolerance show that HSP27 may help preserve actin morphology during hypothermia. Tissue
Engineering, 3(2), 135-147.

Saitou, N., & Nei, M. (1987). The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Molecular biology and evolution, 4(4), 406-425.

Sales, K., Brandt, W., Rumbak, E., & Lindsey, G. (2000). The LEA-like protein HSP 12 in
Saccharomyces cerevisiae has a plasma membrane location and protects membranes against
desiccation and ethanol-induced stress. Biochimica et Biophysica Acta (BBA)-

Biomembranes, 1463(2), 267-278.

Salt, R. W. (1961). Principles of insect cold-hardiness. Annual review of entomology, 6(1), 55-74.

Samuel, D., Kumar, T. K. S., Jayaraman, G., Yang, P. W., & Yu, C. (1997). Proline is a protein
solubilizing solute. IUBMB Life, 41(2), 235-242.

Sanfelice, D., & Temussi, P. A. (2016). Cold denaturation as a tool to measure protein
stability. Biophysical chemistry, 208, 4-8.

Saunders, D. S. (2002). Insect clocks., 3 edition, Amsterdam: Elsevier.

Schneider, C. P., Shukla, D., & Trout, B. L. (2011). Arginine and the Hofmeister series: the role of ion—
ion interactions in protein aggregation suppression. The Journal of Physical Chemistry
B, 115(22), 7447-7458.

Sformo, T., Walters, K., Jeannet, K., Wowk, B., Fahy, G. M., Barnes, B. M., & Duman, J. G. (2010).
Deep supercooling, vitrification, and limited survival to—100 C in the Alaskan beetle Cucujus
clavipes puniceus (Coleoptera: Cucujidae) larvae. Journal of Experimental Biology, 213(3), 502-
509.

Sharon, M. A., Kozarova, A., Clegg, J. S., Vacratsis, P. O., & Warner, A. H. (2009). Characterization of
a group 1 late embryogenesis abundant protein in encysted embryos of the brine shrimp Artemia
franciscana. Biochemistry and Cell Biology, 87(2), 415-430.

Shih M. D, Hoekstra F.A., Hsing Y.IC., (2008). Late embryogenesis abundant proteins. Adv. Bot. Res.
48:211-55

Shimada, K. (1988). Cold acclimation, inoculative freezing and slow cooling: essential factors
contributing to the freezing-tolerance in diapausing larvae of Chymomyza costata (Diptera;
Drosophilidae). Cryo-letters, 9, 5-10.

Shimada, K. (1990). Cold-induced freezing tolerance in diapausing and non-diapausing larvae of
Chymomyza costata (Diptera: Drosophilidae) with accumulation of trehalose and proline. Cryo-
Letters, 11, 243-250.

Shimizu, T., Kanamori, Y., Furuki, T., Kikawada, T., Okuda, T., Takahashi, T., ... & Sakurai, M. (2010).
Desiccation-induced structuralization and glass formation of group 3 late embryogenesis
abundant protein model peptides. Biochemistry, 49(6), 1093-1104.

Sinclair, B. J., & Chown, S. L. (2003). Rapid responses to high temperature and desiccation but not to
low temperature in the freeze tolerant sub-Antarctic caterpillar Pringleophaga marioni
(Lepidoptera, Tineidae). Journal of Insect Physiology, 49(1), 45-52.

Sinclair, B. J., & Renault, D. (2010). Intracellular ice formation in insects: unresolved after 50
years? Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 155(1), 14-18.

Sinclair, B. J., Ferguson, L. V., Salehipour-Shirazi, G., & MacMillan, H. A. (2013). Cross-tolerance and
cross-talk in the cold: relating low temperatures to desiccation and immune stress in
insects. Integrative and comparative biology, 53(4), 545-556.

84



Sinclair, B. J., Gibbs, A. G., & Roberts, S. P. (2007). Gene transcription during exposure to, and
recovery from, cold and desiccation stress in Drosophila melanogaster. Insect molecular
biology, 16(4), 435-443.

Sinclair, B. J., Vernon, P., Klok, C. J., & Chown, S. L. (2003). Insects at low temperatures: an
ecological perspective. Trends in Ecology & Evolution, 18(5), 257-262.

Sinensky, M. (1974). Homeoviscous adaptation—a homeostatic process that regulates the viscosity of
membrane lipids in Escherichia coli. Proceedings of the National Academy of Sciences, 71(2),
522-525.

Singer, M. A., & Lindquist, S. (1998). Thermotolerance in Saccharomyces cerevisiae: the Yin and
Yang of trehalose. Trends in biotechnology, 16(11), 460-468.

Solomon, A., Salomon, R., Paperna, I., & Glazer, I. (2000). Desiccation stress of entomopathogenic
nematodes induces the accumulation of a novel heat-stable protein. Parasitology, 121(4), 409-
416.

Somero, G. N. (1986). Protons, osmolytes, and fitness of internal milieu for protein function. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 251(2), R197-R213.

Semme, L. (1982). Supercooling and winter survival in terrestrial arthropods. Comparative
Biochemistry and Physiology Part A: Physiology, 73(4), 519-543.

Stacy, R. A., & Aalen, R. B. (1998). Identification of sequence homology between the internal
hydrophilic repeated motifs of Group 1 late-embryogenesis-abundant proteinsin plants and
hydrophilic repeats of the general stress protein GsiB of Bacillus subtilis. Planta, 206(3), 476-478.

Stehlik, J., Zavodska, R., Shimada, K., Sauman, |., & Koétal, V. (2008). Photoperiodic induction of
diapause requires regulated transcription of timeless in the larval brain of Chymomyza
costata. Journal of Biological Rhythms, 23(2), 129-139.

Steponkus, P. L., Uemura, M., Joseph, R. A., Gilmour, S. J., & Thomashow, M. F. (1998). Mode of
action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana. Proceedings of the
National Academy of Sciences, 95(24), 14570-14575.

Stétina, T., Des Marteaux, L. E., & Kostal, V. (2020). Insect mitochondria as targets of freezing-
induced injury. Proceedings of the Royal Society B, 287(1931), 20201273.

Stétina, T., Kostal, V., & Korbelova, J. (2015). The role of inducible Hsp70, and other heat shock
proteins, in adaptive complex of cold tolerance of the fruit fly (Drosophila melanogaster). PLoS
One, 10(6), e0128976.

Storey, J. M., & Storey, K. B. (1985). Freezing and cellular metabolism in the gall fly larva, Eurosta
solidaginis. Journal of Comparative Physiology B, 155(3), 333-337.

Storey, K. B., & Storey, J. M. (1988). Freeze tolerance in animals. Physiological reviews, 68(1), 27-84.

Storey, K. B., & Storey, J. M. (1991). Biochemistry of cryoprotectants. In Insects at low
temperature (pp. 64-93). Springer, Boston, MA.

Storey, K. B., & Storey, J. M. (2013). Molecular biology of freezing tolerance. Comprehensive
Physiology, 3(3), 1283-1308.

Storey, K. B., Keefe, D., Kourtz, L., & Storey, J. M. (1991). Glucose-6-phosphate dehydrogenase in
cold hardy insects: kinetic properties, freezing stabilization, and control of hexose
monophosphate shunt activity. Insect Biochemistry, 21(2), 157-164.

Strachan, L. A., Tarnowski-Garner, H. E., Marshall, K. E., & Sinclair, B. J. (2011). The evolution of cold
tolerance in Drosophila larvae. Physiological and Biochemical Zoology, 84(1), 43-53.

85



Strudwick, N., & Schroder, M. (2007). The unfolded protein response. In Systems biology (pp. 69-155).
Springer, Dordrecht.

Suarez, R. K., & Moyes, C. D. (2012). Metabolism in the age of ‘omes’. Journal of Experimental
Biology, 215(14), 2351-2357.

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of thermal tolerance and latitude in
ectotherms. Proceedings of the Royal Society B: Biological Sciences, 278(1713), 1823-1830.

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and the global redistribution of
animals. Nature Climate Change, 2(9), 686-690.

Suutari, M., Rintamaki, A., & Laakso, S. (1997). Membrane phospholipids in temperature adaptation of
Candida utilis: alterations in fatty acid chain length and unsaturation. Journal of lipid
research, 38(4), 790-794.

Tamiya, T., Okahashi, N., Sakuma, R., Aoyama, T., Akahane, T., & Matsumoto, J. J. (1985). Freeze
denaturation of enzymes and its prevention with additives. Cryobiology, 22(5), 446-456.

Tapia, H., & Koshland, D. E. (2014). Trehalose is a versatile and long-lived chaperone for desiccation
tolerance. Current Biology, 24(23), 2758-2766.

Tasaka, Y., Gombos, Z., Nishiyama, Y., Mohanty, P., Ohba, T., Ohki, K., & Murata, N. (1996).
Targeted mutagenesis of acyl-lipid desaturases in Synechocystis: evidence for the important
roles of polyunsaturated membrane lipids in growth, respiration, and photosynthesis. The EMBO
journal, 15(23), 6416-6425.

Teets, N. M., & Denlinger, D. L. (2013). Physiological mechanisms of seasonal and rapid cold-
hardening in insects. Physiological Entomology, 38(2), 105-116.

Thompson, S. N. (2003). Trehalose—the insect ‘blood’sugar. Advances in insect
physiology, 31(Supplement C), 205-285.

Throckmorton, L. H. (1975). The phylogeny, ecology and geography of Drosophila. Handbook of
genetics, 3(17), 422-469.

Tian, Y., Liu, J., Yang, F., Lian, C., Zhang, H., Viles, J. H., & Li, Z. Therapeutic potential for amyloid
surface inhibitor: Only Amyloid-3 oligomers formed by secondary nucleation disrupt lipid
membrane integrity. The FEBS Journal.

Timasheff, S. N. (1992a). Water as ligand: preferential binding and exclusion of denaturants in protein
unfolding. Biochemistry, 31(41), 9857-9864.

Timasheff, S. N. (1992b). A physicochemical basis for the selection of osmolytes by nature. In Water
and life (pp. 70-84). Springer, Berlin, Heidelberg.

Timasheff, S. N. (1993). The control of protein stability and association by weak interactions with
water: how do solvents affect these processes?. Annual review of biophysics and biomolecular
structure, 22(1), 67-97.

Timasheff, S. N. (1998). In disperse solution,“osmotic stress” is a restricted case of preferential
interactions. Proceedings of the National Academy of Sciences, 95(13), 7363-7367.

Timasheff, S. N. (2002). Protein-solvent preferential interactions, protein hydration, and the modulation
of biochemical reactions by solvent components. Proceedings of the National Academy of
Sciences, 99(15), 9721-9726.

Toda, M. J. (1985). Habitat structure of a drosophilid community at Inuvik, NWT, Canada (Diptera:
Drosophilidae). The Canadian Entomologist, 117(1), 135-137.

Tollarova, M. (2008). Seasonal activity-profiles of enzymes involved in cryoprotectant biosynthesis in
Pyrrhocoris apterus (Heteroptera: Pyrrhocoridae). European Journal of Entomology, 105(1).

86



Tolleter, D., Hincha, D. K., & Macherel, D. (2010). A mitochondrial late embryogenesis abundant
protein stabilizes model membranes in the dry state. Biochimica et Biophysica Acta (BBA)-
Biomembranes, 1798(10), 1926-1933.

Tomcala, A., Tollarova, M., Overgaard, J., Simek, P., & Kostal, V. (2006). Seasonal acquisition of chill
tolerance and restructuring of membrane glycerophospholipids in an overwintering insect:
triggering by low temperature, desiccation and diapause progression. Journal of Experimental
Biology, 209(20), 4102-4114.

Torson, A. S., Yocum, G. D., Rinehart, J. P., Kemp, W. P., & Bowsher, J. H. (2015). Transcriptional
responses to fluctuating thermal regimes underpinning differences in survival in the solitary bee
Megachile rotundata. The Journal of Experimental Biology, 218(7), 1060-1068.

Toxopeus, J., & Sinclair, B. J. (2018). Mechanisms underlying insect freeze tolerance. Biological
Reviews, 93(4), 1891-1914.

Toxopeus, J., Des Marteaux, L. E., & Sinclair, B. J. (2019). How crickets become freeze tolerant: the
transcriptomic underpinnings of acclimation in Gryllus veletis. Comparative Biochemistry and
Physiology Part D: Genomics and Proteomics, 29, 55-66.

Toxopeus, J., Warner, A. H., & MacRae, T. H. (2014). Group 1 LEA proteins contribute to the
desiccation and freeze tolerance of Artemia franciscana embryos during diapause. Cell Stress
and Chaperones, 19(6), 939-948.

Troitzsch, R. Z., Vass, H., Hossack, W. J., Martyna, G. J., & Crain, J. (2008). Molecular mechanisms
of cryoprotection in aqueous proline: light scattering and molecular dynamics simulations. The
Journal of Physical Chemistry B, 112(14), 4290-4297.

Tunnacliffe, A., & Wise, M. J. (2007). The continuing conundrum of the LEA
proteins. Naturwissenschaften, 94(10), 791-812.

Tunnacliffe, A., Lapinski, J., & McGee, B. (2005). A putative LEA protein, but no trehalose, is present
in anhydrobiotic bdelloid rotifers. Hydrobiologia, 546(1), 315-321.

Uemura, M., Gilmour, S. J., Thomashow, M. F., & Steponkus, P. L. (1996). Effects of COR6. 6 and
COR15am polypeptides encoded by COR (cold-regulated) genes of Arabidopsis thaliana on the
freeze-induced fusion and leakage of liposomes. Plant Physiology, 111(1), 313-327.v

Uversky, V. N., & Dunker, A. K. (2010). Understanding protein non-folding. Biochimica et Biophysica
Acta (BBA)-Proteins and Proteomics, 1804(6), 1231-1264.

Viner, R. I., & Clegg, J. S. (2001). Influence of trehalose on the molecular chaperone activity of p26, a
small heat shock/a-crystallin protein. Cell stress & chaperones, 6(2), 126.

Walker, G. P., & Denlinger, D. L. (1980). Juvenile hormone and moulting hormone titres in diapause-
and non-diapause destined flesh flies. Journal of Insect Physiology, 26(10), 661-664.

Wang, G., Li, S., Lin, H. N., & Huang, C. (1997). Influence of cis double bonds in the sn-2 acyl chain of
phosphatidylethanolamine on the gel-to-liquid crystalline phase transition. Biophysical
journal, 73(1), 283-292.

Wang, J., Zhang, J., Zhu, K., Zhou, P., & Zhang, Z. (2020). Effects of recombinant AavLEA1 protein
on human umbilical cord matrix mesenchymal stem cells survival during
cryopreservation. Biopreservation and Biobanking, 18(4), 290-296.

Wang, L., Weller, C.L. (2011) Thermophysical properties of frozen foods. In Handbook of Frozen Food
Processing and Packaging, 2nd edition (ed. D.-W. Sun), pp. 101-125. Boca Raton: CRC Press

Wang, W. (1999). Instability, stabilization, and formulation of liquid protein
pharmaceuticals. International journal of pharmaceutics, 185(2), 129-188.

87



Welin, B. V., Olson, A., Nylander, M., & Palva, E. T. (1994). Characterization and differential
expression of dhn/lea/rab-like genes during cold acclimation and drought stress in Arabidopsis
thaliana. Plant molecular biology, 26(1), 131-144.

Wise, M. J. (2002). The POPPs: clustering and searching using peptide probability
profiles. Bioinformatics, 18(suppl_1), S38-S45.

Wise, M. J. (2003). LEAping to conclusions: a computational reanalysis of late embryogenesis
abundant proteins and their possible roles. BMC bioinformatics, 4(1), 1-19.

Wise, M. J., & Tunnacliffe, A. (2004). POPP the question: what do LEA proteins do? Trends in plant
science, 9(1), 13-17.

Wolkers, W. F., McCready, S., Brandt, W. F., Lindsey, G. G., & Hoekstra, F. A. (2001). Isolation and
characterization of a D-7 LEA protein from pollen that stabilizes glasses in vitro. Biochimica et
Biophysica Acta (BBA)-Protein Structure and Molecular Enzymology, 1544(1-2), 196-206.

Xie, G., & Timasheff, S. N. (1997). The thermodynamic mechanism of protein stabilization by
trehalose. Biophysical chemistry, 64(1-3), 25-43.

Yancey, P. H. (2005). Organic osmolytes as compatible, metabolic, and counteracting cytoprotectants
in high osmolarity and other stresses. Journal of experimental biology, 208(15), 2819-2830.

Yancey, P. H., & Siebenaller, J. F. (2015). Co-evolution of proteins and solutions: protein adaptation
versus cytoprotective micromolecules and their roles in marine organisms. The Journal of
experimental biology, 218(12), 1880-1896.

Yocum, G. D., Rinehart, J. P., Horvath, D. P., Kemp, W. P., Bosch, J., Alroobi, R., & Salem, S. (2015).
Key molecular processes of the diapause to post-diapause quiescence transition in the alfalfa
leafcutting bee M egachile rotundata identified by comparative transcriptome
analysis. Physiological Entomology, 40(2), 103-112.

Yoshida, T., & Kimura, M. T. (1995). The photoperiodic clock in Chymomyza costata. Journal of Insect
Physiology, 41(3), 217-222.

Zachariassen, K. E. (1985). Physiology of cold tolerance in insects. Physiological reviews, 65(4), 799-
832.

Zachariassen, K. E., & Kristiansen, E. (2000). Ice nucleation and antinucleation in
nature. Cryobiology, 41(4), 257-279.

88



8. P¥ilohy

Priloha 1

PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

L))

Research Check or

updates

(ite this artide: Des Marteaux LE, Hila P,
Kostal V. 2019 Transcriptional analysis of insect
extreme freeze tolerance. Proc. R. Soc. B 286:
20192019.
http/dx.doi.org/10.1098/rspb.2019.2019

Received: 30 August 2019
Accepted: 1 October 2019

Subject Category:
Development and physiology

Subject Areas:
bicinformatics, molecular biology, physiology

Keywords:
insect, cryopreservation, transcriptome,
cryoprotectant, cold acclimation

Author for correspondence:
Lauren E. Des Marteaux
e-mail: Idesmart@gmail.com

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
4693079.

THE ROYAL SOCIETY

PUBLISHING

Transcriptional analysis of insect extreme
freeze tolerance

Lauren E. Des Marteaux', Petr Hila2 and Vladimir Kostal!

UIngtitute of Entomology, Biology Centre of the Academy of Sciences of the Czech Republic, Ceské Budéjovice
370 05, Czech Republic
2Faculty of Science, University of South Bohemia, Branisovska 31, Ceské Budgjovice 370 05, Czech Republic

(%) LED, 0000-0002-0461-2704

Few invertebrates can survive cryopreservation in liquid nitrogen, and the
mechanisms by which some species do survive are underexplored, despite
high application potential. Here, we turn to the drosophilid Chynomyza
costata to strengthen our fundamental understanding of extreme freeze
tolerance and gain insights about potential avenues for cryopreservation
of biological materials. We first use RNAseq to generate transcriptomes of
three C. costata larval phenotypic variants: those warm-acclimated in early
or late diapause (weak capacity to survive cryopreservation), and those
undergoing cold acclimation after diapause entry (extremely freeze tolerant,
surviving cryopreservation). We identify mRNA transcripts representing
genes and processes that accompany the physiological transition to extreme
freeze tolerance and relate cryopreservation survival to the transcriptional
profiles of select candidate genes using extended sampling of phenotypic
variants. Enhanced capacity for protein folding, refolding and processing
appears to be a central theme of extreme freeze tolerance and may allow
cold-acclimated larvae to repair or eliminate proteins damaged by freezing
(thus mitigating the toxicity of denatured proteins, endoplasmic reticulum
stress and subsequent apoptosis). We also find a number of candidate
genes (including both known and potentially novel, unannotated sequences)
whose expression profiles tightly mirror the change in extreme freeze
tolerance status among phenotypic variants.

1. Introduction

The mechanisms by which overwintering insects survive at sub-zero body temp-
eratures have been investigated for more than a century (see, for instance,
reviews in [1-7]). Specific molecular, biochemical and physiological adjustments
underlying this survival are typically assigned to one of three cold hardiness
‘strategies’ based on the phase behaviour of body water during cold exposure:
(i) supercooling (maintenance of body water in the liquid phase), (i) cryoprotective
dehydration (loss of a substantial proportion of the body water by evaporation)
and (iii) freeze tolerance (conversion of body water to the solid phase—ice crys-
tals). Freeze tolerance evolved multiple times in a diverse array of insects [7,8].
Although most freeze-tolerant insects perish at temperatures below a species-
specific threshold (the lower lethal temperature; LLT) typically between —5°C
and —40°C [4,9], some insects and other invertebrates seem to have no LLT
and withstand freezing to the temperature of liquid nitrogen (-196°C), even in
a fully hydrated state; examples include the nematode Anguillula silusiae [10],
rotifer Philodina acuticornis [11], poplar sawfly Trichiocampus populi [12], malt
fly Chymonyza costata [13] and leech Ozobranchus jantseanus [14]. These extremely
freeze-tolerant animals may hold the key to advancing techniques in cryopreser-
vation of tissues, organs or even complex organisms [15]. More specifically for
insects, such techniques would improve the management of stock populations
for research and application [16-21].

In order to build up extreme (or high) freeze tolerance, malt fly larvae (and
other adapted insects, respectively) typically enter diapause and then undergo

© 2019 The Author(s) Published by the Royal Society. All rights reserved.
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cold acclimation [7,22,23]. Diapause is a seasonal phenotype
associated with arrested development and deep metabolic
suppression [24,25], while cold acclimation further increases
resistance to environmental stress [24,26]. Both adaptive com-
plexes—diapause and cold acclimation—are based on the
massive alteration of -omic profiles from the transcriptome
[27-30], through proteome [31,32], to metabolome [33,34].
One of the key mechanisms underlying extreme freeze toler-
ance in insects is the accumulation of high concentrations of
low molecular mass cryoprotective compounds (CPs). For
instance, diapausing cold-acclimated T. populi prepupae
accumulate trehalose (up to 202 mmolkg™' of total body
water) [12] while diapausing cold-acclimated malt fly larvae
accumulate proline (up to 339 mmol kg™ total body water)
[23,35,36]. The CPs act through various mechanisms includ-
ing a colligative reduction in the relative amount of ice
[37,38], stabilization of lipid bilayers [39], stabilization of pro-
teins” native structures [40,41] and /or promoting vitrification
[23,42]. Tt is well known in practical cryogenics that both
natural and engineered CPs facilitate the storage of cells
and tissues at ultra-low temperatures [42]. However, the
application of CPs to non-adapted (e.g. tropical) and/or
non-acclimated (e.g. non-diapause, warm-acclimated) insects
is only partially successful in improving their freeze tolerance
[23,35,43].

In insects with extreme freeze tolerance, we speculate that
CPs work in synergy with macromolecular protective sys-
tems that are seasonally stimulated. Indeed, a number of
proteins with different cryoprotective roles are specifically
enhanced in abundance during diapause and cold acclim-
ation, including ice-binding proteins, heat shock proteins
(HSPs) and late embryogenesis abundant (LEA) proteins.
IBP adsorption to ice planes slows or limits their growth
and prevents ice recrystallization damage [44,45], while
HSPs assist in protein folding, localization and degradation
[46]. Small HSPs (sHSPs) and LEA proteins act as ‘molecular
shields” which prevent protein aggregation during desicca-
tion and freezing [47-50]. These macromolecules can also
cooperate with CPs to protect cellular and protein structure
under thermal or desiccation stress. For example, the inter-
action of sHSP p26 with trehalose significantly improves
both mammalian cell survival during drying [51] and protec-
tion/reactivation of thermally inactivated citrate synthase in
brine shrimp [52]. Cryophilic diatom-derived IBP reduces
freezing damage to human blood cells only in the presence
of glycerol [53]. LEA proteins act synergistically with treha-
lose to prevent protein aggregation during dehydration
stress [54]. Still, the role of such macromolecules in insect
extreme freeze tolerance remains unknown as they have yet
to be assessed in the few species capable of surviving deep
cryopreservation. Extremely freeze-tolerant insects may
further possess unique (novel) proteins that behave similarly
to CPs by preventing unwanted interactions between other
macromolecules, complexes and organelles in frozen (i.e.
tightly packed, dehydrated) cells.

Here, we aimed to identify candidate macromolecules
and processes that potentially contribute to the survival of
malt fly larvae in liquid nitrogen. Specifically, we employed
a non-targeted transcriptomics approach (RNAseq) to
broadly compare gene expression among three larval pheno-
types differing in freeze tolerance: larvae in early and late
diapause (under warm conditions) are moderately freeze
tolerant, while larvae that are cold-acclimated after diapause
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entry develop extreme freeze tolerance (including storability
in liquid nitrogen). To validate RNAseq results and further
resolve the candidate proteins whose transcriptional patterns
most closely associate with extreme freeze tolerance, we per-
formed qPCR for select sequences over an extended sampling
plan (additional time points throughout diapause mainten-
ance and cold acclimation). The transcriptomics approach is
a rapid, sensitive and technically feasible means of compar-
ing among multiple phenotypes and time points and will
be complemented by forthcoming metabolomic and proteo-
mic studies (in preparation). Cryoprotective proteins must
be present in high abundance to act as molecular shields,
and although mRNA transcript expression does not necess-
arily reflect protein abundance [55], this rough estimate of
relative protein abundance allows us to focus on transcripts
with large fold changes across larval variants.

2. Material and methods

(a) Malt fly rearing and accimation

We reared malt fly colonies (“Sapporo’ strain, originating from
Japan [56]) on artificial diet in MIR 154 incubators (Sanyo Electric,
Osaka, Japan) as described previously [57]. For experiments, we
generated three different malt fly larvae phenotypic variants
(details in electronic supplementary material, figure S1) according
to our earlier protocols [22,27,58]: (1) non-diapause ‘LD’ larvae—
which pupate after approximately three weeks and emerge as
adults after approximately one month; (2) diapausing, warm-accli-
mated ‘SD’ larvae—which do not pupate but maintain diapause
until death; and (3) cold-acclimated ‘SDA” larvae—which develop
extreme freeze tolerance, gradually terminate their diapause
within two months and remain in quiescence [23,35].

(b) RNAseq: library preparation, sequencing, alignment

and annotation
We used three biological replicates (each comprising 10 pooled
larvae) for transcriptome sequencing of three malt fly variants:
early diapause (SD6); late diapause (SD11) and cold acclimated
(SDAL11) (see electronic supplementary material, figure S1 for
explanation). The pools of larvae were homogenized in 400 pl
RNA Blue (Top-Bio, Vestec, Czech Republic) for 30s on ice.
Total RNA was extracted according to manufacturer’s instruc-
tions for RNA blue, treated with DNase [ (Invitrogen,
ThermoFisher Scientific, Prague, Czech Republic) and diluted
to a final concentration of 0.1 pg RNA per pl in PCR Ultra
H,O. RNA quality checking, ¢DNA library preparation and
80 bp, single-end read sequencing on the Illumina NextSeq 500
(Illumina, San Diego, CA) were performed by the EMBL Geno-
mics Core Facility (Heidelberg, Germany). Sequencing of the
nine cDNA libraries across the three malt fly variants yielded a
total of 357 million reads with an average GC content of 47.5%.
We assessed the quality of sequenced libraries by FastQC soft-
ware (v. 0.11.5) [59] and used Trimmomatic [60] via the Galaxy
Web service [61] to remove adapter sequences and discard
sequences shorter than 36 nucleotides or containing unknown
bases. Approximately 304 million reads remained after quality
control. Through the Galaxy Web service, we used Bowtie2
[62] to align reads to a previously assembled reference malt fly
transcriptome derived from both LD and SD larvae (a full assem-
bly of 113447 contigs, which was further refined to 21326
non-redundant contigs [63]). Just over 99% of our reads aligned
to the full reference assembly. We then used Cufflinks [64] to
assemble transcripts (contigs) and estimate read counts. These
normalized libraries contained a total of 22872 contigs with
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non-zero read counts (representing 86.1% of the refined reference
assembly; [63]). Libraries were further filtered to remove contigs
with low abundance (those with fewer than five read counts per
million in three of the six libraries per comparison) [65], yielding
approximately 6800 contigs per library.

(c) Differential expression analyses and annotation

We compared relative transcript abundance among malt fly
variants using the edgeR Bioconductor package [65] for R statistical
software (v. 3.2.2) [66,67]. Criteria for differential expression ana-
lyses were conservative; genes were considered to be
differentially expressed (DE) if the p-value (adjusted for false dis-
covery rate; FDR) was less than 0.05 and the absolute fold change
between treatments was greater than or equal to 4 (log2 fold
change greater than or equal to 2). Biological coefficients of vari-
ation did not exceed 0.3 (ie. gene expression among biological
replicates varied by less than 30%). DE transcripts were annotated
with Blast2GO software (v. 4.1.9, Oracle Corp.) [68]. Putative iden-
tities were assigned by BLASTx against the non-redundant (nr)
protein database (NCBI, November 2017) (E-value threshold =1 x
107°, accepting five hits for each transcript), mapped for Gene
Ontology (GO) terms and annotated (E-value threshold =1 x 107°).
Approximately 65% of the contigs had putative identities, 5%
were predicted or uncharacterized proteins and 30% had no puta-
tive identity. We attempted to identify the uncharacterized or
predicted proteins via a less-stringent BLASTx search against the
nr database (E-value threshold =1, accepting 100 hits for each tran-
script) using Geneious software (v. 10.1.3, Biomatters Ltd.). In this
way, we gained putative identities for an additional 50 transcripts.
Finally, we assigned all annotated DE genes to one of 10 custom cat-
egories: ‘Development’, ‘Cuticle’, ‘Metabolism’, “Detoxification’,
‘Membranes’, ‘Cytoskeleton’, ‘“Transcription’, Protein processing’,
‘Other” and “Uncharacterized” (electronic supplementary material,
spreadsheet S1) based on functional information from the literature
and online databases (UniProt and FlyBase).

We characterized the coordinated differential expression of
pathways (functionally related gene sets) according to KEGG
(Kyoto Encylopedia of Genes and Genomes; [69]). KEGG identi-
ties for contigs were retrieved from the KEGG Automatic
Annotation Server [70] based on non-spedes-specific reference
pathways. Approximately 21% of the contigs with non-zero
read counts were assigned to KEGG pathways. Differential path-
way expression among malt fly variants was analysed based on
read counts for transcripts with KEGG identities using the Gen-
erally Applicable Gene-set Enrichment (GAGE) and Pathview
Bioconductor packages [71,72] in R. We accepted pathways as
DE if the FDR-adjusted p-value was less than 0.05. Because
GAGE assesses coordinated expression change, these pathway
analyses identified more DE genes relative to our more strict
criteria (greater than or equal to fourfold change) for individual
genes assessed via edgeR (above).

(d) Direct validation

Direct validation of edgeR analysis was performed (a) from the
same aliquots of total RNA samples used to generate transcrip-
tomes (technical validation) and (b) in an independent set of
new biological replicates (a new generation of flies) conditioned
exactly as in electronic supplementary material, figure S1 (bio-
logical validation). We used quantitative real-time PCR (qPCR)
on a CFX96 PCR cycler (BioRad, Philadelphia, PA, USA) to
amplify 10 select DE sequences against four reference genes
(sequences coding for Ribosomal proteins RpL32 (Rp49),
RpL19, RpS11 and RpS27A [27]) (see electronic supplementary
material, figure S2 for methods details). All PCR primer
sequences can be found in electronic supplementary material,
spreadsheet S1.
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(e) Extended validation and extreme freeze tolerance

assays

An extended validation of the RNAseq results was performed
with the aim to retrieve the best candidate sequences with tran-
scriptional patterns most closely associated with extreme freeze
tolerance. For this purpose, we prepared a new, extended set of
total RNA samples from larvae representing different pheno-
types (electronic supplementary material, spreadsheet S1) in
four biological replicates, each comprised of 10 pooled larvae.
Total RNA samples were processed as described in RNASeq
(above). Next, we performed qPCR analysis (as in Direct vali-
dation, above) for an arbitrary selection of 15 candidate genes
based on results of RNAseq DE analyses (all target and PCR
primer sequences can be found in electronic supplementary
material, spreadsheet S1). (a) We took six genes coding for
HSPs (Hsp22, Lethal(2)efl, Hsp27, Hsp40, Hsp70 and Hsp83) in
order to have representatives of the most clearly upregulated
functional category 8 (Protein processing). We then took DE
sequences scoring relatively high in log fold change (logFC),
log counts per million (logCPM) and sequence length among
those upregulated in cold-acclimated larvae (SDA11) relative to
those in diapause maintenance (SD6 and SD11). This way we
added (b) four sequences, coding for Yellow d (or Major royal
jelly 1, Seq3773), Glutamic acid-rich protein (GARF, Seq93436),
Larval serum protein 2 (Lsp2, Seq55855) and Companion of
reaper (Corp, Seq5725) (functional category 9 ‘Other’), (c) four
uncharacterized protein sequences: Seq102667, Seq80983,
Seq3519 and Seq4228 and finally (d) one non-annotated (N/A)
sequence: Seq93437.

In parallel, we characterized the association between the tran-
scriptomic profiles of the 15 candidate genes (above) and larval
extreme freeze tolerance (capacity to survive after exposure to
liquid nitrogen) for select LD, SD and SDA variants (electronic
supplementary material, figure S2) using the optimum cryopre-
servation protocol described earlier [23]. Briefly, groups of
20 larvae were slowly cooled to —30°C, plunged into liquid nitro-
gen for 60 min, then returned to —30°C before rewarming to 5°C.
Thawed larvae were transferred to fresh larval diet and main-
tained thereafter at 18°C and a long-day photoperiod. Dead
larvae were removed 12 h later while all living larvae were main-
tained for a subsequent six weeks and the emergence of adult flies
was scored as the ultimate criterion of survival. For each variant,
extreme freeze tolerance was measured in 100-300 larvae and
expression of each candidate gene was measured in four larvae.

3. Results and discussion

To our knowledge, this is the first transcriptomic characterization
of an insect capable of surviving prolonged cryopreservation
in liquid nitrogen. We used the comparative transcriptomic
approach as an hypothesis-generating first step in seeking new
candidate cryoprotectants and to further understand the physio-
logical mechanisms of extreme freeze tolerance; however, we
acknowledge that other forms of gene and protein regulation
which may be important (e.g. miRNAs or post-translational
modifications) [73] are not captured by our methods and
therefore warrant investigation in future.

(a) Differentially regulated genes and pathways

We observed fewer DE genes between early and late diapause
phenotypes (190 transcripts) than between early diapause
and cold-acclimated phenotypes (776 transcripts). A full list
of DE genes is available in electronic supplementary material,
spreadsheet S1. Of those genes with putative identities, 25 and
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Figure 1. Summary of DE genes with putative identities (a) and select DE KEGG pathways (b) for third instar malt fly larvae in the states of late diapause or cold
acdimation relative to early diapause. Genes were sorted according to custom functional categories and the numbers of DE genes in different categories are reflected
in pie diagram size (the total number of DE genes given below). A full list of DE genes (including the description of functional categories) and KEGG pathways are
given in electronic supplementary material, spreadsheet S1 and figure S3, respectively. (Online version in colour.)

47 were down- and upregulated in late diapause (respect-
ively), while 216 and 161 were down- and upregulated with
cold acclimation, respectively). Only a single DE gene
(Seq109825; downregulated but with no putative identity)
overlapped between late diapause and cold acclimation (rela-
tive to early diapause), suggesting that cold acclimation and
development of extreme freeze tolerance may involve a
unique set of physiological processes distinct from those
linked to diapause progression.

In a recent review of insect freeze tolerance, Toxopeus &
Sinclair [7] hypothesized that five broad mechanisms are
involved: (1) control of ice formation; (2) reduction of ice
content; (3) stabilization of macromolecules; (4) management
of biochemical processes/reduction of harmful metabolite
damage and (5) post-thaw repair and recovery. We did not
expect to see a reflection of mechanism 1 in this study, as
no gene annotations in the C. costata transcriptome [63] had
identifiers such as ice binding, nucleation or thermal hyster-
esis. Moreover, our knowledge suggests that C. costata has
limited capacity to control ice formation: neither supercooling
capacity nor vulnerability to ice inoculation changed much
with acclimation [23,35], and there is no sign of thermal hys-
teresis activity in larval haemolymph (V. Kostal & J. Rozsypal
2017, unpublished observations). Ice content (related to
mechanism 2) differs only slightly among C. costata larval var-
iants with decreasing temperatures (described previously by
[23]). Mechanism 3 probably involves cryoprotectant accumu-
lation as a non-colligative means of stabilizing macromolecular
structures, and despite that cryoprotectant accumulation is
a hallmark of C. costata freeze tolerance [23,35], we found
little direct reflection of it in the transcriptome. Similar lack of
evidence for direct transcriptional control of cryoprotectant
synthesis (myo-inositol, proline and trehalose) was reported
for the freeze-tolerant cricket, Gryllus veletis [43]. The reasons
for such results may relate to the importance of post-
transcriptional control mechanisms [43], general problems
with interpretation of metabolism using -omics approaches

92

[74] and/or technical limitations such as insufficient resolution
at time and tissue levels. Mechanism 3 also includes the upre-
gulation of molecular chaperones (a common phenomenon of
insect thermal tolerance, e.g. [75,76]), which was clearly sup-
ported in the C. costata transcriptome (discussed further in
the next section). Mechanism 4 was reflected in the form of
global downregulation of processes in C. costata larvae linked
to active metabolism, including oxidative phosphorylation
(figure 1b; a full list of the pathways provided in electronic sup-
plementary material, figure S3). Still, ribosomal transcription
was generally maintained during cold acclimation (figure 1;
electronic supplementary material, figure S3-55). The aspect
of mechanism 4 relating to the reduction of damage from
harmful metabolites showed rather a trend of downregulation
(electronic supplementary material, spreadsheet S1) and no
systematic reflection in KEGG pathways. Mechanism 5
includes some elements overlapping with mechanism 3 (e.g.
protein processing machinery), which appears to be a central
theme of the transcriptomic transformation in extremely
freeze-tolerant C. costata larvae.

Expression of genes related to the category ‘Protein pro-
cessing’ was the most contrasting between larval variants;
compared to early diapause, two genes were downregulated
in late diapause, while 15 genes were upregulated with cold
acclimation (figure 1b; electronic supplementary material,
spreadsheet S1). Some pathways appeared to be statistically
rather than biologically upregulated with progression from
early to late diapause. For example, upregulation of KEGG
pathway ko04141 (Protein processing in the endoplasmic reti-
culum) in late relative to early diapause was driven primarily
by only a few genes; secretory 61 (Sec61), translocon-associated
protein (TRAP) and Hsp70 (electronic supplementary material,
figure S6). Similarly, the upregulation of pathway ko03050
(Proteasome) during late diapause was extremely weak
(based on two genes, each in only one of the three biological
replicates; see electronic supplementary material, figure 57).
By contrast, the upregulation of both these pathways with
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material, figure S10 for full a description of the upregulated genes and processes.

cold acclimation was supported by a large number of genes
(electronic supplementary material, figures S8 and S9,
spreadsheet S1). The relevance of enhanced protein proces-
sing capabilities for extreme freeze tolerance is discussed in
detail below.

(b) Roles of protein processing in extreme cold
tolerance

As both ice formation and low temperatures threaten the
stability and function of proteins [77], extreme freeze tolerance
should largely rely on enhanced protein protection (stabiliz-
ation and chaperoning), repair (refolding) and/or
degradation of denatured or misfolded proteins. Indeed, a
growing body of literature highlights the importance of protein
management for insect freeze tolerance [7]. Based on transcrip-
tomic analysis, however, we cannot conclusively distinguish
between upregulated responses representing (i) the direct
response to proteins that failed to fold properly (or were
partially denatured) during cold acclimation, and (ii) the
removal of excess proteins that are no longer needed when
the rates of all biological processes were drastically reduced
by low temperature. We hypothesize that at least part of the
upregulation represents (iii) an ‘anticipatory’ response (i.e.
adaptive preparation for cold and freeze-dehydration stresses
most likely to be endured during the overwintering period,
which is supported by previous studies in flesh flies [78,79]).
Cold and freeze-dehydration stresses may impact the
process of nascent proteins’ folding or mature proteins’
higher-order structures, causing their misfolding or unfold-
ing, respectively. In both cases, the aberrant proteins elicit a
complex network of responses including recognition, target-
ing, transport, refolding or elimination by degradation. A
visual synthesis (based on results of DE analysis and KEGG
analysis) of this enhanced machinery accompanying cold
acclimation (i.e. acquisition of extreme freeze tolerance) is
provided in figure 2 (see also electronic supplementary

93

material, figure S8 for the relevant KEGG pathway). We com-
ment only briefly on the major elements of this machinery
below and provide more specific descriptions of the roles of
the individual genes in electronic supplementary material,
figure S10).

In the endoplasmic reticulum (ER), misfolded proteins
are eliminated by ER-associated degradation (ERAD). In
this process (as summarized by [80]), misfolded proteins
are exported (retrotranslocated) to the cytosol and ubiquiti-
nated, which targets them for degradation by the 265
proteasome. Accumulation of misfolded proteins above
the ER folding capacity (ER stress) initiates the unfolded
protein response (UPR), which increases chaperone
production and either allows recovery from ER stress or
may result in apoptotic cell death. A single gene (coding
for ATF4) was downregulated among three pathways that
sense ER stress (i.e. those initiated by PERK, ATF6 and
IRE1; electronic supplementary material, figure S8). This
lack of differential expression related to actual ER stress
indirectly supports the hypothesis that anticipatory
enhancement of chaperones and other effectors of UPR
occurs to deal with misfolded protein load that likely
comes after future cold shock. Four genes upregulated in
extremely freeze-tolerant larvae encoded proteins involved
in misfolded protein recognition and targeting for ERAD:
Hsp40, ERp60, Bap31 and UGGT. Another four genes
encoded proteins involved in retrotranslocation of ERAD-
targeted proteins to the cytosol: TRAP, Sec61, OST and
Trpl (figure 2). Cold acclimation also resulted in increased
expression of multiple genes involved in protein ubiquitina-
tion (electronic supplementary material, figure S8), as well
as genes encoding proteasome subunits (electronic
supplementary material, figure S9).

In extremely freeze-tolerant larvae, six genes encoding
chaperones involved in mature protein stabilization and
refolding were upregulated: Hsp83, Hsp70, Hsp40, BAG2
and two sHSPs (Hsp22 and Lethal(2)efl) (figure 2). Hsp70
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Figure 3. Freeze tolerance (a) and expression patterns of select sequences (b—d) in third instar malt fly larvae. In freeze tolerance assays (a), larvae were plunged
into liquid nitrogen for 1 h using the optimum protocol described earlier [23]. After thawing, larvae were moved to long days at 18°C for six weeks and the
emergence of adult flies was scored as the ultimate criterion of survival. Bars show means +s.d. and the numbers below each bar show the total number of
larvae subjected to the assay (with the number of different fly generations assayed given in parentheses). Examples of transcriptional profiles are shown for
three select sequences (b—d). Each bar (representing a particular phenotypic variant, figure S1) is the mean =+ s.d. (n = 4) relative expression of the target sequence
compared to four reference genes (via RTqPCR). The relative expression in phenotypic variant SD6 (early diapause) is arbitrarily set to 1 and the expressions in all
other variants are normalized to it. Shaded areas behind the bars indicate survival in liquid nitrogen for SD larvae (grey shading) and SDA larvae (blue shading), as
derived from (a) (note that survival was zero for non-diapause LD larvae and also SD3 larvae).

(with co-chaperones BAG2 and Hsp40) and Hsp83 may
additionally cooperate with co-chaperone CHIP to direct sub-
strate proteins for degradation [80-86]. Similarly, the gene
coding for Chaperonin-containing T-complex 1 (CCT1),
which facilitates the folding of cytoskeletal (and other) pro-
teins [87], was also upregulated. The importance of
cytoskeletal protection and repair for maintaining cell struc-
ture, tissue integrity and transport function at low
temperatures is supported by a growing number of studies
ininsects, including the malt fly [88-92]. Lethal(2)efl and mito-
chondrial Hsp22 stabilize and facilitate denatured protein
refolding, preventing protein aggregation [93,94]. Through
this enhanced protein processing, cold-acclimated malt fly
larvae likely have an improved ability to remove damaged
proteins before they reach toxic levels in the cytosol and/or
before they accumulate to levels that induce ER stress, thereby
avoiding induction of apoptotic pathways and subsequent cell
death during and after cold exposure [80]. Taken together, this
machinery is likely protective against protein crowding and
denaturation at extremely low temperatures and/or upon
cellular freeze dehydration.

() Candidate cryoprotective genes

Cryopreservation survival analyses (figure 3) confirmed that
non-diapause larvae (LD3) and relatively young larvae des-
tined to diapause (SD3) have no ability to survive in liquid
nitrogen. A moderate capacity for such survival occurred in
diapause maintenance phenotypes (SD6, SD12) but was lost
with long-term maintenance (SD24). Truly extreme freeze tol-
erance (the highest capacity for survival in liquid nitrogen)
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was found in cold-acclimated larvae at 12 weeks (SDA12),
which perfectly confirmed our earlier results [23,35], but
this was again partially lost with increasing time of storage
at low temperature (SDA24). Examples of transcriptional pro-
files for three selected sequences are depicted in figure 3b—d,
while all profiles are shown in electronic supplementary
material, figures S11-S13. The transcriptional profiles of
lethal(2)efl (electronic supplementary material, figure S11B)
and hsp70 (electronic supplementary material, figure S11E)
matched relatively well with extreme freeze tolerance. Among
the heat shock genes, the mitochondrial hsp22 (figure 3b)
stood out as a particularly interesting candidate considering
its 7.5-fold increase in expression with cold acclimation
(SDAY) relative to early diapause (SD6). Although expression
of hsp22 in non-diapause larvae (LD3) was also very high, the
gene need not be necessarily removed from the list of candidate
cryoprotective macromolecules. Hsp22 localizes to mitochon-
dria [92] and may play very different roles in the two distinct
physiological contexts: LD (direct development, rapid
growth, high activity) versus SDA (diapause, deep metabolic
suppression, no activity). The rapid metabolism of LD larvae
must be supported by high activity of their mitochondria,
and (in D. melanogaster) hsp22 expression is upregulated with
ageing and oxidative stress [95] as well as in response to
rising ecdysone titres just prior to pupation [96,97]. These
stimuli for hsp22 upregulation are absent in the C. costata
SDA phenotype. We also know that C. costata mitochondria
are particularly susceptible to cryoinjury in LD larvae but are
robust to freezing challenges in SDA larvae (T. Stétina & V.
Kostal 2018, unpublished results). Potentially, Hsp22 could
act (synergistically with other cryoprotectants and DE
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chaperones) in SDA larvae to preserve mitochondrial structure
during freeze-dehydration insult.

Transcriptional patterns of four other annotated but func-
tionally poorly characterized genes are shown in electronic
supplementary material, figure S12. Lsp2 was characterized
by extremely high expression in non-diapause LD3 larvae
(more than 1000-fold higher than in early diapause), corre-
sponding well to the proposed function of larval serum
proteins as amino acid stores that rapidly build up in the
haemolymph of larvae just prior to pupation [98]. Interest-
ingly, Isp2 transcripts also gradually accumulated and
reached considerably high levels (up to 100-fold) in cold-
acclimated larvae relative to those in early diapause
(electronic supplementary material, figure S12A). As ice
forms in the extracellular space of malt fly larvae [35], it is
possible that haemolymph-abundant Lsp2 protein may
somehow interfere with ice crystal growth. The expression
of Corp (which is induced by DNA damage in D. melanogaster
[99]) increased more than 10-fold in malt fly larvae upon cold
acclimation (electronic supplementary material, figure S12B).
Corp protein inhibits the pro-apoptotic activity of p53 and
may thus mitigate apoptotic cell death for cold-acclimated
larvae following a freezing challenge [99]. The transcripts of
yellow d (electronic supplementary material, figure S12C)
and GARP (electronic supplementary material, figure $12D)
showed strong and persistent upregulation response to cold
acclimation. The yellow family contains functionally poorly
characterized genes that are most likely involved in melanin
formation [100]. As development at lower temperatures
increases melanin deposition in drosophilids (e.g. [101]),
this might partially explain our results. GARP is a structural
homologue of the functionally uncharacterized D. melanoga-
ster gene CG43106 (putative GARP AOAOB4K825), but the
relevance of this protein for extreme freeze tolerance is
currently unclear.

Over half of the DE genes significantly up- or downregu-
lated with cold acclimation coded for uncharacterized
proteins or had no putative identities at all. Transcriptional
profiles of five selected unidentified candidates are shown
in electronic supplementary material, figure S13. Ideally,
this set of unidentified genes contains novel and potentially
important cryoprotectants. For instance, the uncharacterized
Seq102667 (figure 3c) showed almost a perfect match to the
profile of extreme freeze tolerance, while the unannotated
Seq93437 (figure 3d) showed extremely strong and persistent
response to cold acclimation. For select unannotated
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The accumulation of trehalose has been suggested as a mechanism under-
lying insect cross-tolerance to cold/freezing and drought. Here we show
that exposing diapausing larvae of the drosophilid fly, Chymontyza costata
to dry conditions significantly stimulates their freeze tolerance. It does not,
however, improve their tolerance to desiccation, nor does it significantly
affect trehalose concentrations. Next, we use metabolomics to compare the
complex alterations to intermediary metabolism pathways in response to
three environmental factors with different ecological meanings: environ-
mental drought (an environmental stressor causing mortality), decreasing
ambient temperatures (an acclimation stimulus for improvement of cold
hardiness), and short days (an environmental signal inducing diapause).
We show that all three factors trigger qualitatively similar metabolic
rearrangement and a similar phenotypic outcome—improved larval freeze
tolerance. The similarities in metabolic response include (but are not restricted
to) the accumulation of typical compatible solutes and the accumulation of
energy-rich molecules (phosphagens). Based on these results, we suggest
that transition to metabolic suppression (a state in which chemical energy
demand is relatively low but need for stabilization of macromolecules
is high) represents a common axis of metabolic pathway reorganization
towards accumulation of non-toxic cytoprotective compounds, which in
turn stimulates larval freeze tolerance.

1. Introduction

In environmental physiology, cross-tolerance is defined as an interaction
between physiological responses to different stressors which elicit common
mechanisms of cellular protection [1]. From an ecological perspective, the
concept of cross-tolerance is a logically clear and robust explanation for
evolutionary adaptation of organisms exposed to multiple stressors simul-
taneously in nature. Deeper analysis of the underlying physiological
principles would shed light on evolutionary histories of adaptation to environ-
mental stress and allow us to predict future responses to multiple stressors in a
changing climate [1-3].

Overwintering insects are often exposed to two stressors simultaneously;
low temperatures and low availability of liquid water [4,5]. Moreover, freeze-
tolerant insects regulate (and often actively induce) extracellular ice formation
in their bodies when exposed to subzero temperatures [6,7]. This extracellular
freezing concentrates the liquids surrounding cells and, consequently, causes
osmotic outflow of water from cells (termed freeze-dehydration) [8-10]. Ring
& Danks [11] hypothesized that physiological responses to cold /freezing and
drying may overlap and represent an exemplary case of insect cross-tolerance.
Indeed, improvement of freeze tolerance in response to desiccation was
observed in at least three insect species: larvae of the sub-Antarctic moth,

© 2022 The Author(s) Published by the Royal Society. All rights reserved.
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Pringleophaga marioni [12]; larvae of the goldenrod gall fly,
Eurosta solidaginis [13]; and larvae of the Antarctic midge,
Belgica antarctica [14,15].

The malt fly, Chymomyza costata is among the most north-
erly occurring drosophilids, inhabiting holarctic cold
temperate and subpolar regions. It is, for instance, by far the
most common drosophilid species found in Finland north of
the Arctic circle [16]. Larvae of C. costata are extremely freeze
tolerant and can even survive after cryopreservation in liquid
nitrogen for at least 18 months [17-19]. Although the micro-
habitats where larvae of approximately 60 Chymomyza
species dwell are poorly known, they are (as in other drosophi-
lids) probably associated with decaying plant material [20-22].
The adults are attracted to cut wood, and larvae probably live
and overwinter under the bark of fallen trees, feeding on
decaying phloem rich in fungal mycelia [20] (personal com-
munication, Kimio Shimada, Hokkaido University, Sapporo,
Japan). Such microhabitats are often exposed to severe frosts
during Arctic and temperate winters, and in theory may also
suffer from transient evaporative desiccation. This prompted
us to assess the cross-tolerance capacity of C. costata larvae to
drought and cold/freezing, with a focus on the physiological
mechanisms.

Several physiological changes were proposed to be
involved in cross-tolerance to freezing and drought stress
based on correlative evidence: (i) upregulation of molecular
chaperone proteins, specifically heat shock proteins (HSPs)
[23] or late embryogenesis abundant-like (LEA-like) proteins
[24]; (i) restructuring of phospholipid bilayers in biological
membranes [25]; (iii) stimulated activity of antioxidant and
detoxification systems [26]; (iv) upregulation of aquaporins
[27]; and particularly (v) biosynthesis of the disaccharide tre-
halose [28,29]. The accumulation of trehalose has been
ubiquitously reported from dehydration-stressed organisms
across multiple taxa [30,31] including freeze-tolerant insects
[32,33]. Trehalose, in addition to being the primary insect
blood sugar [34], may act more or less as an inert regulator
of osmotic pressure (osmolyte) in the dehydrating cell [35],
but trehalose is also famous for its exceptional capacity to
stabilize proteins and biological membranes at low water
activities [36,37] and for its ability to stimulate transition of
liquid solutions to the amorphous glass phase [38]. In
response to various stressors, many organisms accumulate
trehalose along with a set of other sugars, polyols and
amino acids. These compounds are collectively known as
compatible or compensatory solutes, having both weak
cytotoxic effects and non-specific (osmotic) and specific
cytoprotective effects (stabilization of macromolecules)
[35,39,40]. The hypothesis put forth by Pullin [41] posits
that the generally observed accumulation of sugars and
other non-toxic solutes might be a byproduct of metabolic
suppression-linked  alterations to insect intermediary
metabolic pathways.

Although the conceptual framework of cross-tolerance to
cold, freezing and drought stresses in insects is compelling,
direct evidence for commonality of underlying physiological
mechanisms is scant. Here, we analyze the metabolic response
of C. costata larvae to drought. First, we show that exposure to
drought improves larval freeze tolerance. Next, we show that
while drought exposure is not associated with massive
accumulation of trehalose, it does induce accumulation of
three amino acids (proline, glutamine and asparagine) which
also reach high concentrations in cold-acclimated larvae
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[18,42]. Last, we show that exposure to drought, acclimation
to cold, and entry into diapause cause qualitatively similar
alterations to metabolic pathways. The accumulation of com-
patible solutes is observed in all three cases and is always
accompanied by accumulation of phosphagens (ATD GTF,
3-phosphoglycerate, phosphoenolpyruvate, phosphoarginine),
suggesting that metabolic suppression, according to Pullin’s
hypothesis [41], might represent a common axis for reorganiz-
ation of metabolic pathways in response to different
environmental stimuli: drought, cold and short days—all
eventually leading to improvement of larval freeze tolerance.

2. Material and methods

(a) Insects and drought acclimation

A colony of Chymomyza costata, Sapporo strain [43], was reared
on an artificial cornmeal-yeast-agar diet supplemented with
ground malted barley in MIR154 incubators (Sanyo Electric,
Osaka, Japan) as described previously [44,45]. Figure 1 shows
the drought acclimation experiment in the context of our pre-
vious studies where we used several phenotypic variants of 3¢
instar diapausing larvae: SD3, SD6, SD11 and SDA (for more
explanation, see figure 1) that differ dramatically in freeze toler-
ance and survival after cryopreservation in liquid nitrogen
[17-19,42,47]. In this study, we focus on the relatively short
period during diapause maintenance at a high temperature
(18°C) and short-day photoperiod to compare the metabolic
responses of larvae exposed to humid and dry conditions.
Samples of larval diet (approx. 50 mg) were taken for analysis
of diet moisture content (fresh mass — dry mass after 3 days of
drying at 65°C) and the larvae were sampled for cryopreserva-
tion assays and for metabolomic analyses as described below
and schematically shown in figure 1 (open circles).

All experimental larvae came from eggs laid by a single large
group of C. costata adults. The young larvae were reared
under diapause-promoting conditions (18°C/SD) in a ‘humid”
MIR154 incubator (equipped with a tray with distilled water
and folded filter paper evaporators). When the larvae were
three weeks old (stage SD3 according to figure 1), they were
extracted from the diet and only large specimens were selected
to ensure ‘synchrony’ of the developmental stage. The synchro-
nized larvae were divided into groups of exactly 60 larvae per
vial onto 3 g of freshly prepared larval diet and returned to the
humid incubator. Such handling ensured that initial conditions
were closely similar for all larvae. The larvae were first sampled
at six weeks of age (SD6). The remaining vials were then
randomly divided between the humid and ‘dry’ incubators.
The dry MIR154 incubator (18°C/SD) was equipped with one
tablet (450 g) of a desiccant Aero360° (Ceresit, Henkel, Czech
Republic). The temperature inside the larval diet and relative
humidity of the air inside both incubators was monitored
using a Temperature-humidity logger $3121-2 (Comet, Czech
Republic) (electronic supplementary material, figure S1).

(b) Freezing and cryopreservation survival assays

Larvae were sampled from humid (SD6, SD8) and dry incubators
(D1, D3) and frozen using a previously developed optimal freez-
ing and cryopreservation protocol [18]. The protocol consisted of
six steps set in a Ministat 240 programmable cryostat (Huber,
Offenburg, Germany): (i) 20 min of larval manipulation at 0°C
(washing larvae out of the diet, dividing into groups of 20 speci-
mens, and placing them into 3 ml plastic tubes between two
layers of moist cellulose); (i) slow pre-freezing to —30°C (with
a small ice crystal added on top of the moist cellulose) for
300 min (cooling rate, 0.1°C min“'); (iii) keeping larvae at either
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Figure 1. Phenotypic variants of Chymomyza costata larvae and the drought-acclimation experiment. The drought-accimation experiment schematic (right) includ-
ing three successive stages of drought stress (D1, D2 and D3) is shown in the context of our earlier studies on different acclimation/phenotypic variants of C costata
(left). All larvae were reared under short day photoperiod (SD, 12 h light : 12 h dark) which induces diapause. The phases of diapause development (according to
[46]) are indicated by colored lines and rectangles (left): the phenotypic variants SD3 (diapause entry), SD6 (early diapause maintenance), SD11 (late diapause
maintenance) and SDA (cold acclimation) differ dramatically in survival after cryopreservation in liquid nitrogen: the mean + s.d. % survival to the adult stage
is shown for previously studied variants (according to [17-19]). Diet and larvae were sampled from humid and dry incubators as indicated by open circles
(right). The exact temperature and air-humidity conditions in humid and dry incubators are shown in electronic supplementary material, figure S1. (Online version

in colour.)

—30°C for 60 min or plunging them into liquid nitrogen for
60 min (cooling rate, 2-4°C s"]); (iv) transfer from liquid nitrogen
to —30°C (heating rate, 1-2°C s™"); and (v) heating from —30°C to
+5°C over 60 min (heating rate, 0.6°C min~! ); (vi) melting at +5°C
for 10 min. Adding a small ice crystal at the beginning of step (ii)
induces inoculative internal freezing in larvae [18]. Upon melting
(end of step vi) the moist cellulose was unwrapped and trans-
ferred, together with larvae, to fresh diet. The following day,
the cellulose was removed and larval survival was scored consid-
ering larvae showing spontaneous movements as alive. The
ultimate criterion for survival was the ability to metamorphose
into adults within 42 days at constant 18°C and long day
(L16 h: D8 h) conditions. Differences between treatments for
survival to the adult stage were assessed using contingency
tables and two-tailed Fisher’s exact tests (Prism v. 6.07,
GraphPad Software San Diego, USA).

() Metabolomics and statistics

Whole C. costata larvae (pools of five larvae in each of four bio-
logical replicates) were sampled from humid (SD6, SD8) and dry
incubators (D1, D2, D3). The larvae were weighed to obtain fresh
mass, plunged into liquid nitrogen, and stored at —80°C until
analysis. Details on extraction of metabolites from larval samples
and analysis using four different mass spectrometry-based (MS)
analytical platforms as described previously [42,48] are shown in
the electronic supplementary material.

A subset of 36 metabolites were subjected to absolute quanti-
tative analysis using a standard calibration curve method, which
is important when searching for compatible solutes known to
operate at relatively high absolute concentrations. The results
were expressed in nmol mg~' FM and subjected to unconstrained
principal component analysis (PCA; Canoco v. 5.10 [49]) in order
to reveal clustering of samples and treatments and to identify
major drivers of the metabolic response to drought acclimation.
The data were not transformed prior to statistics, making the
analysis more sensitive to absolute concentrations. The means
were centered (a total mean was subtracted from each value),
and the variations around means were standardized (each
value was divided by a total mean standard deviation). In
addition, six select metabolites (proline, glutamine, asparagine,
leucine, trehalose and sorbitol) were subjected to one-way
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ANOVA followed by Bonferroni’s multiple comparison test
(GraphPad Prism v. 6.07).

Another subset of 60 metabolites were subjected to relative
quantification using the areas under respective chromatographic
peaks. This analysis is primarily sensitive to fold-differences
between treatments. The results were expressed as log,-fold
changes in peak areas for treatments (SD8, D1, D2, D3) compared
to the initial value (SD6). In order to reveal general response pat-
terns of whole metabolic pathways to treatments, the results were
mapped onto a schematic map of intermediary metabolism.

3. Results
(a) Exposure to dry conditions stimulates freeze
tolerance

The larval diet gradually lost moisture in the dry incubator
while diet moisture remained practically constant in the
humid incubator (figure 22). By day 18 (corresponding to
larval sample D3), the diet had lost approximately 80% of its
original water content and its sensory character changed
from a semiliquid mash to a very dry paste. By contrast to
the dramatic loss of water from the diet, larvae in the dry incu-
bator maintained practically constant body water content
(protected body water) at least for 14 days (figure 2b). A stat-
istically insignificant trend of larval water loss occurred only
between days 14 and 18 (from D1 to D3). During sampling,
we noticed that all larvae were alive on day 14 (D1), a few
dead larvae were seen on day 16 (D2), many were dead on
day 18 (D3), and all larvae were dead on day 20 (no sampling
possible). Although we have not collected exact quantitative
data on larval mortality, it is obvious that C. costata larvae
are highly sensitive to drying of their environment and have
only minimal desiccation tolerance; larvae die upon losing
approximately 5% of their body water content. Apparently,
C. costata larvae are not evolutionarily adapted to cope with
the eventuality of drought stress and show no drought-acclim-
ation response. This high sensitivity to drying made further
experimentation on larval drought acdimation impossible.
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Figure 2. Effect of drought exposure on freeze tolerance in Chymomyza costata larvae. (a) Water content in the larval diet decreased steeply in the dry incubator
during the drought-acclimation experiment, but remained relatively high in the humid incubator; (b) the water contents in larval bodies remained similar in both
incubators (ANOVA did not detect any influence of the time of sampling on larval hydration: humid: £, = 2.376; p = 0.337; dry: F415 = 1.932; p = 0.159; GraphPad
Prism v. 6.07) although the larvae in the dry incubator showed a trend of body water loss corresponding with rapidly increasing mortality between days 14 and 18.
No mortality was observed in the humid incubator (larvae can survive for months in a moist diet); (c) survival until the adult stage after slow inoculative freezing of
the larvae to —30°C; and (d) cryo, survival after plunging the slowly pre-frozen larvae into liquid nitrogen for 1 h (numbers in parentheses show the numbers of
larvae in the assay). The differences in survival percentage between each treatment (SD8, D1, D3) and initial state (SD6) were assessed using Chi-square Fisher's
exact tests (GraphPad Prism v. 6.07) and significant p-values are shown. (Online version in colour.)

Diapausing larvae exposed to dry conditions showed a
highly significant improvement in tolerance to freezing and
especially to cryopreservation stress (figure 2c,d). Only 1%
(SD6) and 3.3% (SD8) of larvae reared in the humid incubator
survived cryopreservation stress, while 12% (D1) and
24% (D3) of larvae reared in the dry incubator were able to
survive the same stress. The larvae of the same age that
were sampled from humid and dry incubators (i.e. SD8 and
D1) had practically equal water contents, yet differed signifi-
cantly in freeze tolerance (Fisher’s exact test, p =0.0108*) and
cryopreservation tolerance (Fisher’s exact test, p = 0.0010**).

(b) Exposure to dry conditions causes metabolic

rearrangement
The detailed results of absolute quantification of 36 metab-
olites are shown in electronic supplementary material, table
S1 and figure 3a shows PCA results for the whole dataset
(for easier visualization, different treatments were high-
lighted using coloured ellipses). The PC1 axis explains
44.8% of the cumulative variation in the model. A distinct
clustering of treatments along the PC1 axis demonstrates
differences in the global metabolic composition among treat-
ments. The variation of results within treatments is reflected
as a spread of data points along the PC2 axis (12.9% of vari-
ation explained). Three amino acids (proline, glutamine and
asparagine) were the most important positive correlates,
while three other amino acids (leucine, isoleucine and
valine) were the most important negative correlates of the
overall metabolic response to dry conditions. There was a
notable difference in the absolute concentrations between
two amino acid groups: the mean sum concentration of
Pro + GIn + Asn increased from 61.0 to 167.4 nmol mg" FM,
while the mean sum of Leu +Ile + Val decreased from 1.5
to 0.8nmolmg™ FM (electronic supplementary material,
table S1). Examples of important drivers of the metabolic
response are shown in figure 3b. We also depict the changes
in trehalose and sorbitol concentrations as their loading
vectors are tightly associated with the cluster of D3 larvae.
Moreover, trehalose is considered as a central element of
drought acclimation in many organisms. The differences in
trehalose concentrations were relatively small, although the
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1.2-fold increase of trehalose concentration between SD6
and D3 was statistically significant.

(c) Drought stress and short day length elicit similar

metabolic rearrangements
The complete results of the relative quantification of 60
metabolites are shown in electronic supplementary material,
table 52 while electronic supplementary material, figure S2
summarizes the results graphically. Three major messages
can be derived from the relative quantification. First, the
accumulations of proline, glutamine and asparagine (as
well as a moderate accumulation of trehalose) during
drought stress were confirmed in D3 larvae. Second, different
high-energy molecules (phosphagens) such as ATF, GTP,
phosphoarginine, 3-phosphoglycerate and phosphoenolpyr-
uvate were accumulated during drought stress. This was
countered by decreasing concentrations of ADF, AME GDP
and GMP, suggesting that energy expenditure was signifi-
cantly reduced during drought stress. Third, there was a
striking and broad qualitative similarity in the complex
metabolic rearrangements linked to diapause maintenance
(transition from SD6 to SD8, a response to short day
length) and drought stress (transition from SD6 to D3). The
heat map (electronic supplementary material, table S2)
shows that the trends of changes (upregulation versus down-
regulation) to the two treatments share the same direction
(colour, quality) and differ only in intensity of colour
(quantity). Using the arbitrary threshold of 1.5-fold (i.e.
0.58 log,-fold) to exclude the marginal differences, there is
no single case where the trends of changes in response to
short days and drought would go in opposite directions (elec-
tronic supplementary material, table S2). The similarity of
metabolic responses to drought and short days was broader
than just the accumulation of three amino acids, trehalose
and phosphagens. Concerted changes were also found in:
(i) one carbon (methylation) metabolism (accumulations of
serine and sarcosine countered by depletion of choline, gly-
cine, methionine and cysteine); (i) a trend towards
depletion of non-essential amino acids valine, leucine and
isoleucine countered by increasing lysine; (iii) activation of
the pentose cycle suggested by accumulation of 6-phosphate
gluconate, which produced reducing power (NADPH)
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Figure 3. Absolute quantification of 36 select metabolites in Chymomyza costata larvae. (a) A principal component analysis shows distinct clustering of samples (circles)
according to treatments (highlighted using coloured ellipses). The loading vectors (arrows) for all 36 metabolites are shown, while identities are shown for select metab-
olites only (more details in the text); (b) the differences in absolute concentrations of six select metabolites between various treatments of the drought-acclimation
experiment were assessed by one-way ANOVA (F-statistics and p-values shown) followed by Bonferroni’s multiple comparison test (columns flanked by different letters
are significantly different). The complete metabolomics dataset is presented in electronic supplementary material, table 1. (Online version in colour.)

probably used for (iv) higher production of sorbitol from glu-
cose or proline from pyrroline 5-carboxylate (electronic
supplementary material, figure S2).

4. Discussion

Here, we show that the drought-exposed diapausing larvae
of C. costata do not increase their tolerance to desiccation
but do increase their tolerance to another environmental
stressor—freezing. Further, we show that drought-exposed
diapausing larvae accumulate specific metabolites (trehalose,
sorbitol, proline, glutamine and asparagine) that are collec-
tively known as compatible solutes [35]. Although this
accumulation response was not sufficient to support drought
tolerance, it might be one of the mechanisms underlying the
increase of freeze tolerance in C. costata larvae. We will first
discuss the potential physiological roles of trehalose and
other compatible solutes in insect freeze tolerance. Next, we
will discuss our results within the conceptual framework of
cross-tolerance.

(a) Physiological mechanisms of cross-tolerance: roles

of trehalose and other compatible solutes
The strongest piece of correlative evidence for the role of
drought-induced trehalose accumulation in insect freeze tol-
erance comes from Benoit et al. [50]. They reported at least
a 3-fold increase of trehalose content (from 6 pug mg™' DM
to more than 18 pgmg™' DM) in the larvae of the midge
Belgica antarctica during slow (5 days) desiccation at 98%
RH and 4°C, when larvae lost approximately 50% of their
body water. Importantly, slow desiccation also improved
larval survival at —15°C (from less than 30% to roughly
90% survival). Furthermore, injecting trehalose into larvae
increased their body trehalose content by 8.6 ng mg_1 DM,
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which was again associated with improved freeze tolerance
(to approx. 55%) [50]. In C. costata larvae, the drought-
induced change in trehalose content was relatively small
(1.2-fold), from 11.4 pg mg™" DM to 13.7 pg mg~' DM (note
that here we use pg mg™' DM units in order to ease the com-
parison to B. antarctica data). The resulting post-acclimation
concentrations of trehalose were, however, broadly similar
in two species; only 1.3-fold higher in B. antarctica than in
C. costata. In addition, we showed previously that trehalose
significantly accumulates in C. costata larvae in response to
cold acclimation and supports freeze tolerance as part of
a cryoprotectant mixture [17,4248]. These results leave
space for reasonable speculation that the relatively high
‘constitutive’ concentration of trehalose (despite its weak
accumulation response to drought) at least partly contributes
to high freeze tolerance of C. costata larvae.

In addition to very moderate accumulation of trehalose,
the drought-exposed diapausing C. costata larvae strongly
accumulated amino acids proline and glutamine. For proline,
the capacity to serve as a potent cryoprotectant is well docu-
mented [17,18,51-55]. Glutamine has been reported as a
beneficial additive in mixtures of protective agents used to
cryopreserve sperm of different mammals [46,56]. The final
levels of the three most concentrated molecules in drought-
stressed (D3) larvae were: proline, 88 nmol mg™" FM; gluta-
mine, 71 nmol mg_' FM; and trehalose, 14.8 nmol mg~1 FM.
The same molecules were previously detected as the three
most concentrated components of a cryoprotective mixture
accumulated by the extremely freeze-tolerant phenotype—
diapausing cold-acclimated larvae (SDA; see figure 1a). The
concentrations in SDA larvae reached 236; 17; and 36 nmol
mg~' FM for proline, glutamine and trehalose, respectively,
in whole body [18] or 313, 55 and 108 mmoll™" in haemo-
lymph [42]. The drought- and cold-exposed diapausing
larvae thus accumulated the same molecules yet in different
ratios and different final amounts.
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Whether and how the composition of the cryoprotective
mixture influences the larval freeze tolerance in vivo is cur-
rently unknown. The investigation into mechanisms in vivo
is hindered by the great complexity where individual cryo-
protectants may interact differently and where multiple
adaptive mechanisms in addition to accumulation of cryopro-
tectants are involved [33,42,57,58]. It is true, however, that
freeze-tolerant organisms (including insects) often accumu-
late cryoprotective mixtures in which the different
cryoprotective molecules might in theory either be inter-
changeable or may play specific roles [7,57,59]. Based on
theory, results of in vitro experiments with cryoprotective
molecules and physico-chemical and thermodynamic model-
ling of their interactions with water and macromolecules
(references to relevant studies will follow) lead us to specu-
late that proline, glutamine and trehalose might be
interchangeable in the following cryoprotective functions:
(i) all three molecules can serve as osmolytes reducing the
ice fraction and, thereby, the extent of freeze-dehydration at
any given subzero temperature [8,10]; and (ii) all three mol-
ecules are preferentially excluded from the vicinity of
proteins and phospholipid bilayers, which renders these
macromolecular structures preferentially hydrated and less
prone to denaturation (proteins) or phase transition (mem-
branes) in cold or at decreasing water activity associated
with partial loss of water during freeze-dehydration [60].
Other cryoprotective functions are linked to specific mol-
ecules. Trehalose [38], but not proline or glutamine [42,61],
stimulates transition of liquid solutions to an amorphous
glassy phase during freezing, which protects macromolecules
against unwanted transitions such as protein unfolding [62].
Proline at high concentrations strongly hydrogen-bonds
with water, together forming a dense viscoelastic liquid
[63-65], which may help to protect the cells stressed by
freeze-drying [42,66]. Although all three molecules may
theoretically act as antioxidants, this role was specifically
mentioned in the case of glutamine and cryopreservation of
mammalian sperm [67].

(b) Conceptual framework of cross-tolerance
Conceptually, two types of coordinated physiological
response to different environmental stressors were distin-
guished by Sinclair et al. [1]: cross-tolerance and cross-talk
(for more explanations, see electronic supplementary
material, figure S3A, B). As C. costata larvae do not tolerate
loss of body water caused by environmental drought, they
do not represent a canonical example of cross-tolerance to
cold and drought. Despite sharing a common aspect of
liquid water loss, freeze-dehydration and desiccation stresses
may differ significantly in other aspects and may therefore
require specific physiological adaptations in addition to
some ‘overlapping adaptations’ (e.g. the accumulation of
compatible solutes) as proposed by [11].

Comparing the results of the present work with our pre-
vious metabolomics studies on C. costata [18,42,48] we
noticed that the diapausing larvae exhibit strikingly similar
metabolic rearrangements in response to environmental
drying (this study), cold stimulus [18,4248], and even to
short day photoperiod (i.e. to the transition to diapause
itself; this study and [48]). The three factors have different
ecological meanings (drought is a stressor causing mortality;
cold is an acclimation stimulus improving the cold hardiness;
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short day photoperiod is an environmental signal inducing
and maintaining diapause), yet they invariably caused simi-
lar phenotypic outcomes—the improvement of freeze
tolerance. The major aspects of this uniform metabolic
rearrangement were: (i) accumulation of compatible solutes
including proline, glutamine, asparagine, trehalose and sorbi-
tol; (ii) accumulation of different energy-rich molecules—
phosphagens; (iii) depletion of the products of ATP hydroly-
sis. The observations (ii) and (iii) show that the changes in
energy utilization (ATP turnover) were central to the meta-
bolic rearrangement, which suggests that metabolic
suppression could occur in response to all three factors.
Although we did not directly measure the metabolic rate in
C. costata larvae in this study, metabolic suppression is one
of the hallmarks of insect diapause and animal dormancy
in general [68]. Similarly, the metabolic suppression is
highly likely to accompany the gradual decrease of ambient
temperature from 18°C to 4°C (the cold-acclimation treat-
ment). Metabolic suppression during drought exposure is
suggested by the gradual increase in five different phospha-
gens countered by the decrease of products of ATP and
GTP hydrolysis during three successive stages of drought
stress. We speculate that metabolic suppression in drought-
exposed larvae might be triggered by starvation caused by
lack of sufficient quality (moisture) of the larval food.

The observation of striking similarities in metabolic
(rearrangement and suppression) and phenotypic (freeze tol-
erance) responses to different environmental factors leads us
to discuss how the case of C. costata fits into broader concepts
of animal adaptation to harsh environmental conditions. In
accordance with the hypothesis suggested by Pullin [41],
we assume that general metabolic suppression might play a
role as a common axis for reorganization of metabolic path-
ways in C. costata (electronic supplementary material, figure
S3C). Pullin’s hypothesis posits that the metabolic suppres-
sion linked to evolutionary ancient insect diapause in the
tropics resulted in accumulation of relatively low concen-
trations of carbohydrates which may have initially been
selectively neutral. Selection for enhanced carbohydrate
accumulation may have first occurred in response to drought
stress in tropical and sub-tropical regions but has more
recently been selected for its cryoprotectant function in cold
temperate and polar climates, allowing colonization of these
regions [41]. Hence, Pullin’s hypothesis implicitly presumes
that the same molecules are involved in insects’ protection
against deleterious effects linked to drought and cold stres-
ses. A similar assumption occurs also in the concepts of
insect cross-tolerance formulated by Sinclair [1] or insect
‘overlapping adaptation’ to drought and cold stress
formulated by Ring & Danks [11,28].

Extending the discussion beyond the realm of insects and
broadening it to stressors other than drought and cold, the
theory of compatible solutes (reviewed in [40], pp. 217-289)
explains why diverse organisms across phyla exposed to var-
ious forms of stress always accumulate the same basic classes
of compatible solutes—sugars, amino acids, and methyl-
amines [39]. According to the theory, the same compounds
are being repeatedly ‘discovered’ by convergent evolution
for three interlocked reasons: (i) the physico-chemical properties
of compatible solutes dictate their strong interactions with
water molecules (high solubility), (i) yet weak interactions
with proteins and other macromolecules (low toxicity), and
(iii) stabilization of macromolecules and cellular structures

ndfya10sjefo H

80€0TZ0T 68T g 205 Y 0id



Downloaded from https://royalsocietypublishing.org/ on 08 June 2022

against perturbing effects linked to dehydration, extreme
temperatures, freezing and even high hydrostatic pressure
[40,69] (see also §4 (a) for concrete examples of proposed phy-
sico-chemical mechanisms of freeze-tolerance). Under harsh
environmental conditions, the compensation of physiological
functions is often impossible, which leads to entry into some
sort of dormancy where the need for chemical energy turn-
over is relatively low (metabolic suppression). By contrast,
the need for stabilization of macromolecules against perturb-
ing effects is relatively high (cytoprotection). This leads us to
speculate that metabolic suppression and the accumulation of
cytoprotectants might be metabolically interlocked or, at
least, co-evolved in many independent cases where various
organisms encountered environmental stress.

Overall, our observation of uniform metabolic rearrange-
ment and accumulation of compatible solutes in diapausing
C. costata larvae in response to three different environmental
factors (drought, cold, short days) fits well into a broader pic-
ture that presents similar metabolic responses in organisms
exposed to diverse environmental stresses. However, we
also wish to point out the limits of too flatly interpreting
the compatible solute accumulation. Despite significant

commonalities existing between cold /freezing and drought
stresses, the nature of injuries brought on by these situations
may still differ and, consequently, coping with each stressor
may require acquisition of different (though partially
overlapping) protective complexes.
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ABSTRACT

Insects that naturally tolerate intemal freezing produce complex
mixtures of multiple cryoprotectants (CPs). Better knowledge
on composition of these mixtures, and on the mechanisms of
individual CP interactions, could inspire development of
laboratory CP formulations optimized for cryopreservation of cells
and other biological material. Here, we identify and quantify (using
high resolution mass spectrometry) a range of putative CPs in larval
tissues of a subarctic fly, Chymomyza costata, which survives long-
term cryopreservation in liquid nitrogen. The CPs proline, trehalose,
glutamine, asparagine, glycine betaine, glycerophosphoethanolamine,
glycerophosphocholine and sarcosine accumulate in hemolymph in a
ratio of 313:108:55:26:6:4:2.9:0.5 mmol I-'. Using calorimetry, we
show that artificial mixtures, mimicking the concentrations of major
CPs in hemolymph of freeze-tolerant larvae, suppress the melting point
of water and significantly reduce the ice fraction. We demonstrate
in a bioassay that mixtures of CPs administered through the diet
act synergistically rather than additively to enable cryopreservation
of otherwise freeze-sensitive larvae. Using matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI), we
show that during slow extracellular freezing trehalose becomes
concentrated in partially dehydrated hemolymph where it stimulates
transition to the amorphous glass phase. In contrast, proline
moves to the boundary between extracellular ice and dehydrated
hemolymph and tissues where it probably forms a layer of dense
viscoelastic liquid. We propose that amorphous glass and viscoelastic
liquids may protect macromolecules and cells from thermomechanical
shocks associated with freezing and transfer into and out of liquid
nitrogen.
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INTRODUCTION

Various organisms from bacteria to animals respond to
environmental stressors such as heat, cold, freezing, drought,
hypersalinity and high hydrostatic pressure by accumulating a
stereotypic set of cytoprotective compounds including amino acids,
sugars, polyols and methylamines (Somero, 1986; Yancey, 2005).
This is also true for insects that naturally tolerate extracellular
freezing during overwintering in temperate and polar habitats (Lee,
2010; Storey and Storey, 1988). In such insects, the accumulation of
low molecular weight carbohydrate and free amino acid
cryoprotectants (CPs) is considered a fundamental tenet of their
freeze tolerance (Storey, 1997; Storey and Storey, 1988; Storey and
Storey, 1991; Toxopeus and Sinclair, 2018). Extensive knowledge
has accumulated over many decades about which CPs are present in
many different species (Asahina, 1970; Salt, 1961; Semme, 1982;
Storey and Storey, 1991), but our understanding of how they protect
the insect tissues and cells is far from complete (Toxopeus and
Sinclair, 2018).

Here, we focus on an important but previously neglected aspect
of natural freeze tolerance: the components of complex mixtures of
multiple CPs may contribute to freeze tolerance via additive or even
synergistic mechanisms (Storey and Storey, 1986; Storey and
Storey, 1988; Toxopeus et al., 2019). It is well known from practice
in clinical medicine and biotechnology that combinations of CPs
protect the viability of cryopreserved cells or materials better than
single substances (Elliott et al., 2017). The mixtures may even have
emergent properties, i.e. those beyond the summation of properties
of the individual components. Relatively recently, the existence of
specific mixtures, so-called NADES (natural deep eutectic systems)
in various organisms was proposed (Dai et al., 2013; Choi et al.,
2011). These mixtures consist of stereotypic sets of natural primary
metabolites such as sugars, sugar alcohols, organic acids, amino
acids and amines, and are characterized by a much lower melting
point than that of the individual components, mainly because of the
formation of intermolecular hydrogen bonds (Dai et al., 2015).
These mixtures have been proposed to serve various physiological
functions, including survival of organisms in extreme drought and
cold (Castro etal., 2018; Gertrudes etal.,2017; Liu etal., 2018), and
have also been proposed as new agents for cell cryopreservation
(Homberger et al., 2021). We believe that there may be major
practical consequences of exploring the complex composition of
insect CP mixtures, as they could aid in the development of
applicable cryogenic techniques. Freeze-tolerant insects also offer
the potential for the discovery of novel components, for the study of
interactions between individual components, and for the analysis of
the principles underlying survival after freezing in a complex
organism composed of different cell types and tissues; a complexity
that still poses a challenge for medical cryopreservation (Fahy et al.,
2006; Pegg, 2001).
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It is reasonable to first analyze the suite of CPs accumulated by
the most freeze-tolerant model species, and larvae of the malt fly,
Chymomyza costata (Diptera: Drosophilidae), are among the most
cold-hardy animals known (Des Marteaux et al., 2019).
Overwintering cold-acclimated larvae in diapause can survive
freezing of all osmotically active water (68% of total body water),
down to —75°C, with survival rates similar to those in unfrozen
controls, and they can even survive long-term (18 month)
cryopreservation in liquid N, (Moon et al., 1996; Rozsypal et al.,
2018; Shimada and Riihimaa, 1988). We have previously shown
that high concentrations of the free amino acid proline acquired by
diapausing C. costata larvae during cold acclimation are essential
for the survival of freezing and cryopreservation stress (Kostal et al.,
2011b; Rozsypal et al., 2018).

Here, we extend our previous results to include a whole complex of
CPs accumulated by these fieeze-tolerant larvae. Using a
combination of four chromatographic mass spectrometric (MS)
analytical platforms, we established metabolite profiles of four
different C. costata tissues in two contrasting larval phenotypes
that differ greatly in freeze tolerance and cryopreservability in liquid
N,. By combining the results of the analytical chromatographic MS
analysis with matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry imaging (MSI), we show that freeze-tolerant
larvae accumulate putative CPs in all tissues, but especially in
hemolymph. Using the same technique, we observed changes in
CP localization during slow extracellular freezing associated with
partial dehydration of hemolymph and tissues. We then used
differential scanning calorimetry (DSC) to determine the thermal
phase transition properties of artificial aqueous CP mixtures
mimicking the concentrations of the five most abundant
metabolites in the hemolymph. Finally, we show in a bioassay that
mixtures of CPs administered through the diet work in a synergistic
rather than an additive way to induce strong fieeze tolerance and
cryopreservability in otherwise freeze-sensitive larvae.

MATERIALS AND METHODS
Fly rearing and acclimations
A colony of C. costata, Sapporo strain (Riihimaa and Kimura,
1988), was reared on artificial diet in MIR 154 incubators (Sanyo
Electric, Osaka, Japan) as described previously (Kostal et al., 1998;
Lakovaara, 1969). Two phenotypic variants (LD and SDA) of the
3rd larval instar were generated according to our earlier acclimation
protocols (Des Marteaux et al., 2019; Kostal et al., 201 1b; Rozsypal
et al., 2018) (Fig. Sla). The LD larvae (warm acclimated, active
larvae reared at long-day conditions) have limited survival after
freezing (35% survive to —5°C, 10% to —10°C, and none survive
freezing to —20°C or below). In contrast, practically all SDA larvae
(diapause larvae reared at short-day conditions and gradually
acclimated to cold) survive deep freezing to —30°C oreven —75°C,
and 42.5% survive at least 18 months of cryopreservation in liquid
N, (Rozsypal et al., 2018). In addition, SDA larvae were frozen
(variant SDA-frozen) according to a previously developed optimal
freezing protocol (Rozsypal et al., 2018) schematically presented in
Fig. S1b. Survival after freezing and cryopreservation in liquid N,
was assessed as the ability to pupate and metamorphose into the
adult stage within 42 days of thawing (at a constant 18°C, LD).
To collect the hemolymph, 30 larvae were gently pierced and tom
on a piece of Parafilm, creating a large droplet of pooled
hemolymph. This droplet was then extracted using a calibrated
glass capillary (Drummond Sci., Broomall, PA, USA). Collection
of hemolymph in a single group of 30 larvae took less than 2 min.
To obtain fat body, muscle and midgut tissues, the larvae were

quickly dissected under binocular microscope in ice-cold
phosphate-buffered saline. Dissected tissues were collected in ice-
cold extraction buffer (see below) and stored at —80°C until
analysis. Dissection of a single larva took less than 2 min, and we
took care to sample a similar part of the respective tissue from each
individual. This allowed us to express each metabolite concentration
as a ‘pool per tissue’. Only in hemolymph samples where we could
measure the exact sample volume, could we also calculate the
concentration in mmol 17!,

Extraction of metabolites and analytical MS platforms
Analyses were performed for whole C. costata larvae (pools of five
larvae taken in four replicates) or dissected tissues (pools of
30 tissues in four replicates). Whole larvae were weighed to obtain
fresh mass, immersed in liquid N, and stored at —80°C until
analysis. Frozen samples of whole larvae/tissues were melted on
ice and homogenized in 400 pl of extraction buffer (methanol:
acetonitrile:deionized water in a volume ratio of 2:2:1). The
methanol and acetonitrile (Optima LC/MS) were purchased from
Fisher Scientific (Pardubice, Czech Republic) and the deionized
water was prepared using Direct Q 3UV (Merck, Prague, Czech
Republic). Internal standards, p-fluoro-DL-phenylalanine, methyl
o-D-glucopyranoside (both from Sigma-Aldrich, St Louis, MI,
USA) were added to the extraction buffer, both at a final
concentration of 200 nmol ml~!. Samples were homogenized
using a TissueLyser LT (Qiagen, Hilden, Germany) set to 50 Hz
for 5 min (with a rotor pre-chilled to —20°C). Homogenization and
centrifugation (at 20,000 g for 5 min at 4°C) were repeated twice
and the two supernatants were combined.

We performed targeted analyses of 49 select metabolites
(Table S1) using a combination of four different mass
spectrometry-based (MS) analytical platforms that were described
previously: ECF-LC/MS and ECF-GC/MS (Stétina et al.,
2018), SILYL-GC/MS (Skodova-Sverdkova et al., 2020) and
HILIC-LC/MS (Skodova-Sverakova et al., 2021). More details on
instrumentation and chromatographic columns are in Table S1. All
49 metabolites were identified against relevant standards (Sigma-
Aldrich) and subjected to quantitative analysis using a standard
calibration curve method. The analytical results were validated by
simultaneously running blank samples (no larvae in the sample),
standard biological quality control samples (the periodic analysis of
a standardized larva/tissue sample — the pool of all samples) and
quality control mixtures of amino acids (AAS18, Sigma-Aldrich).

Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI)

The MALDI-MSI (Khalil etal., 2017; Tuthill et al., 2020; Yanget al.,
2020) was conducted in LD and SDA larvae and also on SDA frozen
larvae (Fig. S1); the LD frozen variant was not considered relevant as
all LD larvae die when exposed to freezing to —30°C. Larvae were
rinsed in water, incubated for 3 min in 2% gelatin, and then
submerged into 5 ml of 10% gelatin in a plastic mold (Tissue-Tek
Cryomold, Sakura, Mdesa, Czech Republic) placed on an ice-cold
stage. The molds with solid gelatin were then immersed in isopentane
pre-cooled to —140°C in liquid N, vapors for 3 min and transferred to
—80°C for storage until further processing. Preparation of the SDA
frozen larvae was modified as shown in Fig. S2.

For cryo-sectioning, the frozen molds were placed into a cryostat
chamber (Leica CM1950, Germany) pre-cooled to —20°C. Sections
of 10 pm thickness were mounted on indium tin oxide coated glass
slides (ITO, Bruker, Czech Republic), previously washed with
hexane and then with 2-propanol. Sections of the LD and SDA
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larval variants were thaw-mounted on warm glass (standard
procedure MALDI-TOF/MSI) (TOF, time of flight), while
sections of the SDA frozen larval variant were mounted on a
gold-coated ITO glass pre-cooled to —20°C in order to preserve the
tissue organization as it formed during slow pre-freezing
(extracellular ice formation and tissue freeze-dehydration). The
sections were dried for 15 min in a desiccator at low air pressure (at
room temperature for the LD and SDA variants, while at —20°C for
the SDA frozen variant), then sealed in plastic foil inside a plastic
mailer, evacuated, and stored at —80°C until further processing. The
ITO glasses with sections were transferred to room temperature, left
to temper for 15 min, and dried in a desiccator for 15 min. Samples
were then sprayed with a matrix solution of 9-aminoacridine
hydrochloride, 7 mg ml=" in 70% ethanol (v/v). A TM-Sprayer 3
(HTX-Technologies, USA) was used to cover the tissue with the
matrix solution using the following settings: nozzle temperature,
50°C; 12 passes; flow, 0.035mlmin~'; nozzle velocity,
1000 mm min~'; track spacing, 2 mm, HH pattern; gas pressure,
10 psi; gas flow rate, 2 I min~'; drying time, 0 s; nozzle height,
40 mm; and propelled with 50% methanol (v/v). After spraying, the
samples were dried in a desiccator for 15 min.

Spectral images were acquired using a rapifleX MALDI-TOF/TOF
spectrometer (Bruker, Germany) in reflector negative mode with a
355 nm smartbeam™ 3D laser with a spatial resolution of 10x10 um
(pixel) in an m/z range of 201000, at a constant laser fluence of 72%
and laser frequency of 5 kHz. Two hundred images were accumulated
from every position. The instruments were set up with: ion source 1,
19.973 kV; PIE, 2.664 kV; lens, 11.353 kV; reflector 1, 20.810 kV;
reflector 2, 1.034 kV; reflector 3, 8.577 kV. The pulsed ion extraction
time was set to 90 ns and detector gain was 2302 V. Data were
acquired with digitizer speed, 2.5 GS s™!. Samples were measured in
random order. Calibration was done externally using red phosphorus,
achieving precision up to 5 p.p.m. (Kolatova et al., 2016).

After MALDI-MSI, tissues on ITO glass were washed three times
for 2 min with 70% ethanol and afterwards washed with water. The
samples were then stained with Hematoxylin and Eosin (H&E, a
general staining method, which allows to visualize the shape, and
structure of cells in a tissue sample; Hematoxylin stains mainly
heterochromatin and nucleoli, while Eosin stains cytoplasmic
components including collagen and elastic fibers) and scanned
with Axio Scan.Z1 (Zeiss, Germany) operated by Zen 2 software
(blue edition; Zeiss, Germany). Single raw data files on the
intensities of the MALDI-TOF signals of individual m/z peaks were
processed using SCILS Lab software (v.2021c, SCiLS, Bruker,
Germany). The raw data were smoothed with a convolution
algorithm (width 20) and all subsequent computations and images
rendering were done with total ion count square normalization. We
collected MALDI-TOF signal-intensity datasets for 5 transverse
sections of LD and SDA larvae and for 6 sections of SDA frozen
larvae, plus one longitudinal section of an SDA larva. For relative
quantification of signal intensities and statistical analyses, the
transversal sections were used. Galleries showing the complete
results for all transversal sections are available in figshare (https://
figshare.com/articles/figure/Appendice. MALDI_MSI_images_
pdf/19590694).

Regions (or tissues) of interest in the sections were manually
delimited using H&E-stained images in QuPath software (v.0.2.3,
University of Edinburgh, UK) (Bankhead et al., 2017) and imported
into SCILS software. The summary spectrum was exported into
mMass software (v.5.5.0) (Niedermeyer and Strohalm, 2012),
internally re-calibrated, and annotated based on m/z values with
50 ppm tolerance using an in-house modified database based on the

HMDB metabolite database considering [M-H]~ and [M+CI]~
adducts (Wishart et al., 2018). Selected peaks were then analyzed
using SCiLS software with mean spectral intensity scaled in
arbitrary units (A.U.) for each region and treatment. These spectral
intensity data were then statistically compared using ANOVA
followed by Bonferroni’s multiple comparison test (Prism, v.6.07,
GraphPad Software, San Diego, USA). In addition, we verified the
identities of m/z peaks for trehalose and proline in the experiment
where LD larvae were fed diet augmented by '*C6 glucose (for
details, see Figs S13 and S14). The '*C6 glucose was purchased
from Sigma-Aldrich (product ID 389374).

Differential scanning calorimetry (DSC)

Thermal analysis was performed using the Q2000 calorimeter (TA
Instruments, New Castle, DE, USA) as previously described
(Pokorna et al., 2020). The analyzed solutions (see Table S2 for a
complete list) were loaded and hermetically sealed into aluminium
pans. The amount of loaded solution (~5 pl) was controlled by
weighing with precision to 0.01 mg using a Sartorius CP 225 D
balance (Sartorius AG, Goettingen, Germany). The solutions were
frozen and thawed according to the following protocol: (i) start at
25°C, (ii) cool to —90°C at 10°C min~", (iii) hold for 5 min at
—90°C, and (iv) warm to 25°C at 10°C min™'. An empty pan was
used as a reference, and samples were run in technical triplicates
(same solution analyzed three times). DSC results were analyzed
using TA Universal Analysis 2000 software (v.4.5A Build 4.5.0.5).
The onset of exotherm on the cooling scan was taken as the
supercooling point (temperature of ice crystallization). Two major
thermal events were analyzed on heating scans above —60°C. (1)
Glass transition: an inflection point of the second-order phase
transition was read as the temperature of vitrification (7). The
change in specific heat capacity (AC,) was derived from the
difference in heat flow between the onset and the end of the glass
transition. (2) Melting of bulk water: an onset of melting endotherm
(first-order phase transition) was read as the melting point (m.p.),
while the enthalpy of melting (AH, calculated from the area under
the endothermic peak) served to estimate the fraction of melted (i.e.
crystallized) water using the standard heat of fusion for the ice/water
transition of 334 J g~'. The remaining fraction of unfrozen water
was considered osmotically inactive (%OIW).

Larval feeding on CP-augmented diets

Seventeen-day-old freeze sensitive (LD) larvae (i.e. roughly mid-3rd
instar, voracious feeding stage) were extracted from the standard diet
and groups of 20 individuals were moved to one of a variety of
specific diets: (i) fresh standard diet (control); (ii) ‘CP mix 508 diet —
a standard diet augmented with five select CPs ( proline, product ID
P0380; trehalose, T9449; glutamine, G3126; asparagine, A0884; and
betaine, 61962; all from Sigma-Aldrich) in concentrations
corresponding to those observed in SDA larval hemolymph (i.e.
508 mmol kg™ water in total, see Table S3); (iii) five different
standard diets augmented with the select CPs individually; (iv) ‘CP
mix minus Pro 313 diet —a mixture of the four select CPs but without
the 313 mmol kg™ proline [because proline was the only metabolite
capable of supporting freeze tolerance in a previous experiment (iii)].
After exposure to these diets for 3 days, the larvae were removed and
used for the liquid N, survival bioassay (Fig. S1b).

RESULTS

Characterization of the CP mixture from C. costata larvae
Results of targeted quantitative analysis of 49 metabolites are
summarized in Table S1 and plotted in Fig. 1A (hemolymph) and
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larvae. (A) Forty-nine target metabolites were absolutely

quantified in the hemolymph of freeze-sensitive (LD) a;sd freeze-tolerant (SDA) larvae Jsing four MS-based analytical platforms. Each column represents a

metabolite concentration (meansis.d.; n=4 biological replicates, each containing

hemolymph from 30 larvae). Differences between the means of LD and SDA

were assessed by unpaired t-tests corrected for multiple comparisons using the Holm—Sidak method with ¢=0.01. Asterisks indicate significantly different means

and the concentrations are shown for all metabolites that were considered in this

paper as putative CPs (GPC, glycerophosphocholine; GPE,

glycerophosphoethanolamine). (B) Longitudinal section of a SDA larva stained with Hematoxylin and Eosin, with tissues highlighted by different colors. (C-E)
Intensities of the MALDI-TOF signals corresponding to the three analyzed compounds: ATP (C); proline (D); trehalose (E). (F) While proline (green signal) is most
evident in hemolymph, ATP (red signal) is mainly found in muscles. (G) Proline (green) and trehalose (red) colocalize in hemolymph (a yellow color results from
the mixing of green and red). See Fig. S3 for MALDI-MSI images of other compounds.

Fig. S3 (other tissues). For most metabolites, the pool in the
hemolymph was significantly larger than the pools in other tissues
(Fig. S4). The volume of hemolymph in one larva is approximately
200 nl (see Table S1) representing only 10% of the total body
volume or body mass (~2 mg). Nevertheless, the hemolymph
contained approximately 50% of the total metabolite pool in both
LD and SDA larvae (Table S1). Entry into diapause and cold
acclimation (associated with the acquisition of extreme freeze
tolerance) induced accumulation of specific metabolites (putative
CPs) in SDA larvae (Fig. S1). The sum of the molar concentrations
of the 49 metabolites in LD hemolymph was 182 mmol 1=, but this
increased to 554 mmol I=! in SDA hemolymph (Table S1). Four
compounds that contributed most to this increase were: proline
(increase of 277 mmol I7!), trehalose (increase of 59 mmol 1),
glutamine (increase of 22 mmol I~!') and asparagine (increase of
17 mmol 17"). The same four compounds also ranked first in order
of concentration in SDA hemolymph: proline (313 mmol =1,

trehalose (108 mmol 1), glutamine (55 mmol I~!) and asparagine
(26 mmol I"). Glycine-betaine (hereafter ‘betaine’, 6.1 mmol I=")
was fifth in concentration, although it increased only moderately
(by 1.7mmol17") in SDA compared with LD larvae. In
addition, three other compounds had statistically higher
hemolymph concentrations in SDA than in LD larvae, although
their concentrations in SDA hemolymph were relatively low in
absolute terms: glycerophosphoethanolamine (GPE, 4.0 mmol 17!),
glycerophosphocholine  (GPC, 2.9mmol1~!) and sarcosine
(0.5 mmol I7!). For the purposes of this article, we consider the
above compounds as putative CPs.

Localization of CP mixture comp nts in larval ti

Using MALDI-MSI, we localized select metabolites in larval
sections. A longitudinal section through the SDA larva provides the
best overview of tissue structure (Fig. 1B). The highest intensity of
the MALDI-TOF signal for ATP is localized predominantly in
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muscle tissue (corresponding to its role as the most important
intracellular phosphagen) (Fig. 1C). In contrast, the highest
intensities of proline and trehalose signals are localized in the
hemolymph (Fig. 1D,E), where they are also colocalized with the
high-intensity signals of glutamine, asparagine and GPE (Fig. S5).

As it was difficult to obtain enough high-quality longitudinal
sections, we used transverse sections through the middle region of
the larvae for the statistical analysis of the relative intensities of the
MALDI-TOF signals. Quantitative analysis of these signals is
technically difficult for small metabolite molecules freely dissolved
in biological aqueous solutions (Fig. S6). Nevertheless, our analysis
suggests that there are no differences in the overall localization
patterns of the five putative CPs (proline, trehalose, glutamine,
asparagine and GPE) between LD and SDA larvae. However, the

A SsDAlarva B sDA-frozen larva

Ice region

8 8 38

signal intensities for all five CPs were much stronger in SDA than in
LD larvae (compare the y-axes of Fig. S7 with Fig. S8). The
MALDI-MSI thus confirms the results of the quantitative MS
analysis (Fig. 1A) that the putative CPs are accumulated in all
tissues, but especially in the hemolymph, of SDA larvae ( for details,
see MALDI-MSI images in figshare (https:/figshare.com/articles/
figure/Appendice_ MALDI_MSI_images_pdf/19590694).

During slow inoculative freezing to —30°C (rate of 0.1°C min" see
Fig. SlIb for the freezing protocol) large masses of extracellular ice
crystals developed in between partially dehydrated pools of larval
hemolymph and tissues (Fig. 2A-D). We observed a striking
difference in the ‘behavior’ of two major components of the CP
mixture during slow extracellular freezing: whereas trehalose was
concentrated in the pool of dehydrated hemolymph of SDA larvae, a
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Fig. 2. Localization of proline and trehalose in C. costata SDA larvae before and after slow freezing. (A,B) Examples of transverse sections through the
middle region of SDA larva (A) and SDA-frozen larva (B). The tissues are highlighted in different colors. Note the large masses of extracellular ice between the
partially dehydrated tissues of SDA-frozen larva. (C,D) Relative proportions of total area occupied by different tissues or ice. Each column is meants.d. of five or
six sections (SDA or SDA-frozen larvae, respectively). Means flanked by different letters are significantly different (one-way ANOVA followed by Bonferroni's
multiple comparison test). (E,F) Results of MALDI-TOF signal intensity quantification (arbitrary units, A.U. per pixel of 10x10 pm) for three select metabolites
(ATP, proline, trehalose). Each point is the meants.d. of five or six sections (SDA or SDA-frozen larvae, respectively). Mean values flanked by different letters are
significantly different (one way ANOVA followed by Bonferroni’s multiple comparison test). (G,H, 1) Examples of MALDI-TOF signal intensities for proline (green)
and trehalose (red). Note that proline and trehalose signals markedly overlap (yellow color) in the hemolymph of SDA larva (G), while they apparently delocalize in
SDA-frozen larva (H,l). Trehalose concentrates in the partially dehydrated hemolymph, while proline migrates to the border between extracellular ice and partially
dehydrated tissues of the SDA-frozen larva.
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large quantity of proline apparently ‘migrated’ from the hemolymph
toward the ice region (Fig. 2E,F) and formed thin ‘layers’ of
concentrated proline at the boundary between the extracellular ice and
the dehydrated hemolymph and tissues (Fig. 2G-1I). In these layers,
proline colocalized with high-intensity signals from glutamine and
asparagine, while trehalose colocalized with GPE in the dehydrated
hemolymph (Fig. S9; for details, see figshare (https:/figshare.com/
articles/figure/ Appendice_ MALDI_MSI_images_pdf/19590694).

Thermal phase transitions in artificial CP mixtures

To assess the influence of different CP mixture components on water
binding and thermal phase transitions, we compared heating curves
from DSC scans of aqueous solutions containing single components
or different CP mixtures with real SDA hemolymph. We focused on
melting of bulk water (Fig. 3A) and glass transition (Fig. 3B). The
full DSC analysis results can be found in Table S2.

We designed the CP mixtures according to the concentrations of
the five most abundant (and commercially available/affordable)
compounds in the SDA larval hemolymph. CP mix 508 mimics the
composition of the major CPs in the hemolymph of SDA larvae
prior to freezing, while CP mix 1588 takes into account a 3.125-fold
increase in the concentration of all components resulting from
extracellular freezing of osmotically active water (and, this way, it
mimics the composition in the SDA-frozen variant). In addition, we
tested all components individually at concentrations equivalent to
those estimated in SDA hemolymph after extracellular freezing, and
we also designed two reduced-composition mixes: Pro-Tre 1316
(proline 978+trehalose 338) and Pro-Gln-Asn 1231 (proline
978+glutamine 172-+asparagine 81) (see Table S2 for details).

We found that depression of the bulk water melting point, as well
as the fraction of ‘bound’ water (unfrozen, osmotically inactive
water, %0IW), correlated linearly with the molal concentration of a
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Fig. 3. Thermal phase transitions in the aqueous solutions of artificial CP mixtures and i p (A) Example of a heating curve recorded
by differential scanning calorimetry (DSC) of the artificial CP mix 1588. Three technical replicates are shownin different colors. Results calculated by TA Universal
Analysis 2000 software are shown for the 1st replicate only (green line). The analysis of melting endotherm shows that melting of bulk water starts at a melting
point m.p.) of ~9.28°C, while only 58.7% of the total water in the sample is osmotically active (OAW), i.e. melts (the enthalpy of melting transition of AH of 334 J g—'
would correspond to melting of 100% total water) while 41.3% of total water is osmotically inactive (OIW) or ‘bound’. (B) A glass transition was observed at
-48.5°C (T, inflection point) associated with change in specific thermal capacity AC,, of 0.3289 J (g °C)~". (C) Linear associations of the melting point (m.p., red
line) or the fraction of bound water (%OIW, blue line) with the osmolality of the solution. Each point represents a specific solution and all solutions are shown in
detail in Table S2. Points corresponding to water, SDA hemolymph, and CP mixes 508 and 1588 are identified for clarity. The broken lines show 95% confidence
intervals of the linear regressions. (D,E) Temperatures of the glass transition, 7, (D) and changes in thermal capacity, AC, (E) of the different solutions. Empty
points in D or a missing column in E indicate that no glass transition was observed, while the violet points and orange columns show meanzs.d. values of T or
AC,, respectively, for solutions where a glass transition was observed (see Table S2 for the full dataset).
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solution, regardless of whether it was a single component solution
or a mixture. Even the values for real hemolymph collected from
SDA larvae fitted well to a linear relationship (Fig. 3C).

A clear glass transition was observed whenever trehalose was
present in a mixture (Fig. S10). The temperatures of glass transition
(7,) in different trehalose-containing solutions varied from —29.6°C
(trehalose 338) to —49.7°C (Pro-Tre 1316) (Fig. 3D). The change of
thermal capacity (AC,) during de-glassing was slightly above 0.3 J
(g °C)~" in the solutions containing a relatively high concentration
of trehalose (338 mmol kg™!) but lower, ~0.1 J (g °C)™", in the
solution containing a relatively low concentration of trehalose (CP
mix 508 contains 108 mmol kg™" of trehalose) and in real SDA
hemolymph (which also contains 108 mmol kg™" of trehalose)
(Fig. 3E). No glass transition was observed in the concentrated
proline 978 solution (Fig. S11). The presence of proline in a mixture
with glutamine and asparagine (Pro-GIn-Asn 1231) resulted in the
elimination of small glass transitions observed in single-component
mixtures of glutamine or asparagine (Fig. 3D,E). We also observed
minor exotherms in heating curves of glutamine and asparagine at
—22.8°C and —14.6°C, respectively (Fig. S12). The presence of
such exotherms was also eliminated by the addition of proline in the
Pro-Gln-Asn 1231 mix (Table S2).

CPs in mixture protect larvae from cryopreservation stress
better than individual CPs
To evaluate the ability of a complex cryoprotective mixture to
increase freeze tolerance compared with individual components of
the CP mix, we fed LD larvae with CP-augmented diets and then
performed freezing survival assays. We prepared the CP mix 508 diet
by augmenting the standard larval diet with a CP mix 508 solution
(see Table S3). When LD larvae were fed with the CP mix 508 diet
from hatching, more than 90% died (often as 1st instars). We therefore
exposed only 3rd instar LD larvae to this diet and for only 3 days (at
ages 17-19 days), which reduced larval mortality to 20%. The
surviving larvae were significantly smaller at day 19 and pupariation
was delayed by 2 days (Table S4), indicating that even short-term
exposure to CP mix 508 appears to have some toxic effects.

A 3 day exposure to the CP mix 508 diet significantly increased
whole-body concentrations of most CP mix components: proline
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1000 3 P<0.0001""* =1 L0/CP mix 508
1 o Fe9.725 N soA/Standard
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[=}
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é EY
=
a
€
>
[] 104
& E
] ]
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14
Proline  Trehalose Glutamine Asparagine  Betaine

increased 6.8-fold, trehalose 1.7-fold, glutamine 5.4-fold and
asparagine 19.9-fold (see Table S5 for more details). In the
hemolymph, the concentrations of proline, glutamine and
asparagine reached high levels of 289, 80 and 49 mmol 7',
respectively, while trehalose and betaine remained relatively low
at 29 and 7 mmol 17!, respectively (Fig. 4A, see Table S5 for more
details). The sum molarity of the five CPs in hemolymph reached
454 mmol 17! in LD larvae fed with the CP mix 508 diet, which is
broadly similar to the sum of 508 mmol 1! seen in SDA larvae.

No LD larvae that fed exclusively on the standard diet survived
cryopreservation in liquid N,. In striking contrast, 58% of the LD
larvae survived cryopreservation after only 3 days of feeding with the
CP mix 508 diet; 24.5% went on to pupate and 18.3% successfully
metamorphosed to the adult stage (Fig. 4B). The components of the
CP mix 508 administered via the diet had much less (or no) effect on
larval freeze tolerance when they acted in isolation: betaine and
asparagine had absolutely no effect; glutamine and trehalose resulted
in 1 and 2 larvae surviving (out of 100), respectively, but these larvae
did not pupate; proline augmentation was most effective, resulting in
37.7%, 10.3% and 7.2% survival for larvae, pupae and adults,
respectively. When proline was excluded from the CP mix, the
remaining components allowed only 4 larvae (out of 100) to survive
liquid N, exposure, demonstrating that proline is the most important
component of the mixture, or even the requisite for survival in liquid
N,. Nevertheless, the complete CP mix 508 was approximately 2-fold
more effective at bolstering liquid N, survival than proline alone. This
result was consistent at all three levels of survival (see r-tests in
Fig. 4B) and also across five different generations of assayed insects
(Table S6). Simple addition of the individual effects of the three
components ( prolinettrehalose+glutamine) was not sufficient to
explain the effect of the complete CP mix 508. These results suggest a
synergy between CP mix 508 components that should be investigated
in the future.

DISCUSSION

Components of the fly’s innate CP mixture behave differently
during slow extracellular freezing

We identified the composition of the innate putative CP mixture
which bathes the tissues of extremely freeze-tolerant C. costata

3804 [ cP mix 508 (5, 540)

P-0.0158 [ZZ CP mix minus Pro 313 (1, 100)
[ Proiine 313 (3, 280)
2 & [ Trehalose 108 (1, 100)
ZN [ Glutamine 55 (1, 100)
z
= £3472
T 404 P-00133"
= 13203
= P-00320"
]
2
2 20
>
2]
0- - i
Larvae Pupae Adults

Fig. 4. Effects of CP-augmented diets on C. costata larvae. (A) Change in the hemolymph concentration of five CPs in response to feeding 17-day-old LD
larvae a CP mix 508 diet for 3 days. Concentrations are compared with LD and SDA larvae fed on a standard diet, using one-way ANOVAs followed by
Bonferroni's multiple comparison tests (columns flanked by different letters differ significantly). (B) Percentage survival of larvae cryopreserved in liquid N, (note:
only diets where at least one larva survived are shown). The 17-day-old LD larvae were fed different diets for 3 days, then exposed to liquid N2 for 1 h, returned to
the standard diet at a constant 18°C, and their survival to larval (movements 24 h later), pupal (formation of puparium) and adult stage (emergence of adult fly)
were observed over the next 14 days. The two numbers in parentheses (n, N) show: n=the number of fly generations, and N=the total number of larvae in all
replicates. The mean survival for larvae fed a CP mix 508 diet versus a proline diet (Pro 313) were directly compared using a two-tailed Student’s t-test. Asterisk

indicates a significant difference; n.s., not significant.
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larvae: proline, trehalose, glutamine, asparagine, betaine, GPE,
GPC and sarcosine, which occur in hemolymph in a stoichiometric
ratio of 313:108:55:26:6:4:2.9:0.5 mmol 1=, respectively. It may
not be surprising that the mixture is broadly similar to the cocktails
known from other organisms exposed to various environmental
stressors (Gertrudes et al., 2017; Choi et al., 2011; Somero, 1986;
Yancey, 2005). The occurrence of the same classes of organic
cytoprotectants and compatible osmolytes in different organisms is
likely based on convergent evolution which favors accumulation of
polar molecules with high solubility in water (high accumulation
capacity) countered by low tendency to interact with charged groups
of macromolecules and membranes (low toxicity) (Hochachka and
Somero, 2002).

We performed a bioassay showing that supplementation of the
larval diet with major components of the CP mixture in their native
stoichiometric ratio changes freeze-sensitive larvae into freeze-
tolerant/cryopreservable larvae within just 3 days. This result
convincingly demonstrates that the accumulation of CPs has a
strong functional (adaptive) significance in C. costata. However,
this adaptation has probably evolved to cope with conditions typical
for larvae overwintering in thermally buffered microhabitats under
the bark of fallen trees, often under a blanket of snow (Band and
Band, 1982; Grimaldi, 1986). Therefore, there may be different
functional explanations for the roles of CPs in ecologically relevant
situation in the field and for deep freezing and cryopreservation in
liquid N, in the laboratory. Here, we avoid discussion of the eco-
physiological aspects of CP-based freeze tolerance in animals and
insects in the field, as these have already been covered for animals
(Sinclair, 1999; Storey and Storey, 1988; Toxopeus and Sinclair,
2018; Zachariassen, 1985) and also specifically for C. costata
(Rozsypal et al, 2018) elsewhere. Instead, we limit further
discussion to the potential relevance of our results for deep
freezing and cryopreservation in the laboratory.

We applied the MALDI-MSI technique to localize CPs in larval
tissues and, for the first time in cryobiology literature, to determine
how this localization changes during slow extracellular freezing, i.e.
under conditions that allow larvae to survive deep freezing and
subsequent cryopreservation in liquid N». So far, concentrations of
CPs in insects have mostly been reported in whole body samples for
two general reasons: first, insect tissues are small, making it
technically difficult to estimate precise concentrations; and second,
native CPs — being standard products of metabolism — have been
considered to move freely across membranes (Somero, 1986). In
cases where CP analyses were performed on separate tissues (Kostal
etal., 2011a; Rozsypal et al., 2013; Toxopeus et al., 2019), the CPs
were generally found in all examined tissues. Here, we have
confirmed that SDA larvae of C. costata accumulate putative CPs in
all examined tissues but that the highest concentrations occur in the
hemolymph.

One of the most salient findings of this study is the observation
that the two major components of the CP mixture, proline and
trehalose, ‘behave’ differently during slow extracellular freezing.
The MALDI-MSI analysis suggests that the bulk of trehalose
molecules remain in their original location (before freezing)
and concentrate in partially freeze-dehydrated hemolymph and
tissues. In contrast, some of proline molecules appear to move
out of the hemolymph and concentrate in thin layers separating
the extracellular ice crystals from freeze-dehydrated tissues
and hemolymph. At this stage of research, we can only offer
hypothetical/speculative explanations for the physico-chemical
mechanisms responsible for delocalization of proline and
trehalose and for its possible functional significance in a

cryopreserved insect. We suggest that the mechanism behind the
de-localization could be explained by differences between trehalose
and proline in water solubility, propensity to induce glass transition,
and mobility in highly viscous freeze-concentrated solutions.

Trehalose stimulates glass transition in partially freeze-
dehydrated hemolymph and ti

We have previously shown that in gradually frozen SDA larvae a
glass transition of the residual solution occurs between —20°C and
—30°C. Moreover, only larvae pre-frozen to temperatures below
—30°C (i.e. below the temperature of glass transition) were able to
survive abrupt submersion and cryopreservation in liquid N, and
successfully develop into adults (Rozsypal et al., 2018). This result
clearly demonstrated the importance of the glass transition for
survival in liquid N,. In our earlier work (Rozsypal et al., 2018), we
attributed glass formation to high concentrations of proline in
accordance with results of the DSC analysis performed by Rudolph
and Crowe (1986). However, this observation was challenged in
later DSC studies (Liu et al., 2020; Rasmussen et al., 1997) and our
own analysis confirms that proline at a concentration of
978 mmol kg~! does not induce glass transition, at least not at
temperatures above —60°C. Instead, trehalose is known in physical
chemistry as one of the strongest glass transition inducers in
aqueous systems (Cesaro et al., 2008; Green and Angell, 1989;
Chen et al., 2000). Nicolajsen and Hvidt (1994) reported that a
water:trehalose mixture (%weight, 89.7:10.3) de-glasses at
—30.5°C with a AC,, of 0.38 J (g °C)~". These values agree well
with our DSC analysis results showing de-glassing at —29.6°C with
aAC,0f 0.33] (g °C)~! for the trehalose 338 solution (which is
88.7:11.3%weight of water:trehalose). Accurate interpretation of
the thermal behavior and glass transition parameters is a challenge
for physical chemistry of simple binary mixtures such as trehalose:
water (Cesaro et al., 2008; Chen et al., 2000; Nicolajsen and Hvidt,
1994; Olgenblum et al, 2020; Weng and Elliott, 2014). This
limitation becomes almost insurmountable for more complex
mixtures and, especially, for biological solutions. Nevertheless,
our DSC analysis suggests that trehalose rather than proline may be
the component mainly responsible for the glass transition in larval
body fluids: (i) all artificial CP mixtures containing trehalose
showed clear glass transitions with broadly similar 7, and AC,
parameters; (ii) the parameters were similar for real hemolymph
collected from SDA larvae (containing 108 mmol 1! trehalose) and
for the artificial CP mix 508 (simulating composition of major CPs
in SDA hemolymph and also containing 108 mmol kg~ trehalose);
(iii) no glass transition was observed in the concentrated proline 978
solution.

During glass transition, the viscosity of the supercooled liquid
increases rapidly as the frequency, strength and lifetime of hydrogen
bonds in a system increases. In dilute systems, most hydrogen bonds
are formed between water molecules, but as the concentration of
solute molecules increases the interactions between water—trehalose
and trehalose-trehalose become more frequent until trehalose
molecules form large hydrogen-bonded clusters that exclude water
(Olgenblum et al., 2020; Weng and Elliott, 2014). The increase in
viscosity slows the molecular dynamics and macromolecules
become trapped in an amorphous hydrogen-bonded matrix, which
probably prevents undesirable transitions such as protein unfolding.
In addition, trehalose can directly form hydrogen bonds with
macromolecules, which probably further increases their stability in
the amorphous glass (Crowe et al., 1998; Olgenblum et al., 2020).
Trehalose molecules involved in glass formation are relative
immobile. Moreover, large proportions of water molecules are
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‘bound’, i.e. osmotically inactive in SDA larval hemolymph
(35.5%) or in whole-body C. costata (42%; Rozsypal et al., 2018)
and therefore do not contribute much to trehalose solvation. As a
result, trehalose can even locally reach the solubility limit
(~1.7mol kg™" according to ALOGPS, http:/www.vcclab.org/
lab/alogps/), partly crystallize and form a eutectic system with ice
crystals. Both crystallization and glass formation would make
trehalose molecules immobile, i.e. gradually concentrated in
dehydrated tissues and hemolymph, which we observed.

Proline-rich viscoelastic liquid forms at the boundary
bety llular ice and dehy
In contrast to trehalose, proline does not induce a glass transition
(Liu et al., 2020; Rasmussen et al., 1997) and its solubility in water
is enormous (it may reach over 15 mol kg~'; Held et al., 2014; Qiu
etal., 2019). Nevertheless, physical chemistry shows that proline in
high concentration also extensively hydrogen bonds with water and
together they form a viscoelastic liquid (de Molina et al., 2017;
McLain et al., 2007; Troitzsch et al., 2008). The formation of dense,
viscoelastic liquids is a guiding principle underlying the theory of
NADES systems (Choi et al., 2011). The components in a complex
mixture forming NADES are connected to one another through a
well-organized tridimensional system with optimum interactions via
inter- and intramolecular hydrogen bonding (Dai et al., 2013; Dai
et al., 2015). Through these interactions, NADES systems exhibit
emergent properties: (i) the melting point is deeply suppressed
(usually below —30°C); (ii) ice crystallization is completely (or at
least strongly) inhibited; whereas (iii) the tendency to transition to
amorphous glasses is enhanced (Castro etal., 2018; Liu etal., 2018;
Martins et al., 2019). However, work with NADES has also shown
that the interactions between the NADES components are weakened
with water dilution and even broken with water content exceeding
50% weight, when each component recovers its own specific
properties (Castro et al., 2018; Dai etal., 2015; Durand etal., 2016).
Our artificial CP mixtures have relatively high water content
(between 79 and 99%weight), as do the SDA larval hemolymph
(74.4%weight) and whole larvae (69.3%weight). Using DSC
analysis, we show that these solutions exhibit significant
suppression of the melting point (e.g. to —=9.2°C in CP mix 1588,
and to —4.5°C in SDA hemolymph) and significant water-binding
capacity (41.1%O0OIW in CP mix 1588, and 35.5%OIW in SDA
hemolymph). Both parameters (the decrease in melting point and
the increase in OIW fraction) were linearly dependent on the
osmolality of a solution (from 0 for water to 1588 mmol kg~! for CP
mix 1588). These results suggest that neither the CP mixes 508 and
1588 nor the SDA hemolymph are ‘deep eutectic systems” (DES, in
the strict sense of Martins etal., 2019), but regularaqueous solutions
with relatively low transition temperature from liquid to solid phase
[LTTM, in the sense of Durand et al. (2016)].

We suggest that a proline-dominated viscoelastic solution with
NADES-like properties may form on a microscale level, locally, in
slowly freeze-dehydrating larvae. As water molecules are
osmotically driven from the gradually dehydrating hemolymph
and tissues and migrate toward the extracellular ice during
extracellular freezing, the highly soluble and relatively mobile
proline molecules could move together with water until they reach
a barrier of ice where they form a thin layer of concentrated
proline, which we observed in MALDI-MSI. Such a viscoelastic
liquid could contribute to the stabilization of deeply frozen
C. costata larvae by forming a rubber-like zone between
extracellular ice crystals and freeze-dehydrated tissues, thus
reducing the thermo-mechanical stresses associated with

tratad ¢

temperature fluctuations during immersion in liquid N, and
rewarming (Rubinsky et al., 1980).

Conclusion

Overall, our study reveals the composition of a specific mixture
of putative cryoprotectants accumulated by the freeze-tolerant
larvae of C. costata. We demonstrate in a bioassay that as little as
3 days of exposure to a diet enriched with an artificial mixture
of CPs allows an otherwise freeze-sensitive larva to survive not
only deep freezing but also cryopreservation in liquid Ny. The
components of CP mixture act synergistically rather than additively
to improve the freeze tolerance. These findings open avenues for
functional experiments to better understand the mechanisms
underlying cryoprotection and cryopreservation of complex
multicellular organisms. Toward this goal, we demonstrate that
the accumulated CPs suppress the melting point of body water,
increase the fraction of osmotically inactive water and significantly
reduce the ice fraction. During slow extracellular freezing of whole
larvae, trehalose becomes concentrated in the partially dehydrated
hemolymph and tissues and stimulates glass transition, whereas
proline moves to the boundary between extracellular ice and
dehydrated tissues where it probably creates a layer of dense
viscoelastic liquid. We suggest that these mechanisms contribute to
larval extreme freeze tolerance and enable their cryopreservation by
protecting their cells against thermomechanical shocks associated
with freezing and transfers into and out of liquid N,.
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