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ГенетикаенетикаГГенетикаенетика

Âñòóï
Çà äàíèìè, íàâåäåíèìè â äîïîâ³ä³ Ïðîäî-

âîëü÷î¿ òà ñ³ëüñüêîãîñïîäàðñüêî¿ Îðãàí³çàö³¿ 
Îá’ºäíàíèõ Íàö³é (Food and Agriculture 
Organization of the United Nations, FAO), ïðîá-
ëåìà ãîëîäó ó ñâ³ò³ äåäàë³ çàãîñòðþâàòèñÿ, 
í³âåëþþ÷è äîñÿãíåííÿ ïîïåðåäí³õ ðîê³â, 
êîëè éîãî ìàñøòàáè íåóõèëüíî çíèæóâàëè-
ñÿ [1]. Çã³äíî ç îö³íêàìè, ê³ëüê³ñòü ëþäåé, 
ùî ç³òêíóëèñÿ ç ïðîáëåìîþ íåäî¿äàííÿ, äî-
ñÿãëî á³ëüø í³æ 820 ìëí îñ³á (ïðèáëèçíî 
êîæíà äåâ’ÿòà ëþäèíà ó ñâ³ò³).

FAO âèçíà÷èëà 17 ö³ëåé ó ãàëóç³ ñòàëîãî ðîç-
âèòêó íà ïåð³îä äî 2030 ðîêó (Sustainable 
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Ìåòà. Ïðîàíàë³çóâàòè ñó÷àñíèé ñòàí ïîë³ïøåííÿ ñ³ëüñüêîãîñïîäà ðñüêèõ êóëüòóð çà äîïîìîãîþ CRISPR/Cas-òåõíîëîã³¿ 
ãåíåòè÷íî¿ ìîäèô³êàö³¿ ãåíîì³â. Ðåçóëüòàòè. Íàâåäåíî ³ñòîð³þ ðîçâèòêó òåõíîëîã³é ðåäàãóâàííÿ ãåíîìà ³ç ñàéò-
ñïåöèô³÷íèìè åíäîíóêëåàçàìè. Ïðîàíàë³çîâàíî ñó÷àñíèé ñòàí ñòâîðåííÿ ñîðò³â ðîñëèí çà äîïîìîãîþ öèõ òåõíîëîã³é. 
Ïîêàçàíî, ùî òåõíîëîã³ÿ ðåäàãóâàííÿ ãåí³â CRISPR/Cas óæå àäàïòîâàíà äëÿ 20 âèä³â ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð 
äëÿ á³ëüø í³æ 150 ãåí³â, ïîâ’ÿçàíèõ ³ç âàæëèâèìè îçíàêàìè. Ïðàêòè÷íå âïðîâàäæåííÿ ö³º¿ òåõíîëîã³¿ ïðåäñòàâëåíî íà 
ïðèêëàä³ ðèñó, äëÿ ÿêîãî ñïîñòåð³ãàºòüñÿ íàéá³ëüøèé ïðîãðåñ ó äîñë³äæåííÿõ òà âèêîðèñòàíí³ CRISPR/Cas-òåõíîëîã³¿: 
ìîäèô³êîâàíî íàéá³ëüøó ê³ëüê³ñòü ãåí³â – 78; îòðèìàíî ïîíàä 20 ñîðò³â. Ðåäàãîâàíî ãåíè ðèñó, ùî ïîâ’ÿçàí³ ç òàêè-
ìè îçíàêàìè ÿê ðîçì³ð çåðíà, îçåðíåí³ñòü, âèñîòà ðîñëèíè, ÷îëîâ³÷à ñòåðèëüí³ñòü, íàêîïè÷åííÿ öåç³þ, òîëåðàíòí³ñòü 
äî àá³îòè÷íèõ òà á³îòè÷íèõ ñòðåñ³â, ñò³éê³ñòü äî ãåðá³öèä³â. Ï³äêðåñëåíî ìîæëèâ³ñòü ìóëüòèïëåêñíîãî ðåäàãóâàííÿ 
ïîòåíö³éíî íåîáìåæåíî¿ ê³ëüêîñò³ ãåí³â. Îáãîâîðåíî ñèòóàö³þ ùîäî ðåãóëþâàííÿ ðîñëèí, ñòâîðåíèõ çà òåõíîëîã³ºþ ðåäà-
ãóâàííÿ ãåíîìà: çà ð³øåííÿì ñóäó ªâðîïåéñüêîãî Ñîþçó (ªÑ) íà ïðîäóêö³þ, îòðèìàíó çà äîïîìîãîþ ìåòîäèê ðåäàãóâàííÿ 
ãåíîì³â, çîêðåìà ñîðòè ðîñëèí, ïîøèðþþòüñÿ âñ³ íîðìàòèâí³ ïðàâèëà òà îáìåæåííÿ ªÑ íà âèðîùóâàííÿ ³ ïðîäàæ, ùî é 
íà ÃÌÎ, òîä³ ÿê Ì³í³ñòåðñòâî ñ³ëüñüêîãî ãîñïîäàðñòâà ÑØÀ âèçíà÷èëî, ùî òàê³ ðîñëèíè, êð³ì ðîñëèí-ïàðàçèò³â, íå ðåãóëþ-
þòüñÿ ÿê ÃÌÎ. Íàäàíî ³íôîðìàö³þ ïðî çàÿâó, ñõâàëåíó ïðîâ³äíèìè â÷åíèìè, ÿê³ ïðåäñòàâëÿþòü ïîíàä 90 ºâðîïåéñüêèõ 
äîñë³äíèöüêèõ öåíòð³â òà ³íñòèòóò³â ç äîñë³äæåíü ðîñëèí òà á³îëîã³÷íèõ íàóê, ó ï³äòðèìêó òåõíîëîã³¿ ðåäàãóâàííÿ ãåíîì³â. 
Âèñíîâêè. Ñåðåä òåõíîëîã³é ðåäàãóâàííÿ ãåíîìà CRISPR/Cas-òåõíîëîã³ÿ º îäíèì ³ç íàéïîòóæí³øèõ ï³äõîä³â, ÿêèé ñòàâ 
äóæå øâèäêî çàñòîñîâóâàòèñÿ â ñåëåêö³¿ ðîñëèí çàâäÿêè òàêèì ïåðåâàãàì íàä ³íøèìè ìåòîäàìè ÿê âèñîêà òî÷í³ñòü ³ ÿê³ñòü, 
åôåêòèâí³ñòü òà òåõí³÷íà ãíó÷ê³ñòü, â³äíîñíî íèçüêà âàðò³ñòü. Öåé äîñòóïíèé ìåòîä äàº çìîãó îòðèìóâàòè íåòðàíñãåíí³ 
ðîñëèíè ³ç çàäàíèìè ìîäèô³êàö³ÿìè, ïðè÷îìó ìîæíà îäíî÷àñíî «âèðîáëÿòè» ìóòàö³¿ â ê³ëüêîõ ì³øåíÿõ. 

Êëþ÷îâ³ ñëîâà: ãåíåòè÷íà ìîäèô³êàö³ÿ; ðåäàãóâàííÿ ãåíîìà; ñàéò-ñïåöèô³÷í³ åíäîíóêëåàçè; íîêàóò ãåí³â.

Development Goals) [2]. Âîíè º íîâèìè ì³æíà-
ðîäíèìè ö³ëÿìè, ùî çì³íèëè Ö³ë³ ðîçâèòêó 
01.01.2016 ðîêó. Âîíè áóäóòü âèçíà÷àòè íàö³î-
íàëüíó ïîë³òèêó â ãàëóç³ ðîçâèòêó â íàéáëèæ-
÷³ 15 ðîê³â. Ïðîäîâîëüñòâî ³ ñ³ëüñüêå ãîñïîäàð-
ñòâî ïåðåáóâàþòü ó öåíòð³ óâàãè, ïî÷èíàþ÷è ç 
ë³êâ³äàö³¿ á³äíîñò³ é ãîëîäó äî áîðîòüáè ç³ çì³-
íîþ êë³ìàòó òà çáåðåæåííÿ ïðèðîäíèõ ðåñóð-
ñ³â. Äðóãîþ ìåòîþ º ë³êâ³äàö³ÿ ãîëîäó, çàáåç-
ïå÷åííÿ ïðîäîâîëü÷î¿ áåçïåêè, ïîë³ïøåííÿ 
õàð÷óâàííÿ ³ ñïðèÿííÿ ñòàëîìó ðîçâèòêó ñ³ëü-
ñüêîãî ãîñïîäàðñòâà («ZeroHunger world»).

Îñê³ëüêè ÷èñåëüí³ñòü íàñåëåííÿ çðîñòàº 
(äî 2050 ðîêó ïðîãíîçóºòüñÿ 10 ìëðä ëþäåé), 
âèðîáíèöòâî ïðîäóêò³â õàð÷óâàííÿ, êîðì³â 
òà á³îïàëèâà ìàº çá³ëüøèòèñÿ íà 50%. Åêñ-
òðåìàëüí³ ïîãîäí³ óìîâè, ñêîðî÷åííÿ äîñòóï-
íîñò³ ñ³ëüñüêîãîñïîäàðñüêèõ çåìåëü, á³îòè÷í³ 
é àá³îòè÷í³ ñòðåñè ë³ì³òóþòü ñ³ëüñüêå ãîñïî-
äàðñòâî ³ âèðîáíèöòâî ïðîäóêò³â õàð÷óâàííÿ. 
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Genetics

Ðîçðîáëåííÿ ³ âïðîâàäæåííÿ òåõíîëîã³é, ÿê³ 
ñïðèÿþòü çá³ëüøåííþ âðîæàþ, â³ä³ãðàº âàæ-
ëèâó ðîëü ó âèð³øåíí³ ïðîáëåì ëþäñòâà. 
Òðàíñãåíí³ òåõíîëîã³¿ áåçóìîâíî çðîáèëè çíà-
÷íèé âíåñîê äëÿ ïîë³ïøåííÿ ñ³ëüñüêîãîñïî-
äàðñüêèõ êóëüòóð, àëå, íåçâàæàþ÷è íà âåëè-
÷åçíå çíà÷åííÿ ãåííîìîäèô³êîâàíèõ ðîñëèí 
äëÿ çàáåçïå÷åííÿ ïðîäîâîëüñòâîì, íå ïðèïè-
íÿþòüñÿ îáãîâîðåííÿ ùîäî ¿õ áåçïå÷íîñò³. 

Ìåòà îãëÿäó – ïðîàíàë³çóâàòè ñó÷àñíèé 
ñòàí ïîë³ïøåííÿ ñ³ëüñüêîãîñïîäàðñüêèõ 
êóëüòóð çà äîïîìîãîþ CRISPR/Cas-òåõíîëîã³¿ 
ãåíåòè÷íî¿ ìîäèô³êàö³¿ ãåíîì³â.

Ðåçóëüòàòè äîñë³äæåííÿ 
Â îñòàííº äåñÿòèë³òòÿ äëÿ òî÷íèõ çì³í ó 

ãåíîìàõ ðîñëèí ³ òâàðèí âèêîðèñòîâóþòü 
òåõíîëîã³¿ ðåäàãóâàííÿ ãåíîìà ³ç ñàéò-
ñïåöèô³÷íèìè åíäîíóêëåàçàìè. Ö³ íóêëåàçè 
ðîçï³çíàþòü óí³êàëüíó ïîñë³äîâí³ñòü òà 
ñòâîðþþòü äâîëàíöþãîâ³ ðîçðèâè ó ö³ëüîâ³é 
ÄÍÊ. Ïîäàëüøå â³äíîâëåííÿ ö³ë³ñíîñò³ ÄÍÊ 
â³äáóâàºòüñÿ ÷åðåç êë³òèíí³ ìåõàí³çìè ðåïà-
ðàö³¿: øëÿõîì íåãîìîëîã³÷íîãî ñïàðîâóâàí-
íÿ ê³íö³â àáî ãîìîëîã³÷íî¿ ðåêîìá³íàö³¿, ùî 
ðåçóëüòóºòüñÿ â ïîÿâó ³íñåðö³é/äåëåö³é (³í-
äåë³â) òà çàì³ùåííÿ ìóòàö³é ó ðåã³îí³ ö³ëüî-
âîãî ïðèçíà÷åííÿ â³äïîâ³äíî [3].

Ïåðøå ïîêîë³ííÿ òåõíîëîã³¿ ðåäàãóâàííÿ 
ãåíîìà âèêîðèñòîâóº òðè òèïè íóêëåàç: ìå-
ãàíóêëåàçè, íóêëåàçè ³ç «öèíêîâèìè ïàëü-
öÿì» (zinc finger nucleases, ZFN) òà íóêëåà-
çè, ñêîíñòðóéîâàí³ íà áàç³ áàêòåð³àëüíèõ 
ïðîòå¿í³â – TAL-åôåêòîð³â (transcription 
activator-like effector nucleases, TALENs) [4]. 
Ïðîöåäóðè ç íóêëåàçàìè ïåðøîãî ïîêîë³ííÿ 
òðóäîì³ñòê³ òà ÷àñîçàòðàòí³. 

Äðóãå ïîêîë³ííÿ òåõíîëîã³¿ ðåäàãóâàííÿ ãå-
íîìà ïîâ’ÿçàíå ³ç CRISPR-ñèñòåìàìè (Clustered 
Regulatory Interspaced Short Palindromic 
Repeats, êîðîòê³ ïàë³íäðîìí³ ïîâòîðè, ðîçòà-
øîâàí³ ãðóïàìè, ð³âíîì³ðíî â³ääàëåíèìè îäíà 
â³ä îäíî¿). Ïåðøèé ëîêóñ CRISPR âèÿâëåíèé 
ó ãåíîì³ Escherichia coli ùå â 1987 ðîö³ [5]. Ó 
2002 ðîö³ â³äêðèòî ãåíè cas-ãåíè ëîêóñ³â 
CRISPR, ùî êîäóþòü ïðîòå¿íè Cas 
(CRISPR associated protein, CRISPR-àñîö³éî-
âàíèé ïðîòå¿í) [6]. CRISPR-Cas-ñèñòåìè çàáåç-
ïå÷óþòü àäàïòèâíèé ³ìóí³òåò ó ïðîêàð³îò. Ó 
2013 ðîö³ ïîêàçàíî, ùî øòó÷í³ ñèñòåìè 
CRISPR-Cas ìîæóòü ïðàöþâàòè íå ò³ëüêè â 
êë³òèíàõ áàêòåð³é òà in vitro, àëå é ó êë³òèíàõ 
åóêàð³îò [7]. Ñüîãîäí³ CRISPR-òåõíîëîã³¿ ââà-
æàþòü íàéâàæëèâ³øèì òåõíîëîã³÷íèì íîâî-
ââåäåííÿì ó íàóêàõ ïðî æèòòÿ ç ÷àñ³â âèíà-
õîäó ïîë³ìåðàçíî¿ ëàíöþãîâî¿ ðåàêö³¿. Ñèñòå-
ìè CRISPR-Cas â³äð³çíÿþòüñÿ ÿê ñòðóêòóðíî, 
òàê ³ ôóíêö³îíàëüíî. Íàéïîïóëÿðí³øà 

CRISPR-òåõíîëîã³ÿ ïîâ’ÿçàíà ç íóêëåàçîþ Cas9 
³ õàðàêòåðèçóºòüñÿ â³äíîñíîþ ïðîñòîòîþ òà âè-
ñîêîþ åôåêòèâí³ñòþ ðîáîòè â êë³òèíàõ [8].

Äîêëàäí³ îïèñè òåõíîëîã³é ðåäàãóâàííÿ 
äîñòàòíüî ïðåäñòàâëåí³ â íàóêîâèõ ñòàòòÿõ 
[9–13] òà á³ëüø ö³êàâ³ äëÿ âóçüêèõ ñïåö³àë³ñ-
ò³â ç ìîëåêóëÿðíî¿ ãåíåòèêè. Òîìó óâàãó â 
öüîìó îãëÿä³ ïðèñâÿ÷åíî ïðàêòè÷íîìó âè-
êîðèñòàííþ öèõ òåõíîëîã³é ó ïîë³ïøåíí³ 
ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð (äîêëàäí³øå 
– íà ïðèêëàä³ ðèñó).

Òåõíîëîã³ÿ ðåäàãóâàííÿ ãåí³â CRISPR/Cas 
óæå àäàïòîâàíà ìàéæå äëÿ 20 âèä³â ñ³ëüñüêî-
ãîñïîäàðñüêèõ êóëüòóð äëÿ á³ëüø í³æ 150 
ãåí³â-ì³øåíåé ð³çíèõ îçíàê [14]. Îñíîâíèé 
âèêîðèñòàíèé âàð³àíò ìîäèô³êàö³¿ – íîêàóò 
ãåí³â, à ì³øåíÿìè – íåãàòèâí³ ðåãóëÿòîðè 
ðîñòó, âòðàòà ôóíêö³îíàëüíîñò³ ÿêèõ ïðèçâî-
äèòü äî ï³äâèùåííÿ ïðîäóêòèâíîñò³ ðîñëèí, 
àáî ÷èííèê³â, ùî âèçíà÷àþòü ÷óòëèâ³ñòü äî 
ïàòîãåí³â. ²íòåíñèâíå âèêîðèñòàííÿ öüîãî 
ï³äõîäó ïîâ’ÿçàíî, ïî-ïåðøå, ³ç òèì, ùî öå 
íàéá³ëüø ïðîñòèé ³ äîñòóïíèé ñïîñ³á ìîäèô³-
êàö³¿, ïî-äðóãå, ç íàÿâí³ñòþ äîñòàòíüî ð³çíî-
ìàí³òíèõ ãåí³â-ì³øåíåé, ùî íåãàòèâíî âïëè-
âàþòü íà ãîñïîäàðñüêî-ö³íí³ îçíàêè. Óçàãàëü-
íåí³ ñïèñêè êóëüòóð òà ìîäèô³êîâàíèõ ãåí³â 
ìîæíà çíàéòè â îãëÿäàõ (íàïðèêëàä, [15, 16]).

Íàéá³ëüøèé ïðîãðåñ ó äîñë³äæåííÿõ òà âè-
êîðèñòàíí³ CRISPR/Cas-òåõíîëîã³¿ ñïîñòåð³ãà-
ºòüñÿ â ðèñó: ìîäèô³êîâàíî íàéá³ëüøó ê³ëü-
ê³ñòü ãåí³â – 78; îòðèìàíî ïîíàä 20 ãåííîðå-
äàãîâàíèõ ñîðò³â. Ðèñ (Oryza sativa L.) äëÿ 
á³ëüø í³æ ïîëîâèíè íàñåëåííÿ Çåìë³ º îñíîâ-
íîþ ñ³ëüñüêîãîñïîäàðñüêîþ êóëüòóðîþ. Òà-
êîæ, çàâäÿêè ìàëîìó ðîçì³ðó ãåíîìà, öå äîá-
ðå âèâ÷åíà ç ãåíåòè÷íîãî ïîãëÿäó êóëüòóðà, 
ÿêà º ìîäåëüíèì îá’ºêòîì äëÿ îäíîäîëüíèõ 
ðîñëèí. Òåõíîëîã³þ CRISPR/Cas âèêîðèñòàíî 
äëÿ ðåäàãóâàííÿ ãåí³â ðèñó, ïîâ’ÿçàíèõ ç àã-
ðîíîì³÷íî âàæëèâèìè îçíàêàìè, ñò³éê³ñòþ äî 
á³îòè÷íèõ òà àá³îòè÷íèõ ñòðåñ³â.

Ïðîäóêòèâí³ñòü. Îäíî÷àñíî íîêàóòîâàíî 
òðè íåãàòèâíèõ ðåãóëÿòîðè ãåí³â, ïîâ’ÿçàíèõ 
³ç ðîçì³ðîì çåðíà – GW2, GW5, TGW6 [17].  
Îäíî÷àñíî òðè íîêàóòîâàí³ ãåíè ïðèçâîäèëè 
äî çíà÷íîãî ïîäîâæåííÿ çåðíà ïîð³âíÿíî ç 
ðåçóëüòàòîì, îòðèìàíèì ó ðàç³ íîêàóòó îä-
íîãî àáî äâîõ ãåí³â. 

×îòèðè ãåíè, ïîòåíö³éíî ïîâ’ÿçàíèõ ³ç ïðî-
äóêòèâí³ñòþ, íîêàóòîâàíî â ðèñó: íåãàòèâíèé 
ðåãóëÿòîð îçåðíåíîñò³ Gn1a; ãåí DEP1 (íîêàóò 
ïðèçâîäèòü äî ôîðìóâàííÿ ù³ëüíî¿ ïðÿìîñ-
òîÿ÷î¿ âîëîò³); íåãàòèâíèé ðåãóëÿòîð ðîçì³ðó 
çåðíà GS3; ðåãóëÿòîð àðõ³òåêòóðè ðîñëèíè 
IPA1 (íîêàóò ïðèçâîäèòü äî çíèæåííÿ ³íòåí-
ñèâíîñò³ êóùåííÿ, çìåíøåííÿ ê³ëüêîñò³ íå-
ïðîäóêòèâíèõ ïàãîí³â, ï³äâèùåííÿ îçåðíå-
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íîñò³, ïîòîâùåííÿ é ù³ëüí³ñòü ñòåáëà) [18]. 
Íàäàë³ îòðèìàíî íîêàóòí³ ãåíîòèïè ñåìè ñîð-
ò³â ðèñó çà GS3 òà ïîäâ³éí³ – çà Gn1a é GS3. 
Ó íîêàóòíèõ ðîñëèí çàðåºñòðîâàíî çá³ëüøåí-
íÿ çåðíà òà ï³äâèùåííÿ îçåðíåíîñò³. Ïðîäóê-
òèâí³ñòü ï³äâèùèëàñÿ (íà 3–7%) ëèøå ó òðüîõ 
îòðèìàíèõ âàð³àíò³â, òîä³ ÿê ó ñåìè çíèçèëà-
ñÿ âíàñë³äîê çìåíøåííÿ ê³ëüêîñò³ ïðîäóê-
òèâíèõ ïàãîí³â [19].

Âèñîòà ðîñëèíè. Çá³ëüøåííÿ ìàñè çåðíà é 
ï³äâèùåííÿ îçåðíåíîñò³ ïîòðåáóº ñò³éêîñò³ 
äî âèëÿãàííÿ, ùî çàáåçïå÷óºòüñÿ íèçüêîðîñ-
ë³ñòþ àáî ì³öí³ñòþ ñòåáëà. Ó ðèñó ÷åðåç íî-
êàóò ãåíà DEP1 çíèæåíî âèñîòó ðîñëèíè [18]. 
Òàêîæ íèçêîðîñëèé ôåíîòèï îòðèìàíî âíàñ-
ë³äîê îäíîíóêëåîòèäíî¿ çàì³íè â ãåí³ SLR1 
– ðåïðåñîð³ â³äïîâ³ä³ íà ã³áåðåë³í [20].

Êîíòðîëüîâàíà ÷îëîâ³÷à ñòåðèëüí³ñòü. 
Äëÿ âèêîðèñòàííÿ â ã³áðèäí³é ñåëåêö³¿ íåîá-
õ³äí³ ôîðìè ç êîíòðîëüîâàíîþ ÷îëîâ³÷îþ 
ñòåðèëüí³ñòþ. Òàê, ó 11 ë³í³é ðèñó íîêàóòî-
âàíî ãåí TMS5 – íåãàòèâíèé ðåãóëÿòîð òåð-
ìî÷óòëèâî¿ ãåííî¿ ÷îëîâ³÷î¿ ñòåðèëüíîñò³ òà 
îòðèìàíî ôîðìè, ôåðòèëüí³ çà îïòèìàëüíî¿ 
òåìïåðàòóðè, àëå ïîâí³ñòþ ñòåðèëüí³ çà òåì-
ïåðàòóðè 28 °Ñ, ùî äàñòü çìîãó êîíòðîëþâà-
òè ïðîöåñ ñàìîçàïèëåííÿ â ðàç³ âèêîðèñòàí-
íÿ öèõ ë³í³é ó ã³áðèäí³é ñåëåêö³¿ [21]. Â³ä 
òðüîõ ñîðò³â ðèñó îòðèìàíî ë³í³¿, íîêàóòí³ 
çà ãåíîì GSA – íåãàòèâíèì ðåãóëÿòîðîì ôî-
òîïåð³îä-÷óòëèâî¿ ãåííî¿ ÷îëîâ³÷î¿ ñòåðèëü-
íîñò³ [22]. Â óìîâàõ êîðîòêîãî äíÿ ó öèõ ë³-
í³é äîñÿãàëè ñòåðèëüíîñò³ ïèëêó, òîä³ ÿê çà 
òðèâàëîãî äíÿ ðîñëèíè áóëè ôåðòèëüí³.

Òîëåðàíòí³ñòü äî àá³îòè÷íèõ ñòðåñ³â. Ìî-
äèô³êîâàíî òðè ãåíè ðèñó OsPDS, OsBADH2, 
OsMPK, ùî êîäóþòü åíçèìè, – ô³òî¿íäåñàòó-
ðàçó, áåòà¿íàëüäåã³ääåã³äðîãåíàçó òà ì³òîãåí-
àêòèâîâàíó ïðîòå¿íêèíàçó, ÿê³ áåðóòü ó÷àñòü 
ó êîíòðîëüîâàíèõ â³äïîâ³äÿõ íà ð³çí³ àá³î-
òè÷í³ ñòðåñè [23–25]. Àíåêñèíè ðîñëèí â³ä³-
ãðàþòü çíà÷íó ðîëü ó ¿õ ðîçâèòêó é çàõèñò³ 
â³ä ñòðåñ³â äîâê³ëëÿ. Âèâ÷åíî ðîëü ãåíà àíåê-
ñèíó OsAnn3 ï³ä ä³ºþ õîëîäîâîãî ñòðåñó [26]. 
Óñòàíîâëåíî, ùî âèæèâàííÿ CRPISR-T

1
-

ìóòàíòíèõ ë³í³é çìåíøóºòüñÿ ïîð³âíÿíî ç 
ðîñëèíàìè äèêîãî òèïó çà õîëîäîâî¿ îáðîáêè. 

Ñò³éê³ñòü äî ãåðá³öèä³â. Îäíîíóêëåîòèäí³ 
çàì³íè â ãåí³ ALS, ùî êîäóº àöåòîëàêòàòñèí-
òàçó, ïðèçâåëè äî ï³äâèùåííÿ ñò³éêîñò³ äî 
ãåðá³öèäó õëîðñóëüôóðîíó [27]. Âèêîíàíî 
ìîäèô³êàö³þ ãåíà C287, ùî â³äïîâ³äàº çà 
ñò³éê³ñòü äî ãåðá³öèä³â [28].

Íàêîïè÷åííÿ öåç³þ. Ïîÿâà ðàä³îàêòèâíîãî 
öåç³þ â ¿æ³ ï³ñëÿ ÿäåðíèõ àâàð³é âèêëèêàº 
çàíåïîêîºííÿ ç ïîãëÿäó çàãðîçè äëÿ çäîðîâ’ÿ 
ëþäèíè. Íåçâàæàþ÷è íà ïðèñóòí³ñòü çà 
íèçüêèõ êîíöåíòðàö³é (íèæ÷å ìêì) ó çàá-

ðóäíåíèõ ´ðóíòàõ, öåç³é ìîæå çàñâîþâàòèñÿ 
ñ³ëüñüêîãîñïîäàðñüêèìè êóëüòóðàìè ³ òðàí-
ñïîðòóâàòèñÿ äî ¿õ ¿ñò³âíèõ ÷àñòèí. Òàêà 
çäàòí³ñòü ðîñëèíè ïîãëèíàòè öåç³é íàâ³òü çà 
íèçüêèõ êîíöåíòðàö³é çíà÷íî âïëèíóëà íà 
âèðîáíèöòâî ðèñó ó ßïîí³¿ ï³ñëÿ àâàð³¿ íà 
Ïåðø³é Ôóêóñ³ìñüê³é àòîìí³é åëåêòðîñòàí-
ö³¿  ó 2011 ðîö³. Íà ïðàêòèö³ áóëî âïðîâà-
äæåíî äåê³ëüêà ñòðàòåã³é çìåíøåííÿ âì³ñòó 
öåç³þ â ðèñ³, òàêèõ ÿê âèäàëåííÿ çàáðóäíå-
íîãî ´ðóíòó àáî àäàïòàö³ÿ ìåòîä³â âåäåííÿ 
ñ³ëüñüêîãî ãîñïîäàðñòâà, âêëþ÷íî ç³ ñïåö³-
àëüíèì óïðàâë³ííÿì ì³íåðàëüíèìè äîáðè-
âàìè, ùî ìàþòü îáìåæåíèé âïëèâ àáî øê³ä-
ëèâ³ ïîá³÷í³ åôåêòè. Ç ³íøîãî áîêó, ðîçâèòîê 
á³îòåõíîëîã³÷íèõ ï³äõîä³â, ñïðÿìîâàíèõ íà 
çíèæåííÿ íàêîïè÷åííÿ öåç³þ â ðèñ³, çàëè-
øàâñÿ ñêëàäíèì çàâäàííÿì. Çà äîïîìîãîþ 
CRISPR-Cas-ðåäàãóâàííÿ ùîäî ³íàêòèâàö³¿ 
ãåíà êàë³ºâîãî òðàíñïîðòåðó OsHAK1 ð³çêî 
çíèçèëè ïîãëèíàííÿ öåç³þ ðîñëèíàìè ðèñó 
[29]. Â åêñïåðèìåíò³ ç ´ðóíòîì, äóæå çàáðóä-
íåíèì 137Cs+, ðîñëèíè ³ç çàáëîêîâàíèì 
ôóíêö³îíóâàííÿì OsHAK1 äåìîíñòðóâàëè 
çíà÷íå çíèæåííÿ ð³âí³â 137Cs+ ó êîðåíÿõ òà 
ïàãîíàõ. Ö³ ðåçóëüòàòè äåìîíñòðóþòü ìîæ-
ëèâ³ñòü âèðîáíèöòâà áåçïå÷íî¿ ¿æ³ â ðåã³î-
íàõ, çàáðóäíåíèõ óíàñë³äîê ÿäåðíèõ àâàð³é.

Òîëåðàíòí³ñòü äî äåô³öèòó êàë³þ. Ïåðîê-
ñ³ðåäîêñèíè (Prxs) çàõèùàþòü êë³òèíè â³ä 
ð³çíèõ ïåðîêñèä³â, â³ä³ãðàþòü âàæëèâó ðîëü 
ó ï³äòðèìàíí³ îêèñíî-â³äíîâíîãî ãîìåîñòàçó, 
áåðóòü ó÷àñòü ó ïåðåäà÷³ âíóòð³øíüîêë³òèí-
íèõ ³ ì³æêë³òèííèõ ñèãíàë³â. Ç âèêîðèñòàí-
íÿì CRISPR/Cas9-òåõíîëîã³¿ äîñë³äæåíî ãåí 
OsPRX2 ðèñó äëÿ õàðàêòåðèñòèêè ä³¿ 2-Cys 
Prxs íà òîëåðàíòí³ñòü äî äåô³öèòó K+ [30]. 
Íàäåêñïðåñ³ÿ OsPRX2 çóìîâëþº çàêðèòòÿ 
ïðîäèõ³â òà çá³ëüøåííÿ òîëåðàíòíîñò³ äî äå-
ô³öèòó Ê+, òîä³ ÿê íîêàóò OsPRX2 ïðèçâî-
äèòü äî ñåðéîçíèõ äåôåêò³â ôåíîòèïó ëèñòÿ 
òà îòâîðó ïðîäèõ³â ó ðàç³ äåô³öèòó K+. Âè-
ÿâëåííÿ íàêîïè÷åííÿ K+, àíòèîêñèäàíòíî¿ 
àêòèâíîñò³ òðàíñãåííèõ ðîñëèí çà äåô³öèòó 
K+ ï³äòâåðäèëî, ùî OsPRX2 º ïîòåíö³éíîþ 
ì³øåííþ äëÿ ñòâîðåííÿ ðîñëèí ç ï³äâèùå-
íîþ òîëåðàíòí³ñòþ äî äåô³öèòó êàë³þ.

Çàñâîºííÿ àçîòó. Îäíîíóêëåîòèäíà çàì³-
íà â ãåí³ NRT1.1B, ùî êîäóº òðàíñïîðòåð àçî-
òó, äàëà çìîãó ï³äâèùèòè åôåêòèâí³ñòü çà-
ñâîºííÿ àçîòó [20].

Òîëåðàíòí³ñòü äî á³îòè÷íèõ ñòðåñ³â. Ìó-
òàö³ÿ â åòèëåí-çàëåæíîìó òðàíñêðèïö³éíî-
ìó ôàêòîð³ OsERF922 ïðèçâåëà äî ï³äâèùåí-
íÿ ñò³éêîñò³ ïðîòè îñíîâíîãî çàõâîðþâàííÿ 
ðèñó – ï³ðèêóëÿð³îçó, çáóäíèêîì ÿêîãî º 
ãðèá Magnaporthe oryzae [31]. Ì³øåíÿìè äëÿ 
CRISPR/Cas-íàïðàâëåíîãî íîêàóòó º ãåíè, 
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ùî çóìîâëþþòü ÷óòëèâ³ñòü äî çàõâîðþâàííÿ. 
Ðîçðîáëåíî äâà íîêàóòíèõ ìóòàíòè çà ãåíîì 
OsSWEET13 ñïðèéíÿòëèâîñò³ äî áàêòåð³àëü-
íîãî îï³êó, ùî âèêëèêàíèé Xanthomonas 
oryzae pv. îryzae [32]. Öå ïðèçâåëî äî ï³äâè-
ùåííÿ ñò³éêîñò³ â ðèñ³ indica IR24. Óíàñë³-
äîê íîêàóòó ãåíà ERF922 îòðèìàíî ôîðìè, 
ñò³éê³ ïðîòè ï³ðèêóëÿð³îçó [33].

Ðåäàãóâàííÿ ëîêóñ³â ê³ëüê³ñíî¿ îçíàêè. 
Ñë³ä çàçíà÷èòè, ùî òàê³ âàæëèâ³ îçíàêè ÿê 
âðîæàéí³ñòü òà òîëåðàíòí³ñòü äî àá³îòè÷íèõ 
ñòðåñ³â, êîíòðîëüîâàí³ äâîìà àáî á³ëüøå ãå-
íàìè. ×èñëåíí³ äîñë³äæåííÿ ñïðÿìîâàí³ íà 
êàðòóâàííÿ ëîêóñ³â ê³ëüê³ñíî¿ îçíàêè 
(quantitative trait loci, QTL), ùî êîíòðîëþþòü 
ö³ àãðîíîì³÷íî âàæëèâ³ îçíàêè. Òàê³ ³äåíòè-
ô³êîâàí³ ðåã³îíè QTL ïî÷àëè âïðîâàäæóâàòè 
â åë³òí³ ë³í³¿ äëÿ ðîçðîáëÿííÿ åôåêòèâí³øèõ 
ñîðò³â. Ïðîòå òàêà ³íòðîãðåñ³ÿ º íåïðèéíÿò-
íîþ, ÿêùî QTL ò³ñíî ïîâ’ÿçàí³ ç íåö³ëüîâèìè 
ðåã³îíàìè, ââåäåííÿ ÿêèõ â åë³òíó ë³í³þ 
ìîæå ïðèçâåñòè äî øê³äëèâèõ íàñë³äê³â. 
CRISPR/Cas-òåõíîëîã³ÿ º ïîòóæíèì ³íñòðó-
ìåíòîì äëÿ âèâ÷åííÿ ð³äê³ñíèõ ìóòàö³é ó 
òàêèõ âèïàäêàõ. Òàê, ôóíêö³îíóâàííÿ QTL, 
ïîâ’ÿçàíèõ ³ç ðîçì³ðîì (GS3) òà ê³ëüê³ñòþ 
(Gn1a) çåðåí ó ñîðòàõ ðèñó, äîñë³äèëè çà äî-
ïîìîãîþ ï³äõîäó QTL-ðåäàãóâàííÿ íà îñíîâ³ 
CRISPR [19]. Âèÿâëåíî, ùî îäíàêîâ³ QTL ìî-
æóòü ìàòè äóæå ð³çíîìàí³òí³ òà ïðîòèëåæí³ 
åôåêòè íà ð³çíèõ ãåíåòè÷íèõ ôîíàõ.

Ìóëüòèïëåêñíå ðåäàãóâàííÿ ãåí³â. Òåõíî-
ëîã³ÿ CRISPR/Cas òàêîæ äàº ìîæëèâ³ñòü 
ìóëüòèïëåêñíîãî ðåäàãóâàííÿ ïîòåíö³éíî 
íåîáìåæåíî¿ ê³ëüêîñò³ ãåí³â [34, 35]. Öå ïðî-
äåìîíñòðîâàíî óñï³øíèì ðåäàãóâàííÿì îä-
íî÷àñíî âîñüìè àãðîíîì³÷íî âàæëèâèõ ãåí³â 
ðèñó: BADH2 (betaine aldehyde dehydrogenase 
2, áåòà¿íàëüäåã³ääåã³äðîãåíàçà 2), DEP1 
(dense and erect panicle 1, ù³ëüíà òà ïðÿìà 
âîëîòü), Gn1a (grain number, ê³ëüê³ñòü çåðåí), 
GS3 (äîâæèíà ³ ìàñà çåðíà), GW2 (øèðèíà òà 
ìàñà çåðíà), Hd1 (heading date 1), EP3 (ïðÿìà 
âîëîòü), LPA1 (loose plant architecture 1) [26]. 
Ï’ÿòü ³ç öèõ ãåí³â (DEP1, EP3, Gn1a, GS3, 
GW2) ïîâ’ÿçàí³ ç óðîæàºì çåðíà, ãåí BADH2 
– ç àðîìàòîì, ãåí Hd1 – ³ç ôîòîïåð³îäîì, à 
ãåí LPA1 ðåãóëþº àðõ³òåêòóðó ðîñëèíè. Çà 
äîïîìîãîþ ºäèíî¿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ 
íå ò³ëüêè îòðèìàíî ðîñëèíè, ùî ì³ñòÿòü ìó-
òàö³¿ ó âîñüìè ãåíàõ, àëå é ñòâîðåíî ìóòàíòè 
ç ð³çíèìè êîìá³íàö³ÿìè ãåí³â. Êð³ì òîãî, 
îäåðæàíî ÿê ãîìîçèãîòí³, òàê ³ ãåòåðîçèãîò-
í³ ãåíîòèïè çà â³ñüìîìà ãåíàìè. 

Îòæå, ìåòîäè ðåäàãóâàííÿ ãåíîìà âæå ñòà-
ëè ïîòóæíèì ³íñòðóìåíòîì ñåëåêö³¿ ðîñëèí. 
Îñê³ëüêè ñòâîðåííÿ ð³çíîìàí³òòÿ äëÿ äîáîðó 
º îäíèì ³ç ãîëîâíèõ íàïðÿì³â ñåëåêö³¿, ìóëü-

òèïëåêñíå ðåäàãóâàííÿ ïîòåíö³éíî íåîáìå-
æåíî¿ ê³ëüêîñò³ ãåí³â çà òåõíîëîã³ºþ CRISPR/
Cas íàäàëî ñòðàòåã³þ øâèäêîãî îòðèìàííÿ 
ãåíåòè÷íî¿ ð³çíîìàí³òíîñò³ â ïðîöåñ³ ñåëåêö³¿. 

Ùå îäí³ºþ âàãîìîþ ïåðåâàãîþ CRISPR/Cas-
òåõíîëîã³¿ º â³äíîñíî íåâèñîêà âàðò³ñòü. Òàê, 
ÿêùî ðîçðîáëÿííÿ é ïðîñóâàííÿ ÃÌ-ïðîäóêòó 
ìîæå êîøòóâàòè äî $ 150 ìëí, òî âèêîðèñòàí-
íÿ CRISPR/Cas îáõîäèòüñÿ íà 90 % äåøåâøå.

Ùîäî ðåãóëþâàííÿ ãåííîðåäàãîâàíèõ ðîñ-
ëèí. Íàö³îíàëüíà àêàäåì³ÿ íàóê ÑØÀ íà-
çâàëà ðåäàãóâàííÿ ãåíîì³â íàéâàæëèâ³øèì 
ïðîðèâîì, ÿêèé äàñòü çìîãó ïðîãîäóâàòè ùî-
ðàç á³ëüøå íàñåëåííÿ ïëàíåòè â óìîâàõ êë³-
ìàòè÷íèõ çì³í. 

Çà ð³øåííÿì Ì³í³ñòåðñòâà ñ³ëüñüêîãî ãîñ-
ïîäàðñòâà ÑØÀ ãåííîðåäàãîâàí³ ðîñëèíè (çà 
âèíÿòêîì ðîñëèí-ïàðàçèò³â), «ÿê³ â ³íøîìó 
âèïàäêó ìîãëè á áóòè ðîçðîáëåí³ çà äîïîìî-
ãîþ òðàäèö³éíèõ òåõíîëîã³é êóëüòèâóâàí-
íÿ», òà â³äïîâ³äí³ ïðîäóêòè õàð÷óâàííÿ íå 
ðåãóëþþòüñÿ ÿê ÃÌÎ [36]. Ó ÑØÀ çàâäÿêè 
ì’ÿêîìó ðåãóëþâàííþ âæå ðîçðîáëåíî ñîðòè 
ïîíàä 20 âèä³â ðîñëèí ³ç â³äðåäàãîâàíèìè 
ãåíîìàìè, à ïåðø³ ïðîäóêòè, âèðîáëåí³ ç òà-
êèõ ðîñëèí, ç’ÿâëÿòüñÿ â àìåðèêàíñüêèõ ìà-
ãàçèíàõ óæå ó 2019 ðîö³ (çîêðåìà, çàïðàâêè 
äëÿ ñàëàò³â ³ áàòîí÷èêè ãðàíîëè).

Âîäíî÷àñ, ñóä ªÑ ïîñòàíîâèâ (25.07.2018 ð.), 
ùî íà ïðîäóêö³þ, ÿêà îòðèìàíà çà äîïîìî-
ãîþ ìåòîäèê ðåäàãóâàííÿ ãåíîì³â CRISPR/
Cas, çîêðåìà ñîðòè ðîñëèí, ïîøèðþþòüñÿ 
âñ³ íàÿâí³ íîðìàòèâí³ ïðàâèëà òà îáìåæåííÿ 
ªÑ íà âèðîùóâàííÿ ³ ïðîäàæ, ùî é íà ãåíå-
òè÷íî ìîäèô³êîâàí³ îðãàí³çìè: âîíè ï³äëÿ-
ãàþòü ïåðåâ³ðö³, à ïðîäóêòè õàð÷óâàííÿ – 
ìàðêóâàííþ [37].

²ñòîð³ÿ ïèòàííÿ òàêà. Ó 2016 ðîö³ óðÿä 
Ôðàíö³¿ ï³ñëÿ çàïèòó êîàë³ö³¿ åêîëîã³÷íèõ 
îðãàí³çàö³é çâåðíóâñÿ äî ñóäó ªÑ âèçíà÷èòè 
ïðàâîâèé ñòàòóñ æèâèõ îðãàí³çì³â, ñòâîðå-
íèõ çà äîïîìîãîþ òî÷êîâîãî ðåäàãóâàííÿ ãå-
íîìà (çîêðåìà, òåõíîëîã³ºþ CRISPR/Cas). 
Íàóêîâå ñï³âòîâàðèñòâî ñïîä³âàëîñÿ, ùî, 
îñê³ëüêè ö³ ìåòîäè íå âèêîðèñòîâóþòü ö³ë³ 
ãåíè ç ³íøèõ îðãàí³çì³â, ñóä íå ïðèð³âíÿº ¿õ 
äî ãåíåòè÷íî¿ ìîäèô³êàö³¿. Àëå æ òåïåð çà 
ð³øåííÿì âèùî¿ ñóäîâî¿ ³íñòàíö³¿ ªÑ íà îð-
ãàí³çìè, ìîäèô³êîâàí³ çà äîïîìîãîþ CRISPR/
Cas òà ³íøèõ ïîä³áíèõ òåõíîëîã³é, áóäå ïî-
øèðþâàòèñÿ äèðåêòèâà ªÑ 2001 ðîêó, ùî 
âñòàíîâëþº æîðñòê³ îáìåæåííÿ ç áåçïåêè ³ 
ïîïåðåäíüîãî ñõâàëåííÿ ðåãóëÿòîðíèìè îð-
ãàíàìè äëÿ ÃÌ-ïðîäóêò³â [38].

EuropaBio, ãàëóçåâà àñîö³àö³ÿ ºâðîïåéñüêèõ 
á³îòåõíîëîã³÷íèõ êîìïàí³é, ÷åðåç ñâîãî ïðåä-
ñòàâíèêà íàçâàëà ð³øåííÿ ñóäó êðîêîì íàçàä 
³ äîäàëà, ùî ì³ëüÿðäè ºâðî, âêëàäåí³ äåðæàâà-
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ìè ³ á³çíåñîì â CRISPR-òåõíîëîã³¿ â ñ³ëüñüêîìó 
ãîñïîäàðñòâ³, òåïåð íå çìîæóòü ïðèíåñòè ïðàê-
òè÷í³ ðåçóëüòàòè äëÿ ºâðîïåéñüêèõ ôåðìåð³â.

Æóðíàë Nature, ïîêëèêàþ÷èñü íà îïèòà-
íèõ åêñïåðò³â, çàçíà÷àº, ùî CRISPR-
äîñë³äæåííÿ ó ªâðîñîþç³ òðèâàòèìóòü, îäíàê 
³íòåðåñ á³çíåñó ³ ãðàíòîäàâö³â äî ðîçðîáëÿííÿ 
òàêèõ ïðîäóêò³â çíà÷íî çíèçèòüñÿ ÷åðåç ôàê-
òè÷íó â³äñóòí³ñòü ó íèõ êîðîòêîñòðîêîâèõ 
êîìåðö³éíèõ ïåðñïåêòèâ [39]. Æóðíàë Science 
äîäàº, ùî îòðèìàííÿ âñ³õ ïîòð³áíèõ äîçâîë³â 
íà ðîáîòó ç ÃÌ ðîñëèíàìè îáõîäèòüñÿ â ªÑ ó 
ñåðåäíüîìó â 35 ìëí äîëàð³â, ùî çðîáèòü ðîç-
ðîáëÿííÿ CRISPR-ñîðò³â çàíàäòî äîðîãèì 
äëÿ íåâåëèêèõ êîìïàí³é ³ äîñë³äíèöüêèõ îð-
ãàí³çàö³é [40]. Óíàñë³äîê òàêîãî ð³øåííÿ íèç-
êà ºâðîïåéñüêèõ êîìïàí³é óæå ïåðåíîñÿòü 
ñâî¿ íàóêîâ³ ðîçðîáêè çà ìåæ³ ªÑ, ó á³ëüø 
âèã³äí³ þðèñäèêö³¿, çîêðåìà ó ßïîí³þ ³ ÑØÀ, 
äå ìåòîäè ðåäàãóâàííÿ ãåíîìà íå ï³äïàäàþòü 
ï³ä ïðàâèëà ðåãóëþâàííÿ ÃÌÎ. 

Ó Ôëàìàíäñüêîìó ³íñòèòóò³ á³îòåõíîëîã³¿ 
(Vlaams Instituut voor Biotechnologie) (Áåëü-
ã³ÿ) ³í³ö³éîâàíî ïóáë³êàö³þ äîêóìåíòó ³ç çàê-
ëèêîì äî ºâðîïåéñüêèõ ïîë³òèê³â òåðì³íîâî 
çàõèñòèòè òåõíîëîã³þ ðåäàãóâàííÿ ãåíîì³â 
[41]. Ó÷åí³ ãëèáîêî ñòóðáîâàí³ òèì, ùî ð³øåí-
íÿ ñóäó ªÑ ïîçáàâëÿº ¿õ íåçàì³ííîãî ³íñòðó-
ìåíòó äëÿ ³ííîâàö³éíîãî ðîñëèííèöòâà, à ºâ-
ðîïåéñüêèõ ôåðìåð³â – íîâèõ êóëüòóð, áàãà-
òèõ ïîæèâíèìè ðå÷îâèíàìè ³ ñóì³ñíèõ ç³ 
çì³íîþ êë³ìàòó. Òà é óñå ³íøå ñóñï³ëüñòâî 
ïîòðåáóº ïðîãðåñèâíîãî ðîñëèííèöòâà, ç óðà-
õóâàííÿì ïîòî÷íèõ åêîíîì³÷íèõ ³ ñîö³àëüíèõ 
ïðîáëåì. Âèðîê ñóäó ªâðîïåéñüêîãî ñîþçó íå 
â³äïîâ³äàº ñó÷àñíîìó íàóêîâîìó ïðîãðåñó, 
ââàæàþòü ó÷åí³. Ñüîãîäí³ öÿ çàÿâà ñõâàëåíà 
ïðîâ³äíèìè â÷åíèìè, ÿê³ ïðåäñòàâëÿþòü ïî-
íàä 90 ºâðîïåéñüêèõ äîñë³äíèöüêèõ öåíòð³â 
òà ³íñòèòóò³â ç äîñë³äæåíü ðîñëèí òà á³îëîã³÷-
íèõ íàóê, à íîâ³ ï³äïèñàíòè ïîñò³éíî äîäàþòü 
ñâî¿ ³ìåíà äî öüîãî ñïèñêó. Òàêà îáìåæóâàëü-
íà ðåãëàìåíòàö³ÿ ³ííîâàö³éíèõ ìåòîä³â ñåëåê-
ö³¿ ðîñëèí ìàòèìå íåïðèéíÿòí³ íàñë³äêè äëÿ 
ªâðîïè òà çíà÷íî ïîñëàáëþº âèðîáíèöòâî 
ñ³ëüñüêîãîñïîäàðñüêî¿ ïðîäóêö³¿ ó ªâðîï³. 

Ð³øó÷à ï³äòðèìêà ºâðîïåéñüêèìè äîñë³ä-
íèöüêèìè ³íñòèòóòàìè öüîãî ïîçèö³éíîãî 
äîêóìåíòà º äîêàçîì òâåðäîãî êîíñåíñóñó ñå-
ðåä àêàäåì³÷íî¿ ñï³ëüíîòè íàóê ïðî æèòòÿ 
òà ï³äòâåðäæåííÿì, ùî ìè ïîâèíí³ ä³ÿòè 
äëÿ çàõèñòó ³ííîâàö³éíèõ òåõíîëîã³é ó ªâðî-
ï³ äëÿ á³ëüø ñòàëîãî ñ³ëüñüêîãî ãîñïîäàðñòâà 
òà âèðîáíèöòâà ïðîäóêò³â õàð÷óâàííÿ.

Âèñíîâêè
CRISPR/Cas-òåõíîëîã³ÿ ðåäàãóâàííÿ ãåíî-

ìà º îäíèì ³ç íàéïîòóæí³øèõ ï³äõîä³â ëî-

êóñ-ñïåöèô³÷íèõ ãåíåòè÷íèõ ìîäèô³êàö³é, 
ÿêèé ñòàâ äóæå øâèäêî çàñòîñîâóâàòèñÿ â 
ñåëåêö³¿ ðîñëèí çàâäÿêè òàêèì ïåðåâàãàì 
íàä ³íøèìè ìåòîäàìè ÿê âèñîêà òî÷í³ñòü òà 
ÿê³ñòü, åôåêòèâí³ñòü ³ òåõí³÷íà ãíó÷ê³ñòü. 
Öåé äîñòóïíèé ìåòîä äàº çìîãó îòðèìóâàòè 
íåòðàíñãåíí³ ðîñëèíè ³ç çàäàíèìè ìîäèô³-
êàö³ÿìè, ïðè÷îìó ìîæíà îäíî÷àñíî «âèðîá-
ëÿòè» ìóòàö³¿ â ê³ëüêîõ ì³øåíÿõ. Óæå îïè-
ñàíî CRISPR/Cas-ìîäèô³êàö³¿ äëÿ 20 âèä³â 
ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð äëÿ á³ëüø 
í³æ 150 ãåí³â ð³çíèõ îçíàê.
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Purpose. To analyze the current state of crop improve-
ment by CRISPR/Cas-technology of genomes genetic 
modification. Results. The history of the development of 
genome change technologies with site-specific endonucle-
ases is presented. The current state of genetically edited 
plants creation is analyzed. The CRISPR/Cas-technology fo-
for genes editing has already been adapted for 20 crops for 
more than 150 target genes of various traits. The practical 
implementation of this technology is given on the exam-
ple of rice, for which the greatest progress in the research 
and use of CRISPR/Cas-technology is observed: the largest 
number of genes has been modified – 78; more than 20 ge-
netically edited varieties were obtained. Edited rice genes 
associated with features such as grain size, plant height, 
male sterility, cesium accumulation, tolerance to abiotic 
and biotic stresses, resistance to herbicides. The possibility 
of multiplex editing of a potentially unlimited number of 
genes is underlined. Information on regulation of genome 
editing technology created plant: according to the EU court 
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Öåëü. Ïðîàíàëèçèðîâàòü ñîâðåìåííîå ñîñòîÿíèå óëó÷-
øåíèÿ ñåëüñêîõîçÿéñòâåííûõ êóëüòóð ñ ïîìîùüþ CRISPR/
Cas-òåõíîëîãèè ãåíåòè÷åñêîé ìîäèôèêàöèè ãåíîìîâ.               
Ðåçóëüòàòû. Ïðåäñòàâëåíà èñòîðèÿ ðàçâèòèÿ òåõíîëîãèé 
èçìåíåíèÿ ãåíîìà ñ ñàéò-ñïåöèôè÷åñêèìè ýíäîíóêëåàçà-
ìè. Ïðîàíàëèçèðîâàíî ñîâðåìåííîå ñîñòîÿíèå ñîçäàíèÿ 
ãåííîðåäàêòèðîâàííûõ ðàñòåíèé. Ïîêàçàíî, ÷òî òåõíîëî-
ãèÿ èçìåíåíèÿ ãåíîâ CRISPR/Cas óæå àäàïòèðîâàíà äëÿ 20 
âèäîâ ñåëüñêîõîçÿéñòâåííûõ êóëüòóð äëÿ áîëåå 150 ãåíîâ 
ðàçëè÷íûõ ïðèçíàêîâ. Ïðàêòè÷åñêîå âíåäðåíèå äàííîé 
òåõíîëîãèè äàíî íà ïðèìåðå ðèñà, äëÿ êîòîðîãî íàáëþäà-
åòñÿ íàèáîëüøèé ïðîãðåññ â èññëåäîâàíèÿõ è èñïîëüçî-
âàíèè CRISPR/Cas-òåõíîëîãèè: ìîäèôèöèðîâàíî íàèáîëü-
øåå ÷èñëî ãåíîâ – 78; ïîëó÷åíî áîëåå 20 ãåííîðåäàêòè-
ðîâàííûõ ñîðòîâ. Îòðåäàêòèðîâàíî ãåíû ðèñà, ñâÿçàííûå 
ñ òàêèìè ïðèçíàêàìè, êàê ðàçìåð çåðíà, îçåðíåííîñòü, 
âûñîòà ðàñòåíèÿ, ìóæñêàÿ ñòåðèëüíîñòü, íàêîïëåíèå öå-
çèÿ, òîëåðàíòíîñòü ê àáèîòè÷åñêèì è áèîòè÷åñêèì ñòðåñ-
ñàì, óñòîé÷èâîñòü ê ãåðáèöèäàì. Ïîä÷åðêíóòà âîçìîæ-
íîñòü ìóëüòèïëåêñíîãî ðåäàêòèðîâàíèÿ ïîòåíöèàëüíî 
íåîãðàíè÷åííîãî ÷èñëà ãåíîâ. Ïðåäñòàâëåíà èíôîðìàöèÿ 
ïî ðåãóëèðîâàíèþ ðàñòåíèé, ñîçäàííûõ ïî òåõíîëîãèè 
ðåäàêòèðîâàíèÿ ãåíîìà: ïî ðåøåíèþ ñóäà Åâðîïåéñêîãî 

Ñîþçà (ÅÑ) íà ïðîäóêöèþ, ïîëó÷åííóþ ñ ïîìîùüþ ìåòî-
äèê ðåäàêòèðîâàíèÿ ãåíîìîâ, â ÷àñòíîñòè, ñîðòà ðàñòåíèé, 
ðàñïðîñòðàíÿþòñÿ âñå íîðìàòèâíûå ïðàâèëà è îãðàíè÷å-
íèÿ ÅÑ íà âûðàùèâàíèå è ïðîäàæó, ÷òî è íà ÃÌÎ, òîãäà êàê 
ðåøåíèåì Ìèíèñòåðñòâà ñåëüñêîãî õîçÿéñòâà ÑØÀ òàêèå 
ðàñòåíèÿ, êðîìå ðàñòåíèé-ïàðàçèòîâ, íå ðåãóëèðóþòñÿ êàê 
ÃÌÎ. Ïðèâåäåíà èíôîðìàöèÿ î çàÿâëåíèè, ïîäïèñàííîì 
âåäóùèìè ó÷åíûìè, ïðåäñòàâëÿþùèìè áîëåå 90 åâðîïåé-
ñêèõ èññëåäîâàòåëüñêèõ öåíòðîâ è èíñòèòóòîâ ïî èññëå-
äîâàíèÿì ðàñòåíèé è áèîëîãè÷åñêèõ íàóê, â ïîääåðæêó 
òåõíîëîãèè ðåäàêòèðîâàíèÿ ãåíîìîâ. Âûâîäû. Ñðåäè òåõ-
íîëîãèé ðåäàêòèðîâàíèÿ ãåíîìà CRISPR/Cas-òåõíîëîãèÿ 
ÿâëÿåòñÿ îäíèì èç ñàìûõ ìîùíûõ ïîäõîäîâ, êîòîðûé ñòàë 
î÷åíü áûñòðî ïðèìåíÿòüñÿ â ñåëåêöèè ðàñòåíèé áëàãîäà-
ðÿ òàêèì ïðåèìóùåñòâàì ïåðåä äðóãèìè ìåòîäàìè, êàê âû-
ñîêàÿ òî÷íîñòü è êà÷åñòâî, ýôôåêòèâíîñòü è òåõíè÷åñêàÿ 
ãèáêîñòü, îòíîñèòåëüíî íèçêàÿ ñòîèìîñòü. Ýòîò äîñòóïíûé 
ìåòîä ïîçâîëÿåò ïîëó÷àòü íåòðàíñãåííûå ðàñòåíèÿ ñ çà-
äàííûìè ìîäèôèêàöèÿìè, ïðè÷åì ìîæíî îäíîâðåìåííî 
«ïðîèçâîäèòü» ìóòàöèè â íåñêîëüêèõ ìèøåíÿõ.

Êëþ÷åâûå ñëîâà: ãåíåòè÷åñêàÿ ìîäèôèêàöèÿ; ðåäàê-
òèðîâàíèå ãåíîìà; ñàéò-ñïåöèôè÷åñêèå ýíäîíóêëåàçû; 
íîêàóò ãåíîâ.

UDC 577.21: 575.22: 581.6
Volkova, N. E.*, & Zakharova, O. A. (2019). CRISPR/Cas-technology for crop improvement (review). Plant 

Varieties Studying and Protection, 15(1), 24–31. https://doi.org/10.21498/2518-1017.15.1.2019.162478
LLC “Cotecna Ukraine Limited”, 140-A Lustdorfskaya Doroga St., Odesa, 65114, Ukraine, *e-mail: natalia.volkova@cotecna.com

decision, all the regulatory rules and EU restrictions on cul-
tivation and sale that apply to GMOs apply to the products 
obtained using genome editing techniques, in particular, to 
as the resolution of the US Department of Agriculture, such 
plants, except for parasitic plants, are not regulated as GMOs. 
Information was provided on a statement signed by leading 
scientists representing more than 90 European biological 
research centers and institutes in support of genome edit-
ing technology. Conclusions. Among the genome edi ting 
technologies, CRISPR/Cas technology is one of the most 
powerful approaches that has become very quickly used in 
plant breeding due to advantages over other methods such 
as high accuracy and quality, efficiency and technical fle-
xibility, relatively low cost. This available method allows to 
obtain non-transgenic plants with desired modifications, 
and it is possible to simultaneously “produce” mutations in 
several targets.

Keywords: genetic modification; genome editing; site-
specific e ndonucleases; gene knockout.

Íàä³éøëà / Received  14.12.2018
Ïîãîäæåíî äî äðóêó / Accepted  08.02.2019


