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Äîñë³äæåííÿ åêîòèï³â Arabidopsis thaliana ³ç çîíè 
×îðíîáèëüñüêî¿ àòîìíî¿ åëåêòîñòàíö³¿ âèÿâèëî ¿õíþ
ï³äâèùåíó ñò³éê³ñòü äî êàäì³þ (Cd2+) òà ðàä³îì³ìå-
òèê³â (áëåîì³öèíó/çåîöèíó). Òàê, ïðîðîñòêè ÷îðíî-
áèëüñüêîãî åêîòèïó Che07 äåìîíñòðóâàëè çíèæåíå 
³íã³áóâàííÿ ðîñòó êîðåí³â çà óìîâ Cd-³íäóêîâàíîãî 
ñòðåñó. Âïåðøå âñòàíîâëåíî, ùî çåîöèí ïåðåâàæíî
âïëèâàº íà êë³òèíè êîðåíåâî¿ ìåðèñòåìè, òîä³ ÿê
Cd2+ ïåðåâàæíî ÷èíèòü âïëèâ íà êë³òèíè çîíè ðîç-
òÿãó. Òàêà äèôåðåíö³éîâàíà â³äïîâ³äü ìîæå áóòè 
íàñë³äêîì âàð³àö³é ó ñòàä³ÿõ ðîçâèòêó êë³òèí, ñïå-
öèô³êè ä³¿ ãåíîòîêñè÷íèõ àãåíò³â òà àêòèâíîñò³ 
çàõèñíèõ ìåõàí³çì³â ó ð³çíèõ ðîñòîâèõ çîíàõ êîðåíÿ. 
Àíàë³ç ðóéíóâàííÿ ÄÍÊ òà ¿¿ çäàòíîñò³ äî â³äíîâ-
ëåííÿ ï³ñëÿ îáðîáêè ðàä³îì³ìåòèêîì âèÿâèâ øâèäêó 
(âïðîäîâæ 3 õâ) àêòèâàö³þ ðåïàðàö³éíèõ ìåõàí³çì³â ó 
÷îðíîáèëüñüêèõ åêîòèïàõ Che5 ³ Che07. Ï³äâèùåíà 
åêñïðåñ³ÿ ãåíà öèêë³íó CycB2;1 òà çíèæåííÿ åêñïðåñ³¿ 
ãåíà ê³íàçè CDKG1 ï³ñëÿ îáðîáêè áëåîì³öèíîì ñâ³ä-
÷àòü ïðî çì³íè ó ðåãóëÿö³¿ êë³òèííîãî öèêëó, çîêðåìà 
ïðî éîãî çóïèíêó íà ôàç³ G2. Òàêà àäàïòèâíà â³ä-
ïîâ³äü, éìîâ³ðíî, ñïðÿìîâàíà íà ïðèãí³÷åííÿ ïåðå-
õîäó äî ì³òîçó, ùî çàïîá³ãàº ïåðåäà÷³ óøêîäæåíî¿ 
ÄÍÊ äî÷³ðí³ì êë³òèíàì. Â åêîòèïàõ A. thaliana ç 
×îðíîáèëüñüêî¿ çîíè â³äì³÷åíî àêòèâàö³þ ñïåöèô³÷íèõ 
àíòèîêñèäàíòíèõ ôåðìåíò³â, ùî ïðîòèä³º îêèñíþ-
âàëüíîìó ñòðåñó òà ïîøêîäæåííþ ãåíîìó. Ïðèïóñ-
êàºòüñÿ, ùî ðîñëèíè A. thaliana ³ç çîíè ×ÀÅÑ âèêî-
ðèñòîâóþòü óí³êàëüí³ ìåõàí³çìè àäàïòàö³¿ äî åêîëî-
ã³÷íîãî ñòðåñó òà ðóéíóâàííÿ ÄÍÊ, íàáóò³, éìîâ³ðíî, 
âíàñë³äîê òðèâàëîãî âïëèâó ³îí³çóþ÷îãî âèïðîì³íþ-
âàííÿ. Äîñë³äæåííÿ ñò³éêîñò³ ðîñëèí äî ³îí³çóþ÷îãî 
âèïðîì³íþâàííÿ òà âàæêèõ ìåòàë³â º âàæëèâèì äëÿ 
ðîçðîáêè ô³òîðåìåä³àö³éíèõ ñòðàòåã³é, à òàêîæ ìî-
æå ñïðèÿòè ðîçâèòêó á³îòåõíîëîã³é ï³äâèùåííÿ ñò³é-
êîñò³ ðîñëèí äî ³íøèõ àá³îòè÷íèõ ñòðåñîâèõ ôàêòîð³â.

Êëþ÷îâ³ ñëîâà: Arabidopsis thaliana, ðóéíóâàííÿ ÄÍÊ, 
âàæê³ ìåòàëè, ðàä³îì³ìåòèêè, còàá³ëüí³ñòü ãåíîìó, 
ñò³éê³ñòü ðîñëèí.

Âñòóï. Çàáðóäíåííÿ íàâêîëèøíüîãî ñåðåäîâè-
ùà ãåíîòîêñè÷íèìè àãåíòàìè, òàêèìè ÿê âàæê³ 

ìåòàëè òà ³îí³çóþ÷å âèïðîì³íþâàííÿ, ñòàíî-
âèòü çíà÷íó çàãðîçó äëÿ åêîñèñòåì. Ö³ ñòðåñîâ³ 
ôàêòîðè ìîæóòü íåãàòèâíî âïëèâàòè íà ð³ñò 
ðîñëèí, ïðèãí³÷óâàòè ôîòîñèíòåç òà ïîðóøó-
âàòè ãåíåòè÷íó ñòàá³ëüí³ñòü, ùî ïîòåíö³éíî 
ïðèçâîäèòü äî çíèæåííÿ âðîæàéíîñò³ ñ³ëüñüêî-
ãîñïîäàðñüêèõ êóëüòóð ³ øêîäèòü á³îð³çíîìà-
í³òòþ. Êð³ì òîãî, íåïåðåäáà÷óâàí³ òåõíîãåíí³ 
êàòàñòðîôè òà â³éñüêîâ³ êîíôë³êòè ùå á³ëüøå 
ï³äâèùóþòü ðèçèê çàáðóäíåííÿ ´ðóíò³â ³ àò-
ìîñôåðè ó áàãàòüîõ ðåã³îíàõ ñâ³òó. Ó çâ’ÿçêó
ç âèùåîçíà÷åíèì, ðîçóì³ííÿ âïëèâó ãåíîòîê-
ñè÷íèõ àãåíò³â íà ðîñëèíè º íåîáõ³äíèì äëÿ 
çàáåçïå÷åííÿ ïðîäîâîëü÷î¿ áåçïåêè òà ðîçðîá-
êè åôåêòèâíèõ ñòðàòåã³é ô³òîðåìåä³àö³¿. Ñüî-
ãîäí³ ×îðíîáèëüñüêà çîíà â³ä÷óæåííÿ, ì³ñöå 
âèáóõó ÿäåðíîãî ðåàêòîðà â 1986 ðîö³, ìîæå 
âèñòóïàòè ó ÿêîñò³ óí³êàëüíî¿ ïðèðîäíî¿ ëàáî-
ðàòîð³¿ äëÿ âèâ÷åííÿ äîâãîñòðîêîâîãî âïëèâó 
ðàä³àö³¿ íà ôëîðó. Âïðîäîâæ ìàéæå ñîðîêà 
ðîê³â ðîñëèíè ö³º¿ ì³ñöåâîñò³ çàçíàþòü ïîñò³é-
íîãî âïëèâó ³îí³çóþ÷îãî âèïðîì³íþâàííÿ òà 
âàæêèõ ìåòàë³â, ùî ðîáèòü ¿õ ïðèéíÿòíîþ ìî-
äåëëþ äëÿ äîñë³äæåííÿ ìåõàí³çì³â â³äïîâ³ä³ é 
àäàïòàö³¿ äî ãåíîòîêñè÷íîãî ñòðåñó ó ïðèðîä-
íèõ óìîâàõ.

Ðîñëèíè ³ç ×îðíîáèëüñüêî¿ çîíè â³ä÷óæåí-
íÿ ïîñò³éíî ïðèâåðòàþòü óâàãó â÷åíèõ ³ íà 
ñüîãîäí³ â³äîì³ ðåçóëüòàòè áàãàòüîõ äîñë³ä-
æåíü ð³çíèõ àñïåêò³â ¿õíüîãî ðîñòó òà ðîçâèòêó. 
Çîêðåìà, ïîâ³äîìëÿëè ïðî ï³äâèùåíó ñò³éê³ñòü
A. thaliana äî ìóòàãåí³â òà ïîñèëåíó íåñòàá³ëü-
í³ñòü ãåíîìó ó â³äïîâ³äü íà õðîí³÷íå îïðî-
ì³íåííÿ (Kovalchuk I., 2004), çá³ëüøåííÿ ÷àñ-
òîòè õðîìîñîìíèõ àáåðàö³é (Shkvarnikov, 1990) 
òà ïîÿâó åìáð³îíàëüíèõ ëåòàëüíèõ ìóòàö³é 
(Abramov et al., 1992a). Çì³íè ïðîòåîìíîãî 
ñïåêòðó ó íàñ³íí³ ñî¿ òà ëüîíó ç ×îðíîáèëüñü-
êî¿ çîíè áóëè îïèñàí³ Danchenko et al. (2009) 
òà Klubicová et al. (2011). Kovalchuk O. et al. 
(2003a, b) ïîâ³äîìëÿëè ïðî ã³ïåðìåòèëþâàííÿ 
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Â. Áðèêîâ, O. Òàëàëàºâ, Ã. Øåâ÷åíêî 

ãåíîìó ñîñíè òà ïîÿâó ì³êðîñàòåë³òíèõ ìóòàö³é 
ó ïøåíèö³. Âîäíî÷àñ, âàðòî çàçíà÷èòè, ùî á³ëü-
ø³ñòü äîñë³äæåíü ðîñëèí ó ×îðíîáèëüñüê³é 
çîí³ ïðîâîäèëè âïðîäîâæ ïåðøèõ äåñÿòèë³òü 
ï³ñëÿ êàòàñòðîôè. Áàãàòî ðîá³ò ïåðåâàæíî 
áóëè ïðèñâÿ÷åí³ ñò³éêîñò³ òà àäàïòàö³¿ ðîñëèí 
äî õðîí³÷íîãî ðàä³àö³éíîãî âïëèâó (Abramov et 
al., 1992b; Arkhipov et al., 1994; Kovalchuk O.,
2003a; Kovalchuk et al., 2004). Äîñë³äæåííÿ îñ-
òàíí³õ ðîê³â, çîêðåìà é íàø³, òàêîæ âèÿâëÿ-
þòü ï³äâèùåíó ñò³éê³ñòü A. thaliana ³ç ×îðíî-
áèëüñüêî¿ çîíè äî ðàä³îì³ìåòèê³â (Shevchenko, 
2017) òà âèñîêî¿ äîçè ãîñòðîãî ãàììà-îïðî-
ì³íåííÿ (Podlutskii et al., 2024).

Çàãàëîì ââàæàºòüñÿ, ùî ðîñëèíè ó ×îðíî-
áèë³ çäàòí³ àêòèâóâàòè åôåêòèâí³ çàõèñí³ ìå-
õàí³çìè, ÿê³ äîçâîëÿþòü ¿ì ïðîòèä³ÿòè õðî-
í³÷íîìó ðàä³àö³éíîìó âïëèâó òà çàáðóäíåííþ 
âàæêèìè ìåòàëàìè-÷èííèêàì, ùî çàëèøàþ-
òüñÿ ïîñò³éíèìè åêîëîã³÷íèìè ñòðåñîðàìè â
öüîìó ðåã³îí³ (Shevchenko, 2017; Klimenko et 
al., 2019). Âàæëèâî â³äçíà÷èòè, ùî îñòàíí³ 
äîñë³äæåííÿ â ö³é ãàëóç³ çäåá³ëüøîãî ñòîñó-
þòüñÿ äåðåâíèõ âèä³â, çîêðåìà Pinus sylvestris. 
Îäíàê äîñ³ çàëèøàºòüñÿ îáìåæåíîþ ³íôîð-
ìàö³ÿ ïðî äîâãîòðèâàë³ àäàïòàö³éí³ ìåõàí³çìè 
ñàìå òðàâ’ÿíèñòèõ ðîñëèí â óìîâàõ çàáðóäíå-
íîãî ñåðåäîâèùà ×îðíîáèëÿ. Âèçíà÷åííÿ ô³-
ç³îëîã³÷íèõ, ãåíåòè÷íèõ òà åï³ãåíåòè÷íèõ â³ä-
ïîâ³äåé òðàâ’ÿíèñòèõ âèä³â íà õðîí³÷íå ðàä³à-
ö³éíå îïðîì³íåííÿ òà ä³þ âàæêèõ ìåòàë³â ïî-
òðåáóº ïîäàëüøèõ äîñë³äæåíü.  

Äëÿ ãëèáøîãî ðîçóì³ííÿ çàõèñíèõ ìåõà-
í³çì³â, ÿê³ ëåæàòü â îñíîâ³ àäàïòàö³¿ ðîñëèí 
äî ãåíîòîêñè÷íîãî ñòðåñó ìè âèêîðèñòàëè 
êîìïëåêñíèé ï³äõ³ä, àíàë³çóþ÷è ìîðôîëîã³÷-
í³, ìåòàáîë³÷í³ òà ìîëåêóëÿðí³ çì³íè â åêî-
òèïàõ A. thaliana ç ×îðíîáèëüñüêî¿ çîíè ï³ñëÿ 
âïëèâó ãåíîòîêñè÷íèõ àãåíò³â. Çîêðåìà, ìè 
äîñë³äæóâàëè ðåàêö³¿ ðîñëèí íà âàæêèé ìåòàë 
êàäì³é (Cd), ðàä³îì³ìåòèê ìåòèëìåòàíñóëüôî-
íàò (MMS) òà ðàä³îì³ìåòèêè ³ç ðîäèíè áëåî-
ì³öèí³â (áëåîì³öèí ³ çåîöèí). Ìåòîþ öüîãî 
äîñë³äæåííÿ áóëî âèÿâèòè êë³òèíí³ òà ìîëå-
êóëÿðí³ ðåàêö³¿, ùî àêòèâóþòüñÿ ó ðîñëèí ï³ñ-
ëÿ âïëèâó ãåíîòîêñè÷íèõ àãåíò³â, ç îñîáëèâîþ 
óâàãîþ äî ìåõàí³çì³â, ÿê³ ñïðèÿþòü àäàïòàö³¿ 
äî åêîëîã³÷íîãî ñòðåñó. Äëÿ öèõ åêñïåðèìåí-
ò³â ìè âèêîðèñòàëè ãåíîòèïè A. thaliana ³ç çî-
íè ç ð³çíèìè ð³âíÿìè ñò³éêîñò³ äî ãåíîòîêñè-

í³â: ×îðíîáèëü07 (Che07) (á³ëüø ñò³éêèé) òà 
×îðíîáèëü5 (Che5) (ìåíø ñò³éêèé).

Ó ñòàòò³ ïðåäñòàâëåí³ ðåçóëüòàòè åêñïåðè-
ìåíò³â ùîäî âïëèâó Cd òà áëåîì³öèíó/çåîöèíó
íà ð³ñò êîðåí³â òà ñòàí ð³çíèõ ðîñòîâèõ êîðå-
íåâèõ çîí. Êð³ì òîãî, îêðåìà ÷àñòèíà åêñïåðè-
ìåíò³â ñòîñóâàëàñÿ îö³íêè ð³âí³â ðóéíóâàííÿ
ÄÍÊ òà òðàíñêðèïö³éíî¿ ðåãóëÿö³¿ êë³òèííîãî 
öèêëó ó â³äïîâ³äü íà ä³þ MMS/áëåîì³öèíó. 
Äîñë³äæåííÿ íàáóòî¿ ïðèðîäíèì øëÿõîì àäàï-
òàö³¿ ðîñëèí äî ðàä³àö³¿ òà âàæêèõ ìåòàë³â º
âàæëèâèì íå ëèøå äëÿ äîïîâíåííÿ ôóíäà-
ìåíòàëüíîãî çíàííÿ, à é äëÿ ðîçðîáêè ô³òî-
ðåìåä³àö³éíèõ ñòðàòåã³é äëÿ çàáðóäíåíèõ òå-
ðèòîð³é. Êð³ì òîãî, òàê³ äîñë³äæåííÿ ìîæóòü 
áóòè âíåñêîì ó á³îòåõíîëîã³þ ï³äâèùåííÿ 
ñò³éêîñò³ ðîñëèí äî åêîëîã³÷íèõ ñòðåñîð³â.

Ìàòåð³àëè òà ìåòîäè. Çá³ð ðîñëèííîãî ìà-
òåð³àëó òà óìîâè âèðîùóâàííÿ. Íàñ³ííÿ A. tha-
liana çáèðàëè ó ì³ñò³ Ïðèï’ÿòü, äå ð³âåíü ðà-
ä³àö³¿ ó ïîâ³òð³ êîëèâàâñÿ â³ä 1 äî 9 ìêÇâ/ãîä.
Â³äïîâ³äí³ ð³âí³ ðàä³àö³éíîãî çàáðóäíåííÿ 
´ðóíòó â öüîìó ðåã³îí³ áóëè îïèñàí³ ðàí³øå 
Rashydov òà Hajduch (2015). ²ç ç³áðàíîãî íà-
ñ³ííºâîãî ìàòåð³àëó ïðîðîùóâàëè ê³ëüêà ë³-
í³é, ÿê³ ïðîéøëè ñêðèí³íã íà ÷óòëèâ³ñòü êî-
ðåíåâîãî ðîñòó äî ñåðåäîâèùà, ùî ì³ñòèòü
Cd, Zn òà Al à òàêîæ ðàä³îì³ìåòèêà ìåòèë-
ìåòàíñóëüôîíàòó (MMS) (Kim et al., 2006). 
Íà îñíîâ³ öüîãî àíàë³çó äëÿ ïîäàëüøèõ åêñ-
ïåðèìåíò³â áóëà â³ä³áðàíà îäíà ë³í³ÿ, ñò³éêà 
äî ãåíîòîêèí³â – Chernobyl07 (Che07), à òà-
êîæ îäíà ìåíø ñò³éêà ë³í³ÿ – Chernobyl5 
(Che5). Íàñ³ííÿ êîíòðîëüíî¿ ðîñëèíè Oasis 
(Oas) çáèðàëè ïîáëèçó Êèºâà, äå ð³âåíü ïðè-
ðîäíîãî ðàä³àö³éíîãî ôîíó ñòàíîâèâ â³ä 0,15
äî 0,20 ìêÇâ/ãîä. Äîäàòêîâî, ó äåÿêèõ åêñïå-
ðèìåíòàõ âèêîðèñòîâóâàëè åêîòèï Columbia-0 
(Col-0) ÿê ëàáîðàòîðíèé êîíòðîëü.

Åêñïåðèìåíòè ç ³íã³áóâàííÿ ðîñòó. Äëÿ ðîñ-
òîâèõ òåñò³â íàñ³ííÿ A. thaliana ïîïåðåäíüî 
ïðîðîùóâàëè âïðîäîâæ 3 äí³â íà ïîëîâèííî-
ìó ñåðåäîâèù³ Murashige òà Skoog (MS) ³ç 
äîäàâàííÿì 0,5 % ñàõàðîçè. Ï³ñëÿ öüîãî ïðî-
ðîñòêè ïåðåíîñèëè íà ñåðåäîâèùå, ùî ì³ñòè-
ëî àáî 100 ìêì õëîðèäó êàäì³þ (CdCl2) àáî 
5 ìêã/ìë çåîöèíó, ³ çàëèøàëè äëÿ ïîäàëüøîãî 
ðîñòó ùå íà 3 äí³.

Âèì³ðþâàííÿ äîâæèíè êîðåí³â ïðîâîäèëè 
çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ Ima-
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geJ (www.imagej.net). Ñòàòèñòè÷íó çíà÷óù³ñòü 
àíàë³çóâàëè øëÿõîì ïîð³âíÿííÿ êîíòðîëüíèõ 
³ îáðîáëåíèõ âàð³àíò³â ïðîðîñòê³â A. thaliana ó 
ìåæàõ êîæíîãî åêîòèïó.

Òåñòè æèòòºçäàòíîñò³ êë³òèí. Äëÿ â³çóà-
ë³çàö³¿ æèâèõ êë³òèí ïðîâîäèëè ôàðáóâàííÿ 
ôëóîðåñöå¿íä³àöåòàòîì (FDA) çà ìåòîäèêîþ 
Saruyama et al. (2013), âèêîðèñòîâóþ÷è ðîáî-
÷èé ðîç÷èí êîíöåíòðàö³ºþ 2 ìêã/ìë ó ôîñ-
ôàòíîìó áóôåð³ (PBS, pH 7,2). Çàãèáë³ êë³òèíè 
çàáàðâëþâàëè éîäèäîì ïðîï³ä³þ (PI) ó ðîáî÷î-
ìó ðîç÷èí³ 5 ìêã/ìë ó äå³îí³çîâàí³é âîä³ 
(dH2O) (Truernit and Haseloff, 2008). Îáèäâà 
áàðâíèêè (FDA ³ PI) áóëè îòðèìàí³ â³ä Thermo 
Fisher Scientific.

Ôëóîðåñöåíòíó ì³êðîñêîï³þ ïðîâîäèëè çà 
äîïîìîãîþ ëàçåðíîãî êîíôîêàëüíîãî ì³êðîñ-
êîïà Leica DMi8. Ôëóîðåñöå¿í çáóäæóâàëè ïðè 
488 íì, à âèïðîì³íþâàííÿ ðåºñòðóâàëè çà äî-
ïîìîãîþ ô³ëüòðà íà 510 íì. Éîäèä ïðîï³ä³þ 
çáóäæóâàëè ïðè 543 íì, à âèïðîì³íþâàííÿ ðå-
ºñòðóâàëè çà äîïîìîãîþ ô³ëüòðà íà 615 íì.

Àíàë³ç ïîøêîäæåííÿ ÄÍÊ. Ðóéíóâàííÿ ÄÍÊ 
òà äèíàì³êó ¿¿ â³äíîâëåííÿ îö³íþâàëè ï³ñëÿ 
1-ãîäèííî¿ îáðîáêè ïðîðîñòê³â 30 ìêã/ìë 
áëåîì³öèíó çà äîïîìîãîþ ãåëü-åëåêòðîôîðåçó 
îêðåìèõ êë³òèí (SCGE) àáî êîìåò-àíàë³çó 
(Angelis et al., 1999). Ðóéíóâàííÿ ÄÍÊ â³çóà-
ë³çóâàëè ìåòîäîì åï³ôëóîðåñöåíòíî¿ ì³êðîñ-
êîï³¿ çà äîïîìîãîþ ì³êðîñêîïà Nikon Eclipse 
800 ï³ñëÿ çàáàðâëåííÿ SYBR Gold (Molecular 
Probes, Invitrogen, USA).

Îö³íþâàííÿ âêëþ÷àëî ÷îòèðè íåçàëåæí³ 
ðåïë³êè ãåëþ ïî 25 êë³òèí ó êîæí³é. ×àñ â³ä-
íîâëåííÿ (tx) âèçíà÷àëè ÿê % çàëèøêîâîãî 
ð³âíÿ ðóéíóâàíü çà ôîðìóëîþ: (tx) = ñåðåäí³é 
% õâ³ñò êîìåòè DNA (tx) – ñåðåäí³é % õâ³ñò 
êîìåòè ÄÍÊ (êîíòðîëü)/ñåðåäí³é % õâ³ñò êî-
ìåòè ÄÍÊ (t0) – ñåðåäí³é % õâ³ñò êîìåòè 
ÄÍÊ * 100. Ìàêñèìàëüíèé ð³âåíü óøêîäæåíü 
íîðìàë³çóâàëè äî 100 % ïðè t = 0 äëÿ âñ³õ

äîñë³äæóâàíèõ ë³í³é ðîñëèí. Äîçîçàëåæíó â³ä-
ïîâ³äü âèçíà÷àëè ÿê â³äñîòîê â³ëüíî¿ (ôðàã-
ìåíòîâàíî¿) ÄÍÊ, ùî ïåðåì³ùóâàëàñÿ åëåê-
òðîôîðåçîì ó «õâ³ñò êîìåòè» (% Tail DNA). 
Øâèäê³ñòü ðåïàðàö³¿ äâîëàíöþãîâèõ ðîçðèâ³â 
ÄÍÊ (DSB repair) îö³íþâàëè øëÿõîì âè-
ì³ðþâàííÿ ÷àñòêè ôðàãìåíòîâàíî¿ ÄÍÊ íà 
ð³çíèõ ÷àñîâèõ ³íòåðâàëàõ óïðîäîâæ ïåð³îäó 
â³äíîâëåííÿ.

Åêñïðåñ³ÿ ãåí³â êë³òèííîãî öèêëó. Äëÿ åêñïå-
ðèìåíò³â ç àíàë³çó åêñïðåñ³¿ ãåí³â, îêð³ì áëåî-
ì³öèíó òà Cd, ðîñëèíè âèðîùóâàëè íà ñå-
ðåäîâèù³ ³ç MMS ó êîíöåíòðàö³¿ 7,5 ìêë MMS 
íà 100 ìë 1/2 MS ñåðåäîâèùà âïðîäîâæ 1 äíÿ. 
Òðàíñêðèïö³éíó àêòèâí³ñòü ãåí³â CycB2;1 òà 
CDKG1 àíàë³çóâàëè ìåòîäîì ê³ëüê³ñíî¿ ÏËÐ 
ó ðåàëüíîìó ÷àñ³ (òåðìîöèêëåð BioRad), âèêî-
ðèñòîâóþ÷è òàê³ ïàðàìåòðè àìïë³ô³êàö³¿: 2 õâ 
ïðè 95 ºC, 40 öèêë³â: 15 ñ ïðè 95 ºC ³ 60 ñ ïðè 
60 ºC, ïîäàëüøå ñòâîðåííÿ êðèâî¿ äèñîö³àö³¿ 
äëÿ ïåðåâ³ðêè ñïåöèô³÷íîñò³ àìïë³ô³êàö³¿. Ðå-
àêö³éíà ñóì³ø ì³ñòèëà SYBR Green Master Mix
(Roche), 300 íÌ ñïåöèô³÷íèõ ïðÿìîãî ³ çâî-
ðîòíîãî ïðàéìåð³â òà 2,5 ìêë ðîçâåäåíî¿ 
êDNA ó êîæí³é ðåàêö³¿ îá’ºìîì 10 ìêë. Äëÿ 
íîðìàë³çàö³¿ åêñïðåñ³¿ âèêîðèñòîâóâàëè ãåíè 
ðîäèíè SAND ÿê ðåôåðåíòí³ (housekeeping 
ãåíè) (òàáëèöÿ).

Êîíòðîëüí³ ðåàêö³¿ áåç çðàçêà (no template 
controls, NTC) ì³ñòèëè 2,5 ìêë RNase-free âî-
äè çàì³ñòü ìàòðè÷íî¿ ÄÍÊ. Ñòàíäàðòí³ êðè-
â³ òà åôåêòèâí³ñòü ïðàéìåð³â ðîçðàõîâóâàëè
çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ Light
Cycler.

Ð³âåíü åêñïðåñ³¿ ãåí³â äëÿ êîæíîãî çðàçêà 
âèçíà÷àëè íà îñíîâ³ äâîõ-òðüîõ òåõí³÷íèõ ðå-
ïë³ê, âèêîðèñòîâóþ÷è ñòàíäàðòíó êðèâó, ÿêà 
âðàõîâóº åôåêòèâí³ñòü ïðàéìåð³â, ³ âèðàæàëè 
â³äíîñíî êîíòðîëüíîãî çðàçêà. Äëÿ êîæíîãî 
ãåíà ïðîâîäèëè ùîíàéìåíøå òðè á³îëîã³÷í³ 
ðåïë³êè.

Âèêîðèñòàí³ ïðàéìåðè äëÿ ðåàêö³¿ ÏËÐ ó ðåàëüíîìó ÷àñ³ 

Ïðîòå¿í Ãåí Ïðÿìèé ïðàéìåð Çâîðîòíèé ïðàéìåð

AT5G63370.1

AT2G17620.1

AT2G28390

CDKG1

CycB2;1

SAND 

GCTGAACAGTCTACTAACTTTGG

TCAGTTCCAAGTGCTAACGA

AACTCTATGCAGCATTTGATCCACT

GTCGGCATGAAATCTTTGGA

TCCTCCATCTCAACTTCTTCC

TGATTGCATATCTTTATCGCCATC
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Óñ³ äàí³ ÏËÐ îáðîáëÿëè òà àíàë³çóâàëè çà 
äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ GenEx 
(http://www.multid.se). Box-ïëîòè áóäóâàëè çà 
äîïîìîãîþ ïðîãðàìè BoxPlotR (http://shiny.
chemgrid.org/boxplotr).

Ðåçóëüòàòè òà îáãîâîðåííÿ. Ð³ñò êîðåí³â A. tha-
liana ïðè êàäì³ºâîìó ñòðåñ³. Ñêðèí³íã íà ÷óò-
ëèâ³ñòü êîðåíåâîãî ðîñòó äî ðàä³îì³ìåòèê³â ³ 
âàæêèõ ìåòàë³â ñåðåä äâàäöÿòè åêîòèï³â A. tha-
liana ³ç çîíè ×îðíîáèëÿ äîçâîëèâ ³äåíòè-
ô³êóâàòè íàéá³ëüø òà íàéìåíø ñò³éê³ ë³í³¿: 
Che07 ³ Che5, â³äïîâ³äíî (Shevchenko et al., 
2017). Ö³ ë³í³¿ áóëè îáðàí³ äëÿ ïîäàëüøèõ  
äîñë³äæåíü. Íà îñíîâ³ àíàë³çó ê³ëüêîõ ì³êðî-
ñàòåë³òíèõ ëîêóñ³â, ùî ïîêàçàëè ïîä³áí³ñòü 
ì³æ óñ³ìà äîñë³äæóâàíèìè ë³í³ÿìè, A. thaliana 
³ç ×îðíîáèëÿ êëàñèô³êóâàëè ÿê åêîòèï Lands-
berg (Kovalchuk et al., 2004).

Áóëî ïðîâåäåíî ê³ëüêà ñåð³é åêñïåðèìåí-
ò³â ³ç âèêîðèñòàííÿì âàæêîãî ìåòàëó êàäì³þ 
(Cd), ÿêèé º äâîâàëåíòíèì ³îíîì, ïîä³áíèì 
äî öåç³þ (Cs) òà ñòðîíö³þ (Sr), à òàêîæ ðà-
ä³îì³ìåòèê³â, òàêèõ ÿê ìåòèëìåòàíñóëüôîíàò 
(MMS), áëåîì³öèí ³ çåîöèí. Ö³ ñïîëóêè ³ì³-
òóþòü âïëèâ ³îí³çóþ÷îãî âèïðîì³íþâàííÿ, 
ñïðè÷èíÿþ÷è îäíîëàíöþãîâ³ (SSBs) ³ äâî-
ëàíöþãîâ³ (DSBs) ðîçðèâè ÄÍÊ (Manova et 
al., 2006; Vladejić et al., 2024).

Ñòðåñ, ³íäóêîâàíèé êàäì³ºì òà ðàä³àö³ºþ,  
ìîæå ïîðóøóâàòè êëþ÷îâ³ ô³ç³îëîã³÷í³ òà ãå-
íåòè÷í³ ïðîöåñè, ùî ÷àñòî ïðèçâîäèòü äî 
ãåíåòè÷íî¿ íåñòàá³ëüíîñò³ òà çíèæåííÿ òåìï³â 
ðîñòó ðîñëèí (Szurman-Zubrzycka et al., 2023). 
Âïëèâ çãàäàíèõ ãåíîòîêñè÷íèõ ôàêòîð³â íà 
ðîñëèíè äîçâîëÿº îòðèìàòè ö³ííó ³íôîðìàö³þ 
ïðî ìåõàí³çìè â³äïîâ³ä³ à òàêîæ  àäàïòàö³þ. 

Íàø³ åêñïåðèìåíòè ç îáðîáêîþ Cd ïîêà-
çàëè, ùî íàéìåíøà ð³çíèöÿ â äîâæèí³ êîðåíÿ 
ì³æ êîíòðîëüíèìè òà îáðîáëåíèìè ðîñëèíàìè 
(ïðèáëèçíî 37 % ïðîòè 24 %) áóëà çàô³êñîâàíà 
ó åêîòèïó Che07 (ðèñ. 1). Öå ñâ³ä÷èòü ïðî òå, 
ùî êîðåíåâà ñèñòåìà A. thaliana ç ×îðíîáèëÿ 
º ìåíø ÷óòëèâîþ äî çàáðóäíåííÿ âàæêèìè 
ìåòàëàìè ïîð³âíÿíî ç êîíòðîëüíèì åêîòèïîì 
Oas. Çàòðèìêà ðîñòó êîðåíÿ âêàçóº íà ìîæëè-
âèé âïëèâ íà êë³òèíè â îêðåìèõ çîíàõ ðîñ-
òó ³ ó çâ’çêó ç öèì ìè îö³íþâàëè ÿê êë³òèíè 
íà ð³çíèõ åòàïàõ ñâîãî ðîçâèòêó ðåàãóþòü íà
ãåíîòîêñè÷í³ àãåíòè. Â³çóàë³çàö³ÿ êîðåíåâî¿ 
ìåðèñòåìè òà çîíè ðîçòÿãó ó âñ³õ åêîòèïàõ 

A. thaliana âèÿâèëà ð³çí³ ðåàêö³¿ öèõ ðîñòîâèõ 
çîí íà îáðîáêó ðàä³îì³ìåòèêàìè òà âàæêèì 
ìåòàëàì. Çîêðåìà, çåîöèí â îñíîâíîìó âïëè-
âàâ íà îáëàñòü ìåðèñòåìè (ðèñ. 2, á), òîä³ ÿê 
Cd çäåá³ëüøîãî âïëèâàâ íà çîíó ðîçòÿãó (ðèñ. 
2, â). Íàñê³ëüêè íàì â³äîìî, öåé ôåíîìåí ðà-
í³øå íå áóâ îïèñàíèé. Ïîÿñíåííÿ ìîæå ïîëÿ-
ãàòè ó ð³çíèö³ ì³æ çîíàìè ìåðèñòåìè òà ðîçòÿãó 
ç òî÷êè çîðó ñòàä³é äèôåðåíö³àö³¿ êë³òèí, ìåõà-
í³çìó ä³¿ ãåíîòîêñèí³â, à òàêîæ àêòèâíîñò³ çà-
õèñíèõ ñèñòåì, òàêèõ ÿê àíòèîêñèäàíòè òà 
ñèñòåìè ðåïàðàö³¿ ÄÍÊ. ßê çåîöèí, òàê ³ êàä-
ì³é ñïðè÷èíÿþòü óòâîðåííÿ àêòèâíèõ ôîðì 
êèñíþ (ÀÔÊ), îêð³ì òîãî, çåîöèí òàêîæ çäàò-
íèé áåçïîñåðåäíüî ïîøêîäæóâàòè ÄÍÊ, âè-
êëèêàþ÷è îäíî- òà äâîëàíöþãîâ³ ðîçðèâè. Ó
ìåðèñòåì³, ÿêà º àêòèâíî ïðîë³ôåðóþ÷îþ òêà-
íèíîþ, ÿäåðíà ÄÍÊ çàõèùåíà â³ä ïîøêîä-
æåíü çàâäÿêè àíòèîêñèäí³é àêòèâíîñò³ òà ñèñ-
òåìàì ðåïàðàö³¿ (Caplin and Wiley, 2018). Ñë³ä
â³äçíà÷èòè, ùî îêðåì³ àâòîðè ââàæàþòü ðîñ-
ëèííó ìåðèñòåìó á³îëîã³÷íî â³äì³ííîþ ñòðóê-
òóðîþ, ÿêà âèíèêëà â ðåçóëüòàò³ íåçàëåæíî¿ 
åâîëþö³¿ ìóëüòèêë³òèííîñò³ (Ludovici et al.,
2020). Ñàìå òîìó âïëèâ ³îí³çóþ÷îãî âèïðîì³-
íþâàííÿ òà ³íøèõ ãåíîòîêñèí³â íà êîðåíåâó 
ìåðèñòåìó ðîñëèí íà ñüîãîäí³øí³é äåíü º 
íåäîñòàòíüî äîñë³äæåíèì (Della Rovere et al., 
2016; Yu et al., 2016). Çîíà ðîçòÿãó êîðåíÿ 
ì³ñòèòü ìåíøå ÄÍÊ, îñê³ëüêè ó ö³é çîí³ â 
îñíîâíîìó çíàõîäÿòüñÿ êë³òèíè, ÿê³ ïåðåñòàëè 
ä³ëèòèñÿ ³ çì³íèëè ñâ³é òèï ðîñòó ç ³çîòðîï-
íîãî (ð³ñò óñ³º¿ ïîâåðõí³) íà àí³çîòðîïíèé 
(àêòèâíå âèäîâæåííÿ) (Baluška et al., 2010). 
Ìîæíà ïðèïóñòèòè, ùî ñóïóòí³ çàõèñí³ ìå-
õàí³çìè, éìîâ³ðíî, ìåíø àêòèâí³ ó ö³é çîí³. 
Ð³çíèé âïëèâ êàäì³þ òà çåîöèíó íà êë³òèíè 
ð³çíèõ çîí ðîñòó ìîæå áóòè ïîâ’ÿçàíèì ³ç
âçàºìîä³ºþ âèùåçãàäàíèõ ôàêòîð³â, âêëþ÷àþ-
÷è ñòàä³þ ðîçâèòêó êë³òèí, ìåõàí³çìè ä³¿ ãå-
íîòîêñèí³â òà àêòèâí³ñòü çàõèñíèõ ñèñòåì.

Àíòèîêñèäàíòíà àêòèâí³ñòü ó ïðîðîñòêàõ 
A. thaliana. Íàø³ äîñë³äæåííÿ ïðîòåîìó âèÿ-
âèëè ï³äâèùåííÿ ð³âíÿ á³ëê³â, ïîâ’ÿçàíèõ ç
àíòèîêñèäàíòíîþ ñèñòåìîþ, ó ãåíîòèï³ Che07
ï³ñëÿ ñòðåñó â³ä êàäì³þ. Çîêðåìà, ãëóòàò³îí-
ðåäóêòàçà (glutathione reductase (GR), àíòèîê-
ñèäàíòíèé ôåðìåíò, â³ä³ãðàº êðèòè÷íó ðîëü ó 
â³äíîâëåíí³ îêèñíåíîãî ãëóòàò³îíó äèñóëüô³äó 
äî ãëóòàò³îíó (GSH) (γ-glutamyl-cysteinyl-gly-
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cine) (Klimenko et al., 2019). GSH ââàæàþòü 
ïîòóæíèì íåôåðìåíòàòèâíèì àíòèîêñèäàí-
òîì, âàæëèâèì äëÿ çàáåçïå÷åííÿ ñò³éêîñò³ äî 
àá³îòè÷íèõ ñòðåñ³â (Hasanuzzaman et al., 2017). 
GDP-ìàííîçà 3,5-åï³ìåðåçà (GDP-mannose 3,5-
epimerase), ôåðìåíò, ùî áåðå ó÷àñòü ó á³î-
ñèíòåç³ àíòèîêñèäàíòó L-àñêîðá³íîâî¿ êèñ-
ëîòè (L-ascorbic acid), â³ä³ãðàº êëþ÷îâó ðîëü 
ó íåéòðàë³çàö³¿ ÀÔÊ (Wolucka and Montagu, 
2003; Giovannoni, 2007). Öåé ôåðìåíò òàêîæ 
àêòèâóâàâñÿ ó ðèñó ï³ñëÿ ñòðåñó â³ä êàäì³þ 
(Chao et al., 2010).

Ó ñò³éêîãî ãåíîòèïó Che07 ï³äâèùóâàâñÿ 
ð³âåíü äåê³ëüêîõ á³ëê³â, ïîâ’ÿçàíèõ ç åíåð-
ãåòè÷íèìè ïðîöåñàìè, ùî âêàçóº íà òå, ùî 
åíåðã³ÿ ïîòð³áíà íå ò³ëüêè äëÿ àíòèîêñèäàíò-
íî¿ àêòèâíîñò³, àëå é äëÿ ³íøèõ çàõèñíèõ 
ìåõàí³çì³â, âêëþ÷àþ÷è â³äíîâëåííÿ ÄÍÊ à 
òàêîæ ³íø³  ð³çíîìàí³òí³ ñòðåñîâ³ â³äïîâ³ä³. 
Çîêðåìà, áåòà-2 ñóáîäèíèöÿ ATP-ñèíòàçè (ATP 
synthase subunit beta-2 ) ç ì³òîõîíäð³é áåðå 
ó÷àñòü ó ñèíòåç³ ATP ³ âèñòóïàº ÿê êëþ÷îâèé 
íåãàòèâíèé ðåãóëÿòîð êë³òèííî¿ çàãèáåë³ ðîñ-
ëèíè (Chivasa et al., 2011). Êð³ì òîãî, áåòà-
ñóáîäèíèöÿ ì³òîõîíäð³àëüíî¿ ATP-ñèíòàçè ìî-
æå âçàºìîä³ÿòè ç ïëàñòèäàìè ïðè ðåòðîãðàä-
íîìó ñèãíàë³íãó (Liu et al., 2024). NADP-çà-
ëåæíà ìàëàòäåã³äðîãåíàçà 2 (NADP-dependent 
malic enzyme 2 (NADP-ME2), ÿêà áóëà âèÿâ-
ëåíà ò³ëüêè ó ãåíîòèïó A. thaliana Che07, â³-
ä³ãðàº âàæëèâó ðîëü ó â³äïîâ³äÿõ íà îêèñ-
íþâàëüíèé ñòðåñ, ñïðè÷èíåíèé ð³çíèìè âíóò-
ð³øíüîêë³òèííèìè òà çîâí³øíüîêë³òèííèìè 
ñèãíàëàìè (Li et al., 2013). Äîñë³äæåííÿ ïî-
êàçàëè, ùî NADP-ME2 òàêîæ ñïðèÿº ñò³éêîñ-
ò³ äî îñìîòè÷íîãî òà ñîëüîâîãî ñòðåñó ó ðîñ-
ëèí (Liu et al., 2007; Badia et al., 2015). Òàêèì 
÷èíîì, åêñïåðèìåíòè ï³äòâåðäèëè àêòèâàö³þ 
ñïåöèô³÷íèõ àíòèîêñèäàíòíèõ ôåðìåíò³â ó
ðîñëèí A. thaliana ç ×îðíîáèëÿ, ùî ìîæå ñâ³ä-
÷èòè ïðî àäàïòèâí³ ðåàêö³¿ äî çàáðóäíåíîãî 
ñåðåäîâèùà.

Ö³ë³ñí³ñòü ãåíîìó ï³ä ÷àñ ãåíîòîêñè÷íîãî 
ñòðåñó. Äëÿ ÷³òê³øîãî ðîçóì³ííÿ ãåíîìíî¿ â³ä-
ïîâ³ä³ íà ãåíîòîêñè÷íèé ñòðåñ óñ³õ âèïðîáó-
âàíèõ åêîòèï³â Arabidopsis, ìè äîñë³äæóâàëè 
¿õíþ çäàòí³ñòü äî â³äíîâëåííÿ ÄÍÊ ï³ñëÿ óñó-
íåííÿ ä³¿ ñòðåñó (âèäàëåííÿ áëåîì³öèíó ³ç ñå-
ðåäîâèùà ðîñòó). Çàñòîñóâàííÿ ÄÍÊ åëåêòðî-

ôîðåçó îäí³º¿ êë³òèíè (êîìåòíèé àíàë³ç) (An-
gelis et al., 1999) äîçâîëèëî îö³íèòè ñòóï³íü ïî-
øêîäæåííÿ ÄÍÊ, ³íäóêîâàíîãî áëåîì³öèíîì, 
çîêðåìà óòâîðåííÿ ïîäâ³éíèõ ðîçðèâ³â ÄÍÊ 
ëàíöþã³â (Manova and Gruszka, 2015). Çã³äíî 
íàøèõ åêñïåðèìåíò³â, îáðîáêà ðàä³îì³ìåòè-
êîì ïðèçâåëà äî çá³ëüøåííÿ ïîøêîäæåííÿ 
ÄÍÊ â 4–5 ðàç³â ó âñ³õ åêîòèïàõ A. thaliana 
(ðèñ. 3).

Ðèñ. 1. Äîâæèíà êîðåí³â åêîòèï³â Arabidopsis thaliana 
Oas òà Che07 ï³ñëÿ 3 äí³â ðîñòó íà ñåðåäîâèù³ ³ç 
êàäì³ºì (p < 0,05)

Ðèñ. 2. Àï³êàëüí³ ÷àñòèíè êîðåí³â ïðîðîñòê³â 
Arabidopsis thaliana ó êîíòðîë³ (a) òà ï³ñëÿ îáðîáêè 
çåîöèíîì (á) ³ êàäì³ºì (Cd) (â). Ïîäâ³éíå çàáàðâëåí-
íÿ çà äîïîìîãîþ ôëóîðåñöå¿íó ä³àöåòàòó (FDA) òà 
éîäèäó ïðîï³ä³ÿ (PI). Ìàñøòàá – 100 ìêì
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Äèíàì³êà â³äíîâëåííÿ ÄÍÊ ïîêàçàëà, ùî 
âæå ÷åðåç 3 õâ ï³ñëÿ âèäàëåííÿ áëåîì³öèíó 
ðóéíóâàííÿ ÄÍÊ çìåíøóâàëîñÿ äî 20–30 % ó 
÷îðíîáèëüñüêèõ åêîòèïàõ (Che5 òà Che07), 
òîä³ ÿê ó êîíòðîëüíèõ åêîòèïàõ (Col òà Oas) 
ïîøêîäæåííÿ ÄÍÊ çàëèøàëîñÿ íà ð³âí³ 50–
60 % (ðèñ. 4). Ïðîãðåñóþ÷å çìåíøåííÿ ðóéíó-
âàííÿ ÄÍÊ ñïîñòåð³ãàëè â óñ³õ åêîòèïàõ 
Arabidopsis âïðîäîâæ ïåð³îäó â³äíîâëåííÿ. Êð³ì 
òîãî, ó ÷îðíîáèëüñüêèõ Che5 òà Che07 ð³âåíü 
ïîøêîäæåííÿ ÄÍÊ çíèæóâàâñÿ íèæ÷å áàçî-
âîãî ð³âíÿ ï³ñëÿ 180 õâ â³äíîâëåííÿ, ùî âêàçóº 
íà àêòèâíèé ïðîöåñ ðåïàðàö¿ (ðèñ. 4).

Îñê³ëüêè ðîñëèíè íå ìîæóòü óíèêíóòè íå-
ñïðèÿòëèâèõ óìîâ íàâêîëèøíüîãî ñåðåäîâè-
ùà, ó íèõ åâîëþö³éíî ñôîðìóâàëèñÿ åôåêòèâí³ 

òà øâèäê³ ìåõàí³çìè çàõèñòó òà ðåïàðàö³¿ ÄÍÊ, 
ùî çáåð³ãàº ö³ë³ñí³ñòü ãåíîìó òà çàáåçïå÷óº 
ïåðåäà÷ó ãåíåòè÷íî¿ ³íôîðìàö³¿ ìàéáóòí³ì ïî-
êîë³ííÿì. Ðåïàðàö³ÿ ãåíîìíî¿ ÄÍÊ çä³éñíþ-
ºòüñÿ çà äîïîìîãîþ ð³çíîìàí³òíîãî íàáîðó 
ôåðìåíò³â, ùî óòâîðþþòü ñêëàäíó òà åôåê-
òèâíó ñèñòåìó â³äíîâëåííÿ, ÿêà äîçâîëÿº ïî-
çáàâëåíèì ðóõëèâîñò³ îðãàí³çìàì çàõèùàòè 
ñâî¿ ãåíîìè â³ä øèðîêîãî ñïåêòðó åêîëîã³÷-
íèõ ñòðåñ³â, çîêðåìà ãåíîòîêñè÷íîãî ïîøêîä-
æåííÿ. Ìè äîñë³äæóâàëè ð³âí³ åêñïðåñ³¿ ãåíà 
ì³òîòè÷íîãî öèêë³íà B (CycB2;1), ÿêèé ñïðèÿº 
âõîäó â ì³òîç ï³ñëÿ ôàçè G2 (Ito, 2014), à òà-
êîæ ñïåöèô³÷íî¿ ðîñëèííî¿ öèêë³íîçàëåæíî¿ 
ê³íàçè G1 (CDKG1), êëþ÷îâîãî ðåãóëÿòîðà 
ÐÍÊ-ñïëàéñèíãó, ñîìàòè÷íî¿ ãîìîëîã³÷íî¿ ðå-
êîìá³íàö³¿ òà ñòðåñîâèõ ðåàêö³é (Lin et al., 2018; 
Nibau et al., 2020). Íàø³ ðåçóëüòàòè ïîêàçóþòü, 
ùî â ãåíîòèïó Che5 ï³ñëÿ åêñïîçèö³¿ ãåíî-
òîêñè÷íèì àãåíòàì åêñïðåñ³ÿ CycB2;1 ï³äâè-
ùóâàëàñÿ, à åêñïðåñ³ÿ CDKG1 – çíèæóâàëàñÿ 
(ðèñ. 5), ùî ñâ³ä÷èòü ïðî äåðåãóëÿö³þ êë³òèí-
íîãî öèêëó, çîêðåìà íà ìåæ³ ïåðåõîäó ì³æ 
ôàçàìè G2/M.

Çíèæåííÿ åêñïðåñ³¿ CDKG1 ñâ³ä÷èòü ïðî 
çìåíøåííÿ àêòèâíîñò³ ê³íàçè, ùî ïðèçâîäèòü äî 
óïîâ³ëüíåííÿ êë³òèííîãî öèêëó òà íàêîïè÷åííÿ 
êë³òèí ó ôàç³ G2. Îñê³ëüêè òàêå çàòðèìàí-
íÿ êë³òèííîãî öèêëó º âèçíàíîþ â³äïîâ³ääþ 
íà ãåíîòîêñè÷íèé ñòðåñ, öå ñïîñòåðåæåííÿ, 
éìîâ³ðíî, â³äîáðàæàº àäàïòèâíèé ìåõàí³çì, 
ïðè ÿêîìó ðîñëèíè òèì÷àñîâî ïðèãí³÷óþòü 
ïåðåõ³ä äî ì³òîçó, ùîá çàïîá³ãòè ïîøèðåííþ
ïîøêîäæåíî¿ ÄÍÊ. Êð³ì òîãî, ïîïåðåäí³ äî-
ñë³äæåííÿ íà A. thaliana òà ðèñ³ ïîêàçàëè, ùî 
çà óìîâ ïîøêîäæåííÿ ÄÍÊ òà îêèñíþâàëüíîãî 
ñòðåñó åêñïðåñ³ÿ B öèêë³í³â, çîêðåìà CYCB2;1, 
ìîæå çá³ëüøóâàòèñÿ, ³ öå ââàæàºòüñÿ âàæëèâèì 
äëÿ ðåãóëþâàííÿ êîíòðîëüíèõ òî÷îê êë³òèí-
íîãî öèêëó, ùî ñïðèÿº ï³äâèùåííþ çäàòíîñò³ 
ðîñëèí äîëàòè ãåíîìíèé ñòðåñ (Schnittger òà 
De Veylder, 2018).

Ï³äñóìîâóþ÷è, ìîæíà ñòâåðäæóâàòè, ùî, 
çã³äíî îòðèìàíèõ ðåçóëüòàò³â, åêîòèïè A. tha-
liana ç ×îðíîáèëüñüêî¿ çîíè äåìîíñòðóþòü óí³-
êàëüí³ ìåõàí³çìè àäàïòàö³¿ äî åêîëîã³÷íîãî 
ñòðåñó òà ðóéíóâàííÿ ÄÍÊ, íàáóò³, éìîâ³ðíî,
âíàñë³äîê òðèâàëîãî âïëèâó ³îí³çóþ÷îãî âè-
ïðîì³íþâàííÿ. Åôåêòèâíà àíòèîêñèäàíòíà â³ä-
ïîâ³äü, øâèäêà àêòèâàö³ÿ ñèñòåìè ðåïàðàö³¿  

Ðèñ. 3. Ðóéíóâàííÿ ÄÍÊ çà äîïîìîãîþ áëåîì³öèíó 
(30 ìêã/ìë) â åêîòèïàõ Arabidopsis thaliana Col0, Oas, 
Che5 òà Che07

Ðèñ. 4. Äèíàì³êà â³äíîâëåííÿ ÄÍÊ â åêîòèïàõ 
Arabidopsis thaliana Col0, Oas, Che5 òà Che07 ï³ñëÿ 
îáðîáêè áëåîì³öèíîì
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ÄÍÊ òà çàòðèìêà êë³òèííîãî öèêëó º êëþ÷î-
âèìè êîìïîíåíòàìè ¿õí³õ çàõèñíèõ ìåõàí³ç-
ì³â. Òàêà àäàïòàö³ÿ âêàçóº íà òå, ùî ðîñëèíè ç 
×îðíîáèëÿ âèêîðèñòîâóþòü åôåêòèâí³ ñòðàòå-
ã³¿ äëÿ çìåíøåííÿ ãåíîòîêñè÷íèõ åôåêò³â, ùî 
íàäàº ¿ì ï³äâèùåíî¿ ñò³éêîñò³ äî îêèñíþâàëü-
íîãî ñòðåñó òà ïîøêîäæåííÿ ãåíîìó.

Ùèðî äÿêóºìî ïðîôåñîðó John Doonan (IBERS, 
Aberystwyth University, Âåëèêà Áðèòàí³ÿ) çà íà-
äàííÿ äîñòóïó äî ëàáîðàòîðíîãî îáëàäíàííÿ, çî-
êðåìà ì³êðîñêîïà òà óñòàíîâîê äëÿ ÏËÐ, ùî
áóëî íåîáõ³äíèì äëÿ ïðîâåäåííÿ íàøèõ åêñïå-
ðèìåíò³â. Âèñëîâëþºìî ïîäÿêó ïðîôåñîðó Karel
Angelis (Institute of Experimental Botany, Ïðàãà, 
×åõ³ÿ) çà ö³íí³ ïîðàäè òà ï³äòðèìêó ï³ä ÷àñ 
âèêîíàííÿ åêñïåðèìåíò³â ³ç êîìåòíèì àíàë³çîì. 
¯õíÿ åêñïåðòèçà òà âíåñîê çíà÷íî çáàãàòèëè 
öå äîñë³äæåííÿ. Òàêîæ äÿêóºìî Ñåðã³þ Ê³ðººâó 
(Äåðæàâíå ñïåö³àë³çîâàíå ï³äïðèºìñòâî «Åêî-
öåíòð») òà Äåíèñó Âèøíåâñüêîìó (×îðíîáèëü-
ñüêèé ðàä³àö³éíî-åêîëîã³÷íèé á³îñôåðíèé çàïî-
â³äíèê, ì. ×îðíîáèëü) çà ëîã³ñòè÷íó äîïîìîãó, 
ïîøóê òà çá³ð íàñ³ííÿ.   

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Öÿ ñòàòòÿ íå 
ì³ñòèòü áóäü-ÿêèõ äîñë³äæåíü çà ó÷àñòþ ëþäåé ³ 
õðåáåòíèõ òâàðèí â ÿêîñò³ îá’ºêò³â äîñë³äæåííÿ. 
Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü ïðî â³ä-
ñóòí³ñòü êîíôë³êòó ³íòåðåñ³â. 
Ô³íàíñóâàííÿ. Öå äîñë³äæåííÿ ÷àñòêîâî ô³íàí-

ñóâàëîñÿ çà ðàõóíîê ãðàíòó ªÑ, 7-ìà Ðàìêî-
âà ïðîãðàìà, Îáì³í íàóêîâèìè êàäðàìè, Ä³¿ 
Ìàð³¿ Êþð³ 2014–2018.

STRESS ADAPTATION: ENHANCED 
RESISTANCE TO CD2+ AND RADIOMIMETICS 
IN ARABIDOPSIS THALIANA 
FROM THE CHORNOBYL AREA

V. Brykov1, O. Talalaiev, H. Shevchenko

M.G. Kholodny Institute of Botany, the NAS 
of Ukraine, 01004, Kyiv, Ukraine
Institute of Experimental Botany, Czech Academy 
of Sciences, Prague, Czech Republic
Auto Tissue Berlin GmbH, Berlin, Germany

E-mail: vbrykov@gmail.com, talalaiev@autotissue.de, 
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The study of Arabidopsis ecotypes from the Chornobyl 
area demonstrated their enhanced resistance to cad-
mium (Cd2+) and radiomimetics (bleomycin/zeocin). 
For instance, the seedlings of the Chornobyl ecotype 
Che07 demonstrated lower inhibition of root growth 
under Cd-induced stress. It was first determined that 
zeocin mainly affected the cells of the root meristem, 
whereas Cd2+ predominantly impacted the cells of the 
elongation zone. This differentiated response may result 
from variations in the stages of plant development, the 
specific action of genotoxic agents, and the activity 
of protective mechanisms in different growth zones 
of the roots. The analysis of DNA destruction and its 
ability to recover after processing with radiomimetics 
demonstrated the rapid (within three minutes) activation 

Ðèñ. 5. Ð³âåíü åêñïðåñ³¿ CycB2;1 (a) òà CDKG1 (á) â åêîòèïàõ Col0 òà Che5 ï³ñëÿ îáðîáêè ìåòèëìåòàíñóëü-
ôîíàòîì, áëåîì³öèíîì òà êàäì³ºì (p ˂  0,05 äëÿ a – îáðîáêè MMS òà áëåîì³öèíîì, b – p ˂  0,05 äëÿ îáðîáêè 
áëåîì³öèíîì)
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of repair mechanisms in the Chornobyl ecotypes Che5 
and Che07. The enhanced expression of the cyclin 
gene CycB2;1 and poorer expression of the kinase gene 
CDKG1 after processing with bleomycin indicated the 
presence of changes in the regulation of the cellular 
cycle, specifically its arrest in the G2 phase. This 
adaptive response might be directed at inhibiting the 
transition to mitosis, which prevents the transfer of 
the damaged DNA to daughter cells. In Arabidopsis 
ecotypes from the Chornobyl area, there was activation 
of the specific antioxidant enzymes, which counteracts 
the oxidative stress and genome damage. It is assumed 
that Arabidopsis plants from the area of the Chornobyl 
nuclear power station employ unique mechanisms of 
adaptation to ecological stress and DNA damage, which 
may have been acquired due to the long-term impact of 
ionizing radiation. The investigation of plant resistance 
to ionizing radiation and heavy metals is relevant for 
the elaboration of phytoremediation strategies and may 
promote the development of biotechnologies to enhance 
plant resistance to other abiotic stress factors.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

Abramov, V.I., Fedorenko. O., and Shevchenko, V., 
Genetic consequences of radioactive contaminations 
for populations of Arabidopsis, Science of the Total 
Environment, 1992 a, vol. 112, pp. 19–28

Abramov, V.I., Sergeyeva, S.A., Ptitsyna, S.N., Semov, A.B., 
and Shevchenko, V.A., Genetic-effects and repair of 
single-stranded-DNA breaks in populations of Arabidopsis 
thaliana growing in the region of the Chernobyl-nuclear-
power-station, Genetika, 1992b, vol. 28, pp. 69–73 

Angelis, K.J., Dušinská, M., and Collins, A.R., Single 
cell gel electrophoresis: detection of DNA damage at 
different levels of sensitivity, Electrophoresis, 1999, 
vol. 20, pp. 2133–2138 

Arkhipov, N.P., Kuchma, N.D., Askbrant, S., Pasternak, 
P.S., and Musica, V.V., Acute and long-term effects 
of irradiation on pine (Pinus silvestris) stands post-
Chernobyl, Sci. Total Environ., 1994, vol. 157, pp. 
383–386

Badia, M.B., Arias, C.L., Tronconi, M.A., Maurino, 
V.G., Andreo, C.S., Drincovich, M.F., and Wheeler 
M.C., Enhanced cytosolic NADP-ME2 activity in A. 
thaliana affects plant development, stress tolerance 
and specific diurnal and nocturnal cellular processes, 
Plant Science, 2015, vol. 240, pp. 193–203. https://
doi.org/10.1016/j.plantsci.2015.09.015 

Baluška, F., Mancuso, S., Volkmann, D., and Barlow, 
P.W., Root apex transition zone: a signalling-
response nexus in the root, Trends in Plant Science, 
2010, vol. 15, no. 7, pp. 402–408. https://doi.org/ 
10.1016/j.tplants.2010.04.007

Caplin, N., and Willey, N., Ionizing radiation, higher 
plants, and radioprotection: from acute high doses to 

chronic low doses, Frontiers in Plant Science, 2018, vol. 
9, article 847. https://doi.org/10.3389/ fpls.2018.00847

Chao, Yu.Ya., Hong, Ch-Ya., and Kao, Ch. H., The 
decline in ascorbic acid content is associated with 
cadmium toxicity of rice seedlings, Plant Physiology 
and Biochemistry, 2010, vol. 48, no. 5, pp. 374–381. 
https://doi.org/10.1016/j.plaphy.2010.01.009

Chivasa, S, Tomé, D.F., Hamilton, J.M., and Slabas, 
A.R., Proteomic analysis of extracellular ATP-regulated 
proteins identifies ATP synthase beta-subunit as a novel 
plant cell death regulator, Mo-lecular and Cellular 
Proteomics, 2011, vol. 10, no. 3, M110.003905. https://
doi.org/10.1074/mcp.M110.003905

Danchenko, M., Skultety, L., Rashydov, N.M., Bere-
zhna, V.V., Mátel, L., Salaj, T., Pretova, A., and 
Haiduch, M., Proteomic analysis of mature soybean 
seeds from the Chernobyl area suggests plant adap-
tation to the contaminated environment, J. Proteome 
Research, 2009, vol. 8, pp. 2915–2922

Della Rovere, F., Fattorini, L., Ronzan, M., Falasca, 
G., and Altamura, M.M., The quiescent center 
and the stem cell niche in the adventitious roots of 
Arabidopsis thaliana, Plant Signaling and Behavior, 
2016, vol. 11, article e1176660. https://doi.org/10.10
80/15592324.2016.1176660

Giovannoni, J., Completing a pathway to plant vitamin 
C synthesis, Proceedings of the National Academy of 
Sciences, vol. 104, no. 22, pp. 9109–9110. https://
doi.org/10.1073/pnas.0703222104 

Hasanuzzaman, M., Nahar, K., Anee, T.I., and Fu-jita, M., 
Glutathione in plants: biosynthesis and physiological 
role in environmental stress tolerance, Physiol. Mol. 
Biol. Plants, 2017, vol. 23, no. 2, pp. 249–268. https://
doi.org/10.1007/s12298-017-0422-2

Ito, M., Expression of mitotic cyclins in higher plants: 
transcriptional and proteolytic regulation, Plant Bio-
technology Reports, 2014, vol. 8, p. 9. https://doi.
org/10.1007/s11816-013-0297-9

Kim, Y.S., Analysis of gene expression upon DNA 
damage in Arabidopsis, J. Plant Biol., 2006, vol. 49,
pp. 298–302. https://doi.org/10.1007/BF03031159

Klimenko, O., Pernis, M., Danchenko, M., Skultéty, L., 
Klubicová, K., and Shevchenko, G., Natural ecotype 
of Arabidopsis thaliana (L.) Heynh (Chernobyl-07) 
respond to cadmium stress more intensively than the 
sensitive ecotypes Oasis and Columbia, Ecotoxicology 
and Environmental Safety, 2019, vol. 173, pp. 86–95. 
https://doi.org/doi: 10.1016/j.ecoenv.2019.02.012 

Klubicová, K., Danchenko, M., Skultety, L., Berezhna, 
V.V., Hricová, A., Rashydov, N. M., and Haiduch 
M., Agricultural recovery of a formerly radioactive 
area: II. Systematic proteomic characterization of flax 
seed development in the remediated Chernobyl area, 
Journal of Proteomics, 2011b, vol. 74, pp. 1378–1384

Kovalchuk, I., Abramov, V., Pogribny, I., and Kovalchuk, 



69ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2025. Ò. 59. ¹ 5

Àäàïòàö³ÿ äî ñòðåñó: ï³äâèùåíà ñò³éê³ñòü äî Cd2+ òà ðàä³îì³ìåòèê³â ó Arabidopsis 

O., Molecular aspects of plant adaptation to life in 
the Chernobyl zone, Plant Physiol., 2004, vol. 35, 
pp. 357–363

Kovalchuk, O., Burke, P., Arkhipov, A., Kuchma, N., 
James, S.J., Kovalchuk, I., and Pogribny, I., Genome 
hypermethylation in Pinus silvestris of Chernobyl – a 

mechanism for radiation adaptation?, Mutation Research, 
2003a, vol. 529, pp. 13–20

Kovalchuk, O., Kovalchuk, I., Arkhipov, A., Hohn, B., 
and Dubrova Yu.E., Extremely complex pattern of 
microsatellite mutation in the germline of wheat exposed 
to the post-Chernobyl radioactive contamination, 
Mutation Research, 2003b, vol. 525, pp. 93–101

Li, S., Mhamdi, A., Clement, C., Jolivet, Y., and 
Noctor, G., Analysis of knockout mutants suggests 
that Arabidopsis NADP-malic enzyme 2 does not 
play an essential role in responses to oxidative stress 
of intracellular or extracellular origin, J. Experiment. 
Bot., 2013, vol. 64, pp. 3605–3614 

Lin, J., Yang, K., Zheng, B., and Deng, X., Phos-
phorylation of Arabidopsis SINA2 by CDKG1 affects its 
ubiquitin ligase activity and degradation under abiotic 
stress, BMC Plant Biology, 2018, vol. 18, no. 1, pp. 1–14

Liu, S., Cheng, Y., Zhang, X., Guan, Q., Nishiuchi, S.,
Hase, K., and Takano, T., Expression of an 
NADPmalic enzyme gene in rice (Oryza sativa. L) is 
induced by environmental stresses; over-expression of 
the gene in Arabidopsis confers salt and osmotic stress 
tolerance, Plant Mol. Biol., 2007, vol. 64, pp. 49–58 

Liu, H., Liu, Z., Qin, A., Zhou, Y., Sun, S., Liu, Y., 
Hu, M., Yang, J., and Sun, X., Mitochondrial ATP 
synthase beta-subunit affects plastid retrograde signaling 
in Arabidopsis, Inter. J. Mol. Sci., 2024, vol. 25, no. 14, 
pp. 7829. https://doi.org/10.3390/ijms25147829

Ludovici, G.M., de Souza, S.O., Chierici, A., Cascone, 
M.G., d’Errico, F., and Malizia, A., Adaptation to
ionizing radiation of higher plants: From environ-
mental radioactivity to Chernobyl disaster, J. 
Environ. Radioactiv., 2020, vol. 222, article 106375. 
https://doi.org/10.1016/j.jenvrad.2020.106375

Manova, V., Gecheff, G., and Stoilov, L., Efficient repair 
of bleomycin-induced double-strand breaks in barley 
ribosomal genes, Mutation Research/Fundamental 
and Molecular Mechanisms of Mutagenesis, 2006, vol. 
601, no. 1–2, pp. 179–190. https://doi.org/10.1016/j.
mrfmmm.2006.07.004

Manova, V., and Gruszka, D., DNA damage and re-pair 
in plants – from models to crops, Front. Plant Sci., 
2015, vol. 6. https://doi.org/10.3389/fpls.2015.00885

Nibau, C., Dadarou, D., Kargios, N., Mallioura, A.,
Fernandez-Fuentes, N., Cavallari, N., and Doo-
nan, J.H., CDKG1 is required for meiotic and so-
matic recombination intermediate processing in Ara-
bidopsis, The Plant Cell, 2020, vol. 32, no. 4, pp. 
1308–1322

Podlutskii, M., Babina, D., Podobed, M., Bondaren-

ko, E., Bitarishvili, S., Blinova, Y., Shesterikova, E.,
Prazyan, A., Turchin, L., Garbaruk. D., Kudin, M.,
Duarte, G.T., and Volkova, P., Arabidopsis thalia-
na accessions from the Chernobyl exclusion zone 
show decreased sensitivity to additional acute irra-
diation, Plants, 2024, vol. 13, no. 7, pp. 947. https://
doi.org/10.3390/plants13070947 

Rashydov, N., and Hajduch, M., Chernobyl seed pro-
ject. Advances in the identification of differentially 
abundant proteins in a radio-contaminated envi-
ronment, Frontiers in Plant Science, 2015, vol. 6. 
https://doi.org/10.3389/fpls.2015.00493

Schnittger, A., and De Veylder L. The dual face of 
cyclin B1, Trends in Plant Science, 2018, vol 23, no. 
6, pp. 475–478  

Shevchenko, G.V., and Talalaiev, O.S., Efficient me-
chanism of DNA repair stabilizes genome of Ara-
bidopsis thaliana from the Chernobyl zone, Dopov. 
Nac. Akad. Nauk (Ukr), 2017, pp. 84–90. https://
doi.org/10.15407/dopovidi2017.04.084

Shkvarnikov, P.K., A cytological study of plants growing 
under exposure to different radiation levels, Tsitologia 
i Genetika, 1990, vol. 24, pp. 33–37

Saruyama, N., Sakakura, Y., Asano, T., Nishiuchi, T., 
Sasamoto, H., and Kodama, H., Quantification of
metabolic activity of cultured plant cells by vital 
staining with fluorescein diacetate, Analytical Bioche-
mistry, 2013, vol. 441, no. 1, pp. 58–62. https://doi.
org/10.1016/j.ab.2013.06.005

Szurman-Zubrzycka, M., Jędrzejek, P., and Szarejko, 
I., How do plants cope with DNA damage? A 
concise review on the DDR pathway in plants, Inter. 
J. Mol.Sci., 2023, vol. 24, no. 3, pp. 2404. https://
doi.org/10.3390/ijms24032404

Truernit, E. and Haseloff, J. A simple way to identify non-
viable cells within living plant tissue using confocal 
microscopy, Plant Methods, 2008, vol. 4, p. 15

Vladejić, J., Kovacik, M., Zwyrtková, J., et al., Zeocin-
induced DNA damage response in barley and its 
dependence on ATR, Scientific Reports,  2024, vol. 14, 
pp. 3119. https://doi.org/10.1038/s41598-024-53264-0

Wolucka, B.A., and van Montagu M., GDP-mannose 
3,5-epimerase forms GDP-L-gulose, a putative in-
termediate for the de novo diosynthesis of vitamin C 
in plants, J. Biolog. Chem., 2003, vol. 278, no. 48, pp. 
47483–47490. https://doi.org/10.1074/jbc.M309135200 

Yu, Q., Tian, H., Yue, K., Liu, J., Zhang, B., Li, X.,
and Ding, Z., A P-loop NTPase regulates quiescent 
center cell division and distal stem cell identity 
through the regulation of ROS homeostasis in Ara-
bidopsis root, PLoS Genetics, 2016, vol. 12, article 
e1006175. https://doi.org/ 10.1371/journal.pgen.1006175

Íàä³éøëà â ðåäàêö³þ 10.06.2025 
Ï³ñëÿ äîîïðàöþâàííÿ 15.07.2025

Ïðèéíÿòà äî äðóêó 18.09.2025



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


