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ÎÃËßÄÈ Ë²ÒÅÐÀÒÓÐÈ

Äîñë³äæåííÿ º ôðàãìåíòîì ÍÄÐ êàôåäðè åêî-
ëîã³¿ Ëüâ³âñüêîãî íàö³îíàëüíîãî óí³âåðñèòåòó ³ìåí³ 
²âàíà Ôðàíêà «Ìîí³òîðèíã òà ð³çíîð³âíåâà á³î³íäèêà-
ö³éíà îö³íêà åêîëîã³÷íîãî ñòàíó óðáàí³çîâàíèõ ³ òåõ-
íîãåííî òðàíñôîðìîâàíèõ òåðèòîð³é òà àêâàòîð³é Çà-
õ³äíî¿ Óêðà¿íè», ¹ äåðæàâíî¿ ðåºñòðàö³¿ 0114U004241 
³ êàôåäðè ìåäè÷íî¿ á³îëîã³¿, ïàðàçèòîëîã³¿ òà ãåíåòèêè 
Ëüâ³âñüêîãî íàö³îíàëüíîãî ìåäè÷íîãî óí³âåðñèòåòó 
³ìåí³ Äàíèëà Ãàëèöüêîãî «Äîñë³äæåííÿ ôóíêö³îíàëü-
íî ìåòàáîë³÷íèõ ðåçåðâ³â ñòðåñ-ë³ì³òóþ÷èõ ñèñòåì 
îðãàí³çìó çà åêñòðåìàëüíèõ óìîâ ç ìåòîþ âèÿâëåííÿ 
åôåêòèâíèõ ñïîñîá³â ¿õ êîðåêö³¿», ¹ äåðæàâíî¿ ðåºñò-
ðàö³¿ 01110U000121.

Ïðîöåñè ³íäóñòð³àëüíîãî ðîçâèòêó òà óðáàí³çàö³¿, 
ïîâ’ÿçàí³ ç ³íòåíñèâíèì äîáóâàííÿì, ïåðåðîáêîþ òà âè-
êîðèñòàííÿì ìåòàë³â, ïðèçâåëè äî ³ñòîòíîãî çá³ëüøåííÿ 
¿õíüîãî ðîçïîâñþäæåííÿ â ´ðóíò³, ã³äðîñôåð³ òà àòìîñ-
ôåð³ [23, 25, 40]. Òàê³ çì³íè ñóïðîâîäæóþòüñÿ ïîñèëåí-
íÿì âïëèâó ìåòàë³â íà á³îòè÷í³ êîìïîíåíòè ïðèðîäíèõ 
åêîñèñòåì, íàñàìïåðåä ðîñëèíè, ÿê³, ôîðìóþ÷è îñíîâó 
ëàíöþã³â æèâëåííÿ, çíà÷íîþ ì³ðîþ âèçíà÷àþòü ð³âåíü 
ïîøèðåííÿ öèõ ÷èííèê³â ó òðîô³÷íèõ ìåðåæàõ. 

Çíà÷íó óâàãó íàóêîâî¿ ñï³ëüíîòè ïðèâåðòàº âïëèâ 
íà ðîñëèíè âàæêèõ ìåòàë³â (àòîìíîþ ìàñîþ ïîíàä 
40 à.î.ì. [40] àáî ïèòîìîþ ãóñòèíîþ ïîíàä 5 ã/ñì3 
[23]), ÿê³ íèí³ ñòàíîâëÿòü âåëèêó ãðóïó òåõíîãåííèõ 
ïîëþòàíò³â íàâêîëèøíüîãî ñåðåäîâèùà. Â³äîìî, ùî 
äåÿê³ ç âàæêèõ ìåòàë³â (Cu, Fe, Mn, Mo, Ni, Zn) º åñåí-
ö³àëüíèìè ì³êðîåëåìåíòàìè, íåîáõ³äíèìè äëÿ ðîñòó 
³ ðîçâèòêó ðîñëèí; ³íø³, òàê³ ÿê Hg, Pb, Cd, íå áåðóòü 
ó÷àñò³ â ìåòàáîë³÷íèõ ïðîöåñàõ, ÷åðåç ùî ¿õ çàðàõî-
âóþòü äî íååñåíö³àëüíèõ ìåòàë³â [22, 25, 30]. Çà ïåâ-
íèõ êîíöåíòðàö³é ìåòàëè îáîõ ãðóï âèÿâëÿþòü òîê-
ñè÷í³ åôåêòè ùîäî ðîñëèí [25]. ×åðåç òå çá³ëüøåííÿ 
âì³ñòó âàæêèõ ìåòàë³â ó ïåäîñôåð³ ìîæå íåãàòèâíî 
ïîçíà÷àòèñÿ íà ôóíêö³îíóâàíí³ ïðèðîäíèõ åêîñèñ-
òåì, ó ÿêèõ ðîñëèíè º íåâ³ä’ºìíîþ ñêëàäîâîþ. Âîä-
íî÷àñ íàäëèøîê ìåòàë³â ó ´ðóíòàõ çóìîâëþº çìåí-
øåííÿ âðîæàéíîñò³ êóëüòóðíèõ ðîñëèí, ïîã³ðøåííÿ 
ÿêîñò³ ðîñëèííî¿ ïðîäóêö³¿ òà ïîòåíö³éíèé ðèçèê äëÿ 
çäîðîâ’ÿ ëþäåé [17]. 

Ç ³íøîãî áîêó, âàæëèâîþ ïðîáëåìîþ º äåô³öèò àáî 
îáìåæåíà á³îëîã³÷íà äîñòóïí³ñòü ó ´ðóíò³ äåÿêèõ ìåòà-
ë³â-ì³êðîåëåìåíò³â, ùî ïðèçâîäèòü äî ñïîâ³ëüíåííÿ 
ðîñòó ðîñëèí, çá³ëüøåííÿ ¿õíüî¿ âðàçëèâîñò³ äî óðà-
æåííÿ ïàòîãåííèìè ì³êðîîðãàí³çìàìè [25]. Íåñòà÷à 
åññåíö³àëüíèõ ìåòàë³â ó òêàíèíàõ ðîñëèí, ùî ðîñòóòü 
íà òàêèõ ´ðóíòàõ, ìîæå ñóïðîâîäæóâàòèñü ðîçâèòêîì 
ì³êðîåëåìåíòîç³â ó íàñåëåííÿ. Ïî âñüîìó ñâ³òó òðà-
ïëÿþòüñÿ ðàéîíè, äå ïåðåâàæàþòü êàðáîíàòí³ (ëóæí³) 
´ðóíòè ç íèçüêîþ á³îäîñòóïí³ñòþ Fe, Zn ³ Cu – ì³êðî-
åëåìåíò³â, äåô³öèò ÿêèõ â³ä÷óâàº ìàéæå òðåòèíà æè-
òåë³â ïëàíåòè [5, 12, 55]. Òîìó àêòóàëüíîþ ïðîáëåìîþ 
äîñë³äæåííÿ ÷èííèê³â, ÿê³ âïëèâàþòü íà á³îäîñòóï-
í³ñòü ìåòàë³â ó ïåäîñôåð³ òà çäàòí³ñòü ðîñëèí äî ¿õ-
íüîãî íàêîïè÷åííÿ.

Ìåòîþ ðîáîòè áóëî ïðîàíàë³çóâàòè ñó÷àñí³ íàóêî-
â³ äàí³ ùîäî á³îëîã³÷íî¿ äîñòóïíîñò³ ìåòàë³â äëÿ ðîñ-
ëèí, ïðîöåñ³â ¿õíüî¿ àáñîðáö³¿, òðàíñïîðòó é àêóìóëÿ-
ö³¿ â ðîñëèííèõ òêàíèíàõ, ðîçãëÿíóòè ô³òîòîêñè÷íèé 
âïëèâ ìåòàë³â òà çàõèñí³ ìåõàí³çìè ðîñëèí. 

Ðîçïîâñþäæåííÿ ó ´ðóíò³ ³ á³îäîñòóïí³ñòü ìå-
òàë³â. Êîíöåíòðàö³ÿ âàæêèõ ìåòàë³â ó ïåäîñôåð³ çà-
çâè÷àé êîëèâàºòüñÿ â øèðîêèõ ìåæàõ – â³ä < 1 ìã/êã
äî 100 000 ìã/êã ³ á³ëüøå, çàëåæíî â³ä êîíêðåòíîãî 
ìåòàëó, îñîáëèâîñòåé ñêëàäó ´ðóíòó, éîãî ãåíåçèñó 
òà ãåîãðàô³÷íîãî ðîçòàøóâàííÿ, à òàêîæ â³ä ð³âíÿ 
àíòðîïîãåííî¿ ä³ÿëüíîñò³ [28, 38]. Îäíàê ïîêàç-
íèê çàãàëüíîãî (âàëîâîãî) âì³ñòó ìåòàë³â, ÿêèé çà-
çâè÷àé âèêîðèñòîâóþòü äëÿ õàðàêòåðèñòèêè ÿêîñò³ 
´ðóíòó àáî ñòóïåíÿ éîãî òåõíîãåííîãî çàáðóäíåííÿ, 
íåäîñòàòí³é äëÿ îö³íêè ³íòåíñèâíîñò³ íàäõîäæåííÿ 
ó ´ðóíòîâ³ âîäè òà âïëèâó ìåòàë³â íà ðîñëèíè òà ³íø³ 
îðãàí³çìè, äëÿ ÿêèõ ´ðóíò º ñåðåäîâèùåì æèòòÿ. Äëÿ 
ïðîãíîçóâàííÿ åêîëîã³÷íèõ åôåêò³â öèõ ÷èííèê³â íå-
îáõ³äíî âðàõîâóâàòè ìîá³ëüí³ñòü ó ´ðóíòîâîìó ïðî-
ô³ë³ òà á³îëîã³÷íó äîñòóïí³ñòü ìåòàë³â, ÿêà âèçíà÷àº 
ð³âåíü ¿õíüî¿ àáñîðáö³¿ ó êë³òèíàõ á³îòè [53]. Á³îëîã³÷-
íà äîñòóïí³ñòü çàëåæèòü â³ä õ³ì³÷íî¿ ôîðìè ìåòàë³â 
³ çíà÷íîþ ì³ðîþ ðåãóëþºòüñÿ íàÿâí³ñòþ ¿õ ó ´ðóíòîâî-
ìó ðîç÷èí³ ó ôîðì³ ³îí³â, ÿê³ ìîæóòü òðàíñïîðòóâàòèñü 
êð³çü ïëàçìàòè÷íó ìåìáðàíó êë³òèí êîðåíÿ [4, 55].
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Ó ìîäåëüíèõ äîñë³äæåííÿõ ïîêàçàíî, ùî ³îííà ôîðìà 
ìåòàë³â âèçíà÷àº íå ëèøå ð³âåíü ¿õíüîãî ïîãëèíàííÿ 
³ç ñåðåäîâèùà ´ðóíòó, à é ìîá³ëüí³ñòü ³ òîêñè÷í³ñòü 
ó òêàíèíàõ ðîñëèí [37]. Îäíàê çíà÷íà ÷àñòèíà åñåíö³-
àëüíèõ ìåòàë³â ïåðåáóâàº ó ïåäîñôåð³ â íåðîç÷èíí³é 
ôîðì³, ùî ðîáèòü ¿õ íåäîñòóïíèìè äëÿ ïîãëèíàííÿ 
â êë³òèíàõ êîðåíåâî¿ ñèñòåìè. Òàê, Zn ³ Cu àäñîðáó-
þòüñÿ íà ãëèíèñòèõ ÷àñòèíêàõ, çâ’ÿçóþòüñÿ ç CaCO

3
 

àáî îðãàí³÷íèìè ðå÷îâèíàìè, à Fe ïåðåâàæíî ì³ñ-
òèòüñÿ â ñêëàä³ ã³äðîêñèä³â, îñîáëèâî â ´ðóíòàõ ³ç âè-
ñîêèì ð³âíåì ðÍ [2, 30]. 

Õ³ì³÷í³ òà á³îëîã³÷í³ ïðîöåñè, ÿê³ â³äáóâàþòüñÿ â ðè-
çîñôåð³ é íà ïîâåðõí³ êîðåíÿ, ìîæóòü çá³ëüøóâàòè 
âì³ñò ðîç÷èííî¿ ôîðìè ìåòàë³â ó ñåðåäîâèù³ ðîñòó 
ðîñëèí. Çîêðåìà, çá³ëüøåííþ ðîç÷èííîñò³ Fe ñïðèÿº 
ôóíêö³îíóâàííÿ ìåìáðàííèõ H + -ÀÒÔàç, ÿê³ ïåðåì³ùó-
þòü â ðèçîñôåðó ïðîòîíè, çìåíøóþ÷è ðÍ ñåðåäîâè-
ùà ³ ñòâîðþþ÷è óìîâè äëÿ âèâ³ëüíåííÿ Fe3 + ç íåðîç-
÷èííîãî ã³äðîêñèäó [36]. Â³äòàê çà ó÷àñòþ ìåìáðàííî¿ 
Fe (III)-õåëàòðåäóêòàçè Fe3 + â³äíîâëþºòüñÿ äî Fe2 + , ùî 
òðàíñïîðòóºòüñÿ â êë³òèíè êîðåíÿ äâîäîëüíèõ ðîñëèí 
çà äîïîìîãîþ á³ëê³â-ïåðåíîñíèê³â [15]. Ï³äêèñëåí-
íÿ ñåðåäîâèùà ñïðèÿº âèâ³ëüíåííþ ç íåðîç÷èííèõ 
ñïîëóê ³ êàò³îí³â ³íøèõ ìåòàë³â (Zn2 + , Mn2 + , Cu + ), ÿê³ 
çâ’ÿçóþòüñÿ ç ìåìáðàííèìè òðàíñïîðòíèìè á³ëêàìè 
³ àáñîðáóþòüñÿ â êë³òèíàõ êîðåíåâî¿ ñèñòåìè [36].

Â³äîìî, ùî ðîñëèíè çäàòí³ ïîãëèíàòè ìåòàëè 
ç ´ðóíòó é ó ôîðì³ õåëàò³â ³ç îðãàí³÷íèìè ñïîëóêàìè 
[42, 49]. Òîìó äëÿ ïîâí³øîãî àíàë³çó á³îäîñòóïíîñ-
ò³ ìåòàë³â âèêîðèñòîâóþòü ìîäåëü á³îòè÷íèõ ë³ãàíä³â 
(BLM), ó ÿê³é âðàõîâóþòü ïðîöåñè àñîö³àö³¿ ìåòàëó 
ç ðîç÷èííèìè îðãàí³÷íèìè ðå÷îâèíàìè, ïîêàçíèê ðÍ 
òà êîíêóðåíòí³ â³äíîñèíè ì³æ êàò³îíàìè âàæêèõ ìåòà-
ë³â ³ íàÿâíèìè â ñåðåäîâèù³ ³íøèìè êàò³îíàìè (Ñà2 + , 
Mg2 + , Na + , K + ) ï³ä ÷àñ çâ’ÿçóâàííÿ ç ë³ãàíäàìè ³ òðàí-
ñïîðòó â êë³òèíó êîðåíÿ [27, 51]. 

Ïðèðîäíèìè õåëàòîðàìè ìåòàë³â º äåÿê³ êîìïî-
íåíòè åêñóäàò³â êîðåíÿ, çîêðåìà, íèçüêîìîëåêóëÿðí³ 
îðãàí³÷í³ êèñëîòè, ÿê³ ï³äâèùóþòü á³îäîñòóïí³ñòü Fe, 
Zn, Cu, Mn, çá³ëüøóþ÷è ¿õíþ ðîç÷èíí³ñòü ³ ìîá³ëüí³ñòü 
ó ðèçîñôåð³ ðîñëèí [14]. Ö³ êèñëîòè ñïðèÿþòü äåñîðá-
ö³¿ ç êîìïîíåíò³â ´ðóíòó ³ ïîãëèíàííþ â êîðåí³ òàêîæ 
³ íååñåíö³àëüíèõ ìåòàë³â (Cd, Pb) [39]. 

Ðîñëèíè çëàê³â âèä³ëÿþòü ó ðèçîñôåðó ô³òîñèäå-
ðîôîðè – ìóã³íå¿íîâó êèñëîòó (ÌÊ) òà ¿¿ ïîõ³äí³ [35, 
52]. ×åðåç âèñîêó ñïîð³äíåí³ñòü ç ³îíàìè Fe3 + , ö³ õåëà-
òîðè ³ñòîòíî çá³ëüøóþòü á³îäîñòóïí³ñòü Ôåðóìó â ëóæ-
íèõ ´ðóíòàõ. Ó êîìïëåêñ³ ç ô³òîñèäåðîôîðàìè Fe3 + àá-
ñîðáóºòüñÿ â êë³òèíè êîðåíÿ çà ó÷àñòþ ìåìáðàííîãî 
YS1-òðàíñïîðòåðà [16]. Ô³òîñèäåðîôîðè çäàòí³ õåëà-
òóâàòè é ³íø³ ìåòàëè (Cu, Mn, Zn), ïðè÷îìó çà äåô³öèòó 
Fe àáî Zn ³íòåíñèâí³ñòü ñèíòåçó ÌÊ â ðîñëèíàõ çëàê³â 
çðîñòàº [49, 56]. 

Îñîáëèâîñò³ á³îàêóìóëÿö³¿ ìåòàë³â ó êë³òèíàõ 
ðîñëèí. Ï³ñëÿ àáñîðáö³¿ ç ´ðóíòîâîãî ðîç÷èíó ó êî-
ðåí³ ðîñëèí ìåòàëè òðàíñïîðòóþòüñÿ â ðàä³àëüíîìó 
íàïðÿì³ äî êñèëåìè òà ðîçïîä³ëÿþòüñÿ ì³æ êîìïî-
íåíòàìè ïàãîíà [13]. Ó êñèëåìó êàò³îíè ìåòàë³â ïåðå-
ì³ùóþòüñÿ çà äîïîìîãîþ òðàíñïîðòíèõ á³ëê³â, ðîç-
òàøîâàíèõ ó ïëàçìàòè÷í³é ìåìáðàí³ êë³òèí ïàðåíõ³ìè 
ñòåëè. Çîêðåìà, òðàíñïîðòåðè ç ðîäèíè P
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(AtHMA2 ³ AtHMA4) ñïðèÿþòü íàäõîäæåííþ â êñèëåìó 
Zn, Cu ³ Cd [49, 57], à ôåðîïîðòèí AtFPN1 òðàíñïîð-

òóº Fe ³ Co [33]. Íèçêà ìåòàë³â (Cu, Co, Ni, Cr, Cd, Pb), 
ìîæóòü íàêîïè÷óâàòèñÿ â êîðåí³ çàâäÿêè çâ’ÿçóâàííþ 
³ç êîìïîíåíòàìè êë³òèííèõ ñò³íîê â àïîïëàñò³ [41, 49]. 
Êð³ì òîãî, â àïîïëàñò³ êîðåíÿ ìîæå ôîðìóâàòèñÿ òèì-
÷àñîâå äåïî ³îí³â Fe3 + , ÿê³ ïîñòóïîâî â³äíîâëþþòüñÿ 
äî Fe2 + àáî çâ’ÿçóþòüñÿ ç ô³òîñèäåðîôîðàìè ³ âèâ³ëü-
íÿþòüñÿ â êñèëåìó çà óìîâ íåñòà÷³ öüîãî åëåìåíòà 
â êë³òèíàõ ïàãîíà [29]. Îñíîâíà ÷àñòêà àáñîðáîâàíèõ 
ç ´ðóíòó ìåòàë³â àêóìóëþºòüñÿ â ëèñòêàõ, ÿê³, êð³ì 
òîãî, ïîãëèíàþòü ìåòàëè, ùî ïîòðàïèëè íà ïîâåðõíþ 
ðîñëèí ç ïîâ³òðÿ [30]. Ïåðåä àáñîðáö³ºþ â ëèñòêó ìå-
òàëè ïåðåòâîðþþòüñÿ äî á³îëîã³÷íî äîñòóïíî¿ ôîðìè 
àáî ïðîíèêàþòü ÷åðåç ïðîäèõè [46].

Ó ïðîöåñàõ àêóìóëÿö³¿ ìåòàë³â ó òêàíèíàõ ðîñëèí 
âèÿâëÿþòü âèäîâ³ â³äì³ííîñò³. Çàãàëîì, çà ñïåöèô³-
êîþ öèõ ïðîöåñ³â ðîñëèíè ïîä³ëÿþòü íà òðè êàòåãîð³¿: 
åë³ì³íàòîðè (åêñêëóäåðè), àêóìóëÿòîðè é ³íäèêàòîðè 
ìåòàë³â [7–9]. Ðîñëèíè-³íäèêàòîðè ÷àñòî âèêîðèñòî-
âóþòü äëÿ åêîëîã³÷íî¿ îö³íêè ñòàíó ïåäîñôåðè, îñê³ëü-
êè âì³ñò ìåòàë³â ó òêàíèíàõ ¿õí³õ íàäçåìíèõ îðãàí³â 
â³ääçåðêàëþº êîíöåíòðàö³þ ìåòàë³â ó ´ðóíò³ [9]. Åë³ì³-
íàòîðè õàðàêòåðèçóþòüñÿ íèçüêèì ð³âíåì ïîãëèíàííÿ 
ìåòàë³â àáî íàãðîìàäæóþòü ¿õ ó êîðåí³, îáìåæóþ÷è 
ïåðåì³ùåííÿ äî ïàãîíà. Ðîñëèíè-àêóìóëÿòîðè çäàòí³ 
íàêîïè÷óâàòè ìåòàëè â íàäçåìíèõ îðãàíàõ ó êîíöåí-
òðàö³¿, ÿêà çíà÷íî ïåðåâèùóº ¿õí³é âì³ñò ó ´ðóíò³ [8]. 
Äåÿê³ âèäè ðîñëèí ñïåöèô³÷íî àêóìóëþþòü ëèøå îäèí 
ìåòàë, à ³íø³ – íàêîïè÷óþòü äåê³ëüêà ìåòàë³â. 

Çäàòí³ñòü ðîñëèí àáñîðáóâàòè ìåòàëè ç ́ ðóíòó ³ íà-
êîïè÷óâàòè ¿õ ó êîðåí³ àáî íàäçåìíèõ îðãàíàõ ìîæíà 
îö³íèòè çà òàêèìè ïîêàçíèêàìè, ÿê êîåô³ö³ºíò á³îëî-
ã³÷íîãî êîíöåíòðóâàííÿ (ÊÁÊ), êîåô³ö³ºíò òðàíñëîêà-
ö³¿ (ÊT) òà êîåô³ö³ºíò á³îëîã³÷íîãî ïîãëèíàííÿ (ÊÁÏ) 
ìåòàë³â. ÊÁÊ ðîçðàõîâóþòü ÿê ñï³ââ³äíîøåííÿ ì³æ 
êîíöåíòðàö³ºþ ìåòàëó â êîðåí³ ðîñëèíè ³ â ´ðóíò³; ÊT – 
ÿê ñï³ââ³äíîøåííÿ ì³æ âì³ñòîì ìåòàëó ó ïàãîí³ òà êî-
ðåí³ ðîñëèíè, à ÊÁÏ – ÿê â³äíîøåííÿ ì³æ êîíöåíòðàö³-
ºþ ìåòàëó â ïàãîí³ ðîñëèíè äî âì³ñòó ìåòàëó â ´ðóíò³ 
[20, 48]. Ó ðîñëèí ³ç âèñîêîþ çäàòí³ñòþ äî àêóìóëÿö³¿ 
ìåòàë³â ÊÁÏ äîñÿãàº çíà÷åíü 1–10 ³ á³ëüøå [48]. 

Òîêñè÷í³ñòü ìåòàë³â òà çàõèñí³ ìåõàí³çìè ðîñ-
ëèí. Ïîãëèíàííÿ ³ òðàíñïîðò ìåòàë³â ó òêàíèíàõ ðîñëèí 
ìîæå ñóïðîâîäæóâàòèñÿ òîêñè÷íèìè åôåêòàìè ó âè-
ïàäêó ïîðóøåííÿ ð³âíîâàãè ì³æ ð³âíåì ¿õíüîãî íàäõî-
äæåííÿ òà ôóíêö³îíàëüíèì ñòàíîì çàõèñíî¿ ñèñòåìè 
êë³òèí. äî íàéâàæëèâ³øèõ íàñë³äê³â òàêîãî äèñáàëàí-
ñó íàëåæèòü ðîçâèòîê îêñèäàòèâíîãî ñòðåñó ÷åðåç 
îêèñíþâàëüíî-â³äíîâí³ âëàñòèâîñò³ áàãàòüîõ ìåòàë³â 
òà ¿õíþ çäàòí³ñòü ïðîäóêóâàòè àêòèâí³ ôîðìè êèñíþ; 
³íã³áóâàííÿ àíòèîêñèäàíòíèõ åíçèì³â ³ âèñíàæåííÿ 
âì³ñòó íååíçèìíèõ àíòèîêñèäàíò³â [1, 44, 50]. Îêñè-
äàòèâíèé ñòðåñ, ó ñâîþ ÷åðãó, ìîæå ïðèçâîäèòè ³ äî 
ìåòàáîë³÷íèõ ðîçëàä³â, ³ äî àêòèâàö³¿ ìåõàí³çì³â, ÿê³ 
îïîñåðåäêîâóþòü çàõèñíó â³äïîâ³äü êë³òèí [47]. ×åðåç 
äåñòàá³ë³çàö³þ ïëàçìàòè÷íèõ ìåìáðàí, ïîøêîäæåííÿ 
ñòðóêòóðè õëîðîïëàñò³â òà ³íøèõ îðãàíåë îêñèäàòèâ-
íèé ñòðåñ ìîæå ñóïðîâîäæóâàòèñü çì³íàìè êë³òèííî-
ãî ãîìåîñòàçó òà êîíöåíòðàö³¿ æèòòºâî âàæëèâèõ ³îí³â 
³ ñóáñòðàò³â, ïîðóøåííÿì ïðîöåñ³â àñèì³ëÿö³¿ CO

2
, 

åíåðãåòè÷íîãî ìåòàáîë³çìó, äèõàííÿ òà ñèíòåçó ìàêðî-
åðã³÷íèõ ñïîëóê [6, 44]. Âîäíî÷àñ âíàñë³äîê àêòèâàö³¿ 
ñèãíàëüíèõ øëÿõ³â, çàä³ÿíèõ ó ðåãóëÿö³¿ ãåí³â, ùî îïî-
ñåðåäêîâóþòü ð³ñò, äèôåðåíö³àö³þ, àïîïòîç òà íåêðîç 
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êë³òèí, ìåä³àòîðè çóìîâëåíîãî ìåòàëàìè ñòðåñó ìî-
æóòü ³íäóêóâàòè ð³çíîìàí³òí³ ðåàêö³¿ ðîñëèíè íà íàäëè-
øîê ìåòàë³â ó êë³òèíàõ ðîñëèí [24, 44]. ²íøèìè ëàíêàìè 
òîêñè÷íî¿ ä³¿ ìåòàë³â º áåçïîñåðåäíº çâ’ÿçóâàííÿ ¿õí³õ 
³îí³â ³ç ìîëåêóëàìè á³ëê³â, çàì³íà åñåíö³àëüíèõ ìåòàë³â 
íà íååñåíö³àëüí³ ó ñòðóêòóð³ ñïîëóê, ÿê³ çàáåçïå÷óþòü 
æèòòºâ³ ôóíêö³¿ ðîñëèííèõ êë³òèí [47]. 

Çàõèñí³ ìåõàí³çìè, ÿê³ ôóíêö³îíóþòü ó êîðå-
í³ òà êîìïîíåíòàõ ïàãîíà, óìîæëèâëþþòü áåçïå÷íå 
äëÿ ðîñëèí äåïîíóâàííÿ æèòòºâî íåîáõ³äíèõ ìåòàë³â 
³ çíåøêîäæåííÿ íååñåíö³àëüíèõ åëåìåíò³â. Âàæëè-
âèìè ëàíêàìè öèõ ìåõàí³çì³â º åêñêðåö³ÿ íàäëèøêó 
ìåòàë³â, àäñîðáö³ÿ ¿õ íà çîâí³øí³é ïîâåðõí³ êë³òèííî¿ 
ñò³íêè òà ñåêâåñòðàö³ÿ ó âàêóîëÿõ, çâ’ÿçóâàííÿ ³îí³â 
ìåòàë³â ç îðãàí³÷íèìè ë³ãàíäàìè, ùî çàïîá³ãàº ïðî-
ÿâó òîêñè÷íèõ åôåêò³â ùîäî îñíîâíèõ öèòîïëàçìà-
òè÷íèõ êîìïîíåíò³â òà ¿õí³õ ôóíêö³é [21, 30]. Òàêèìè 
ë³ãàíäàìè º íàñàìïåðåä ò³îëâì³ñí³ ïåïòèäè (ãëóòàò³îí, 
ô³òîõåëàòèíè) òà â³ëüí³ àì³íîêèñëîòè. Õåëàòóâàííÿ 
ìåòàë³â çà ó÷àñòþ öèõ ñïîëóê çóìîâëþºòüñÿ ¿õíüîþ 
ñïîð³äíåí³ñòþ äî ðåàêö³éíî àêòèâíèõ ôóíêö³îíàëüíèõ 
ãðóï (–SH, –NH

2
) [50]. Âîäíî÷àñ ó çàõèñíèõ ìåõàí³ç-

ìàõ çàä³ÿí³ ñïåöèô³÷í³ ìåòàëîçâ’ÿçóâàëüí³ öèòîçîëüí³ 
á³ëêè – ìåòàëîò³îíå¿íè, âì³ñò ÿêèõ ó êë³òèíàõ áàãàòüîõ 
ðîñëèí ðåãóëþºòüñÿ íà ãåííîìó ð³âí³ ï³ä âïëèâîì ìå-
òàë³â, îñîáëèâî Cu, òà ³íøèõ ìåä³àòîð³â ñòðåñó [47]. 
Òàê³ åôåêòè â³ä³ãðàþòü âàæëèâó ðîëü ó äåòîêñèêàö³¿ 
ìåòàë³â, ñïðèÿþ÷è òîëåðàíòíîñò³ ðîñëèí äî çá³ëüøåí-
íÿ ¿õíüîãî ð³âíÿ â êë³òèíàõ.

Ðîñëèíè – ã³ïåðàêóìóëÿòîðè ìåòàë³â. Àäàï-
òàö³éí³ ìåõàí³çìè, ÿê³ äàþòü çìîãó ðîñëèíàì ðîñòè 
â ìåòàëîâì³ñíèõ ´ðóíòàõ, àêóìóëþþ÷è âàæê³ ìåòàëè, 
íèí³ ïðèâåðòàþòü çíà÷íó óâàãó íàóêîâî¿ ñï³ëüíîòè. 
Çîêðåìà, öå ñòîñóºòüñÿ ðîñëèí, â³äîìèõ ÿê ã³ïåðà-
êóìóëÿòîðè ìåòàë³â, ùî ìîæóòü íàãðîìàäæóâàòè ¿õ 
ó òêàíèíàõ ó âèñîê³é êîíöåíòðàö³¿ áåç ÿâíèõ îçíàê 
ô³òîòîêñè÷íîñò³ [26, 45]. äî ðîñëèí-ã³ïåðàêóìóëÿòî-
ð³â íàëåæàòü ³ äèêîðîñë³ âèäè, ³ ñ³ëüñüêîãîñïîäàðñüê³ 
êóëüòóðè, îäíàê íàéâèðàçí³øå ïðîöåñè íàäì³ðíî-
ãî íàêîïè÷åííÿ ìåòàë³â âèÿâëÿþòüñÿ â åíäåì³÷íèõ 
âèä³â ðîñëèí, ÿê³ ðîñòóòü íà ì³íåðàë³çîâàíèõ ´ðóíòàõ 
[8]. Çäàòí³ äî âèá³ðêîâî¿ àêóìóëÿö³¿ ìåòàë³â ðîñëèíè 
÷àñòî çàñåëÿþòü ´ðóíòè, ùî âêðèâàþòü ìåòàëîíîñí³ 
ïîðîäè, à òàêîæ òåõíîãåíí³ ´ðóíòè, ÿê³ ôîðìóþòüñÿ 
íà òåðèòîð³ÿõ ïîêèíóòèõ ðóäíèõ êîïàëåíü, øàõòíèõ 
â³äâàëàõ òîùî [10]. 

Çà âèçíà÷åííÿì, çàïðîïîíîâàíèì ó ðîáîò³ [8], ã³-
ïåðàêóìóëÿòîðàìè ìîæíà ââàæàòè ðîñëèíè, ÿê³ íàêî-
ïè÷óþòü (ó ïåðåðàõóíêó íà ìàñó ñóõî¿ ðå÷îâèíè) ïîíàä 
1 000 ìã/êã Cu, Co, Cr, Ni àáî Pb, ïîíàä 10 000 ìã/êã 
Mn àáî Zn òà ïîíàä 100 ìã/êã Cd. Òàêèé âì³ñò ìåòà-
ë³â íà 2-3 ïîðÿäêè âèùèé, í³æ ó ³íøèõ âèä³â ðîñëèí, 
îñîáëèâî òèõ, ÿê³ ðîñòóòü íà íåçàáðóäíåíèõ ´ðóí-
òàõ. Ñï³ëüíèìè äëÿ ðîñëèí-ã³ïåðàêóìóëÿòîð³â º òàê³ 
îçíàêè: 1) ÊÁÏ ïåâíîãî ìåòàëó çàçâè÷àé ïåðåâèùóº 
îäèíèöþ, à â äåÿêèõ âèïàäêàõ äîñÿãàº äóæå âèñî-
êèõ çíà÷åíü (50-100); 2) åôåêòèâíèé òðàíñïîðò ìå-
òàëó ç êîðåíÿ äî ïàãîíà; 3) ï³äâèùåíà òîëåðàíòí³ñòü 
äî íàÿâíîñò³ ìåòàëó â ´ðóíò³ ³ âíóòð³øíüîêë³òèííîìó 
ñåðåäî âèù³ [31]. 

Íà ñüîãîäí³ â³äîìî ïîíàä 400 âèä³â ðîñëèí-ã³ïåðà-
êóìóëÿòîð³â ìåòàë³â [8, 34]. Çîêðåìà, âåëèêó ê³ëüê³ñòü 
òàêèõ ðîñëèí âèÿâëåíî â ðîäèí³ Brassicaceae – ìàéæå 

25 % ïðåäñòàâíèê³â ö³º¿ ðîäèíè, ÿê³ ðîñòóòü íà ð³çíèõ 
êîíòèíåíòàõ, º ã³ïåðàêóìóëÿòîðàìè Zn ³ Cd [8, 18]. 
äî íàéâ³äîì³øèõ âèä³â, çäàòíèõ àêóìóëþâàòè ìåòàëè 
â íàäì³ðí³é ê³ëüêîñò³, íàëåæèòü Thlaspi caerulescens, 
äåÿê³ åêîòèïè ÿêîãî íàêîïè÷óþòü äî 30 000 ìã/êã Zn 
³ 1 000 ìã/êã Cd ó ïàãîíàõ áåç ïðîÿâ³â ïîðóøåííÿ æèò-
òºâèõ ïðîöåñ³â [11]. 

Äîñÿãíåííÿ â ãàëóç³ ìîëåêóëÿðíî¿ á³îëîã³¿ òà ãåíî-
ì³êè âïðîäîâæ îñòàíí³õ äåñÿòèð³÷ ðîáëÿòü ìîæëèâîþ 
³äåíòèô³êàö³þ ôóíêö³îíàëüíèõ ãåí³â, åêñïðåñ³ÿ ÿêèõ 
çàáåçïå÷óº ñò³éê³ñòü ðîñëèí-àêóìóëÿòîð³â òà ã³ïåðà-
êóìóëÿòîð³â äî âèñîêîãî âì³ñòó ìåòàë³â ó âíóòð³øíüî-
êë³òèííîìó ñåðåäîâèù³ [17, 32]. Ç’ÿñóâàííÿ ìåõàí³ç-
ì³â ìåòàëîòîëåðàíòíîñò³ º àêòóàëüíîþ ïðîáëåìîþ 
äëÿ íàóêîâîãî îá´ðóíòóâàííÿ ðîë³ ðîñëèí ó ïðîöåñàõ 
á³îëîã³÷íî¿ ðåìåä³àö³¿ ´ðóíò³â òà çàáðóäíåíèõ ìåòà-
ëàìè àêâàòîð³é [3, 31, 32, 34]. Îñîáëèâå çíà÷åííÿ äëÿ 
ô³òîðåìåä³àö³¿ ìàº âèêîðèñòàííÿ åíäåì³÷íèõ âèä³â 
ðîñëèí, ÿê³ ÷àñòî âèÿâëÿþòü á³ëüøó çäàòí³ñòü äî âè-
æèâàííÿ, ðîñòó ³ ðîçìíîæåííÿ çà óìîâ çóìîâëåíîãî 
ìåòàëàìè ñòðåñó, í³æ ðîñëèíè, ùî ïîõîäÿòü ³ç ðàéî-
í³â ç ³íøèì êîìïîíåíòíèì ñêëàäîì ´ðóíòó [31]. Ðàçîì 
³ç òèì, ç’ÿñóâàííÿ ìåõàí³çì³â ìåòàëîòîëåðàíòíîñò³ 
º âàãîìîþ óìîâîþ á³îôîðòèô³êàö³¿, ÿêà ïåðåäáà-
÷àº ñòâîðåííÿ ñîðò³â ñ³ëüñüêîãîñïîäàðñüêèõ ðîñëèí, 
çäàòíèõ àêóìóëþâàòè åñåíö³àëüí³ ìåòàëè, äëÿ çáàãà-
÷åííÿ ðàö³îíó ëþäèíè æèòòºâî íåîáõ³äíèìè ì³êðîåëå-
ìåíòàìè [12, 43, 54]. Á³îôîðòèô³êàö³þ ðîçãëÿäàþòü 
ÿê âàæëèâó ñòðàòåã³þ áîðîòüáè ç íåñòà÷åþ ì³êðîåëå-
ìåíò³â ó íàñåëåííÿ, îñîáëèâî â êðà¿íàõ ³ç íåâèñîêèì 
ð³âíåì åêîíîì³÷íîãî ðîçâèòêó. Çà îö³íêàìè ÂÎÎÇ, 
á³îôîðòèô³êàö³ÿ ìîæå äîïîìîãòè âèäóæóâàííþ ì³ëü-
éîí³â ëþäåé, ÿê³ ñòðàæäàþòü â³ä àíåì³¿ òà ³íøèõ çàõâî-
ðþâàíü, çóìîâëåíèõ äåô³öèòîì ì³êðîåëåìåíò³â [19].

Âèñíîâêè. Àíòðîïîãåííå ðîçïîâñþäæåííÿ ìåòà-
ë³â ó ´ðóíò³ ïîâ’ÿçàíå ç åêîëîã³÷íèì ðèçèêîì äëÿ íà-
çåìíèõ åêîñèñòåì. Çíà÷íîþ ì³ðîþ öå çóìîâëþºòüñÿ 
øê³äëèâèì âïëèâîì ìåòàë³â íà ðîñëèíè – íåâ³ä’ºìíó 
ñêëàäîâó åêîñèñòåì. Íàäì³ðíà àêóìóëÿö³ÿ ìåòàë³â 
ó òêàíèíàõ ðîñëèí ìîæå ñóïðîâîäæóâàòèñü òîêñè÷-
íèìè åôåêòàìè, ÿê³ çíèæóþòü ¿õ æèòòºçäàòí³ñòü ³ ïðî-
äóêòèâí³ñòü. Ñòðàòåã³ÿ çàõèñòó ðîñëèííèõ êë³òèí ïå-
ðåäáà÷àº åêñêðåö³þ íàäëèøêó ìåòàë³â, çâ’ÿçóâàííÿ ¿õ 
³ç êîìïîíåíòàìè êë³òèííî¿ ñò³íêè, ñåêâåñòðàö³þ ó âà-
êóîëÿõ òà àñîö³àö³þ ³ç îðãàí³÷íèìè ë³ãàíäàìè (ò³îëâ-
ì³ñí³ ïåïòèäè, àì³íîêèñëîòè, á³ëêè-ìåòàëîò³îíå¿íè). 
Ó áàãàòüîõ ðîñëèí, ÿê³ ðîñòóòü íà ìåòàëîâì³ñíèõ ´ðóí-
òàõ, ñôîðìóâàëèñü óí³êàëüí³ ìåõàí³çìè, ùî çàáåçïå-
÷óþòü âèñîêó òîëåðàíòí³ñòü äî ä³¿ ìåòàë³â ³ çäàòí³ñòü 
íàêîïè÷óâàòè ¿õ ó òêàíèíàõ ó âèñîê³é êîíöåíòðàö³¿ áåç 
ïðîÿâ³â òîêñè÷íîñò³. Âèâ÷åííÿ ìåõàí³çì³â ìåòàëîòî-
ëåðàíòíîñò³ ìàº âàæëèâå çíà÷åííÿ äëÿ ïðàêòè÷íîãî 
çàñòîñóâàííÿ ðîñëèí-àêóìóëÿòîð³â òà ã³ïåðàêóìóëÿ-
òîð³â ìåòàë³â. 

Ïåðñïåêòèâè ïîäàëüøèõ äîñë³äæåíü. Ïðîäî-
âæåííÿ íàóêîâèõ äîñë³äæåíü ó íàïðÿì³ ç’ÿñóâàííÿ 
ïðîöåñ³â àêóìóëÿö³¿ ìåòàë³â ó ðîñëèííèõ òêàíèíàõ 
³ ìåõàí³çì³â ñò³éêîñò³ ðîñëèí äî âïëèâó âàæêèõ ìåòà-
ë³â º ïåðñïåêòèâíèì ç îãëÿäó íà àêòóàëüí³ñòü ïðîáëåì 
ô³òîðåìåä³àö³¿ ´ðóíò³â, çàáðóäíåíèõ ìåòàëàìè òåõíî-
ãåííîãî ïîõîäæåííÿ, òà ñåëåêö³¿ ñîðò³â, çäàòíèõ íàêî-
ïè÷óâàòè åñåíö³àëüí³ ì³êðîåëåìåíòè, ç ìåòîþ ïîë³ï-
øåííÿ ïîæèâíî¿ ö³ííîñò³ ðîñëèííèõ ïðîäóêò³â. 
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ÓÄÊ 574: 58.02
Á²ÎËÎÃ²×ÍÀ ÄÎÑÒÓÏÍ²ÑÒÜ ÌÅÒÀË²Â ÒÀ ¯Õ ÀÊÓÌÓËßÖ²ß Â ÒÊÀÍÈÍÀÕ ÐÎÑËÈÍ
Àíòîíÿê Ã. Ë., Ìàì÷óð Ç. ²., Ïåðøèí Î. ²., Áóáèñ Î. ª., Êîðäîø Ò.Â.
Ðåçþìå. Îãëÿäîâà ñòàòòÿ ïðèñâÿ÷åíà àíàë³çó ÷èííèê³â, ÿê³ âïëèâàþòü íà á³îëîã³÷íó äîñòóïí³ñòü ìåòàë³â, 

ïðîöåñè ¿õíüî¿ àáñîðáö³¿ òà íàêîïè÷åííÿ â ðîñëèíàõ. Íàâåäåí³ â³äîìîñò³ ùîäî ðîçïîâñþäæåííÿ ³ õ³ì³÷íèõ ôîðì 
ìåòàë³â ó ïåäîñôåð³, ïîãëèíàííÿ òà ìåìáðàííîãî òðàíñïîðòó â êîðåíåâ³é ñèñòåì³ ðîñëèí, ðîçïîä³ëó ì³æ âåãåòà-
òèâíèìè îðãàíàìè òà àêóìóëÿö³¿ â òêàíèíàõ. Ðîçãëÿíóò³ ô³òîòîêñè÷í³ åôåêòè ìåòàë³â ³ ìåõàí³çìè çàõèñòó ðîñëèí 
â³ä ¿õ øê³äëèâîãî âïëèâó. Îõàðàêòåðèçîâàíà ãðóïà ã³ïåðàêóìóëÿòîð³â ìåòàë³â, â³äçíà÷åíà âàæëèâ³ñòü öèõ ðîñëèí 
ó ïðîöåñàõ á³îëîã³÷íî¿ ðåìåä³àö³¿ ´ðóíòó. Ïðèä³ëåíà óâàãà ïðîáëåì³ á³îôîðòèô³êàö³¿ ðîñëèí åñåíö³àëüíèìè ìå-
òàëàìè ç ìåòîþ ïðîô³ëàêòèêè äåô³öèòó ì³êðîåëåìåíò³â ó íàñåëåííÿ.

Êëþ÷îâ³ ñëîâà: ìåòàëè, ðîñëèíè, ´ðóíò, á³îäîñòóïí³ñòü, á³îàêóìóëÿö³ÿ, á³î³íäèêàö³ÿ, ìåòàëîòîëåðàíòí³ñòü, 
á³îðåìåä³àö³ÿ, á³îôîðòèô³êàö³ÿ.

ÓÄÊ 574: 58.02
ÁÈÎÄÎÑÒÓÏÍÎÑÒÜ ÌÅÒÀËËÎÂ È ÈÕ ÀÊÊÓÌÓËßÖÈß Â ÒÊÀÍßÕ ÐÀÑÒÅÍÈÉ
Àíòîíÿê Ã. Ë., Ìàì÷óð Ç. È., Ïåðøèí Î. È., Áóáèñ À. Å., Êîðäîø Ò.Â.
Ðåçþìå. Îáçîðíàÿ ñòàòüÿ ïîñâÿùåíà àíàëèçó ôàêòîðîâ, âëèÿþùèõ íà áèîëîãè÷åñêóþ äîñòóïíîñòü ìåòàë-

ëîâ, ïðîöåññû èõ àáñîðáöèè è íàêîïëåíèÿ â ðàñòåíèÿõ. Ïðèâåäåíû ñâåäåíèÿ î ðàñïðîñòðàíåíèè è õèìè÷åñêèõ 
ôîðìàõ ìåòàëëîâ â ïî÷âå, ïîãëîùåíèÿ è ìåìáðàííîãî òðàíñïîðòà â êîðíåâîé ñèñòåìå ðàñòåíèé, ðàñïðåäåëå-
íèÿ ìåæäó âåãåòàòèâíûìè îðãàíàìè è àêêóìóëÿöèè â òêàíÿõ. Ðàññìîòðåíû ôèòîòîêñè÷åñêèå ýôôåêòû ìåòàë-
ëîâ è ìåõàíèçìû çàùèòû ðàñòåíèé îò èõ âðåäíîãî âîçäåéñòâèÿ. Îõàðàêòåðèçîâàíà ãðóïïà ãèïåðàêêóìóëÿòîðîâ 
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ìåòàëëîâ, îòìå÷åíî çíà÷åíèå ýòèõ ðàñòåíèé â ïðîöåññàõ áèîëîãè÷åñêîé ðåìåäèàöèè ïî÷âû. Óäåëåíî âíèìàíèå 
ïðîáëåìå áèîôîðòèôèêàöèè ðàñòåíèé ýññåíöèàëüíûìè ìåòàëëàìè ñ öåëüþ ïðîôèëàêòèêè äåôèöèòà ìèêðî-
ýëåìåíòîâ ó íàñåëåíèÿ.

Êëþ÷åâûå ñëîâà: ìåòàëëû, ðàñòåíèÿ, ïî÷âà, áèîäîñòóïíîñòü, áèîàêêóìóëÿöèÿ, áèîèíäèêàöèÿ, ìåòàëëîòî-
ëåðàíòíîñòü, áèîðåìåäèàöèÿ, áèîôîðòèôèêàöèÿ.
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Bioavailability of Metals and their Accumulation in Plant Tissues
Antonyak H. L., Mamchur Z. I., Pershyn O. I., Bubys O. E., Kordosh T. V.
Abstract. The rapid pace of urbanization and industrialization associated with intensive mining, processing and us-

ing of metals has led to a significant raise of metal concentrations in the natural environment. Contamination of the soils, 
hydrosphere and atmosphere with heavy metals is accompanied by an increased influence of these pollutants on plant 
communities that are inherent part of any terrestrial or aquatic ecosystem. Several heavy metals (Cu, Fe, Mn, Mo, Ni, 
Zn) are essential micronutrients necessary for plant growth and development; some others, such as Cd, Hg, Pb, are not 
involved in metabolic processes, being considered as nonessential metals. The metals of both groups at high concen-
trations can adversely affect plant growth and metabolic processes. 

An excess of heavy metals in agricultural soils causes a decrease in crops yield, worsening the quality of vegetable 
production and poses potential risk to human health. On the other hand, an important issue is the lack or limited bio-
availability of some trace metals in the soils, leading to slower growth of plants and increasing their vulnerability to 
phytopathogens. Lack of essential metals in the tissues of plants growing on these soils may be associated with the de-
velopment of human microelementoses. Almost one third of the world’s population suffers from Fe and Zn deficiencies 
due to low bioavailability of these elements in alkaline soils. The purpose of this paper is to analyze the factors that affect 
the bioavailability of metals, the processes of their absorption and accumulation in plants, toxicity in plant cells, and 
defense mechanisms that protect plants from heavy metal phytotoxicity. 

Bioavailability of metals in the soils is known to determine the level of their absorption in plant root. It depends 
on chemical form of metals and is largely governed by their presence in the soil solution in the form of ions that can 
be transported through the plasma membrane of root cells. However, most of the essential metals occur in soil in in-
soluble form, making them unavailable for uptake in the cells of the root system. Chemical and biological processes 
in the rhizosphere and on the root surface are known to increase the content of soluble forms of metals in the environ-
ment of plant growth. Organic chelators are important factors that enhance the processes of metal uptake by plants.

Excessive accumulation of metals in plant tissues may be accompanied by toxic effects that reduce plant viability 
and productivity. The phytotoxic effects of metals are greatly dependent on their ability to induce the production of re-
active oxygen species (ROS) and development of oxidative stress in plant cells. Therefore antioxidant status maintained 
by specific enzymes and non-enzymatic antioxidant molecules plays an important role in plant defense system against 
oxidative damage. Besides that, the defense strategy of plants includes the binding of metal cations by the compo-
nents of plant cell walls, metal sequestration in vacuoles, as well as their complexation with thiol-containing peptides, 
in cluding phytochelatins, glutathione and metallothioneins. 

Many plants that grow on metal-polluted soils, have evolved the unique mechanisms providing high tolerance to 
metal load and the ability to accumulate metals in their tissues at high concentrations without manifestation of toxicity. 
The study of heavy metal hyperaccumulating plants is essential for their practical application in the processes of phy-
toremediation of contaminated soil and aquatories, as well as for waste water treatment. On the other hand, elucida-
tion of mechanisms of plant metallotolerance is required for development the biofortified crops to prevent micronutrient 
deficiency in human population. 

Keywords: metals, plants, soil, bioavailability, bioaccumulation, bioindication, metallotolerance, bioremediation, 
biofortification.
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